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Abstract
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Department of Materials Science and Engineering

To fully understand crystal growth, we have to consider chemistry. To fully understand
chemistry, we have to consider crystal growth. This dissertation aims to understand the
relationship between these two processes that are too often thought of as independent. We
also take a look at some of the techniques that can be used to study these processes and
when and why one might choose one technique over another. The primary system in which
we study these mechanisms is in the aqueous synthesis of sodium yttrium fluoride (NaYF).
Here I present research in which we studied the nucleation and growth mechanisms during all
stages of that synthesis, and in doing found multiple instances of non-classical crystallization
that fundamentally alter not just how the crystals themselves form but also the chemical
composition and phase of those crystals. Following the NaYF chapters, we take a look at the
atom probe tomography (APT) of bulk diamond and the challenges that we face in making
those measurements, allowing us to delve into a technique that is not heavily used but which
could potentially allow us to study crystal growth and other processes in an entirely different
way.

This dissertation begins with a deep dive into the theory that underlies the scientific
questions that we're asking. This can be broken up into two parts: the synthesis and the

measurement. In the discussion of the synthesis, I start with an overview of crystallization



theory, beginning with classical crystallization and the mathematical formulae and concepts
developed by Gibbs and others that describe how crystals are “supposed” to grow, and then
look toward all of the non-classical ways that crystals have also been observed to grow. I
then give a background on NaYF—why it is important in the greater scientific community
and to our group’s research specifically, and why we should care about its crystallization
process. In the discussion of measurement, I provide a brief overview of the history, physical
basis, and current use of the two microscopic techniques that I used most in this dissertation:
transmission electron microscopy (TEM) and APT. The goal of this discussion is to convey
the importance of these processes and techniques to our research and provides the background

necessary to understand why we did the experiments that we did.

The following four chapters describe the research that I have been conducting in my time
here. Chapters discuss the NaYF project, and Chapter [5| discusses the APT of diamond.
We start our study of NaYF by using a combination of analytical TEM, powder X-ray
diffraction (XRD), in situ liquid cell TEM, APT, and extended x-ray absorption fine structure
(EXAFS) measurements to show that hexagonal NaYF nanowires form hydrothermally through
a non-classical crystal growth mechanism involving the formation and subsequent oriented
attachment of mesocrystals consisting of cubic (a) phase units. EXAFS spectroscopy also
suggests that substitutional Yb3* point defects within NaYF are distributed evenly throughout
the crystal lattice without clustering, and also that they may exhibit selective substitution into

one of the two possible trivalent yttrium sites in the unit cell for hydrothermally synthesized

B-NaYF.

We then transition to a study of the initial nucleation of NaYF in water. Two-step
crystallization mechanisms based on spinodal decomposition followed by nucleation are
commonly observed both in the laboratory and in nature. While this pathway may require
chemical reactions, subsequent nucleation and growth are often considered as separate, discrete

events from the reaction itself. In this chapter, using both experimental measurements and



atomistic computational modeling, we report another step in the aqueous synthesis of sodium
yttrium fluoride of solid state chemical diffusion, thus showing a mechanism of at least four
discrete steps, including 1) the segregation of aqueous ions into a dense liquid phase, 2) the
formation of an amorphous aggregate, 3) solid-state diffusion of sodium and fluoride ions
into the amorphous aggregate toward a NaYF, stoichiometry, and 4) the crystallization of a
stable nonstoichiometric cubic sodium yttrium fluoride phase. The penultimate step involves
a continuous, gradual change of the solid phase’s chemical stoichiometry from YF; toward
NaYF,. Unlike previously studied nucleation and growth mechanisms, the stoichiometry
of the final solid phase evolves throughout the crystallization process rather than being
determined at the time of the initial separation from solution. This novel four-step mechanism
provides a new perspective into the nucleation and growth of many other crystalline materials

given the ubiquity of nonstoichiometric compounds in nature.

Following this, we conclude our study of the NaYF system by examining its relationship
with YF3. In the previous chapter, we found that in the initial step of the aqueous NaYF
synthesis, an amorphous YF; phase separates from solution but is unable to crystallize until
enough NaF diffuses into the matrix that it can form cubic NaYF. This prompts the question:
what happens if there isn’t enough NaF left for that? We find that in that situation, the gel
still initially forms, but then appears to dissolve away and then renucleate as orthorhombic
YF;, rather than nucleate within the solid gel phase as the NaYF does. This creates a “switch”
mechanism of sorts in which the relative concentrations of the reactants can be used to select
between two different products with a different composition and crystal phase from each other,
and the mechanism by which that occurs is directly via the crystallization process, showing
that the chemistry and the crystallization are fundamentally intertwined. We then delve
deeper into the YF3 nucleation process in which we observe with nuclear magnetic resonance
spectroscopy (NMR) and predict with computational modeling that as the gel redissolves

into the solution, it forms various solvated YF, species that can interact to form the final



solid YF3 product. Finally, we show with dynamic light scattering (DLS) that the growth
rate of the YF; particles is not constant and likely involves some nonclassical processes that

merit further study.

The final research chapter represents a departure from the NaYF system, and rather we
consider the APT of bulk diamond. APT is a technique that allows us to map out atoms in
a sample in three dimensions by field evaporating ions off of a sharp tip, assisted by a pulsed
laser, and detecting them with a two-dimensional mass spectrometer with the third dimension
being detected in time as a function of the laser pulse rate. This technique can be challenging
for samples like diamond both in terms of sample preparation and the measurement itself.
APT samples are typically prepared with a focused ion beam (FIB), but due to diamond’s
inherent hardness, it is difficult and time-consuming to mill bulk diamond, and the high
beam dose needed to mill diamond introduces a considerable amount of damage. Once a
sample is made, the measurement is also difficult due to the extremely high evaporation
field of diamond, necessitating high voltages that introduce mechanical strain in the sample,
often causing it to fracture. We address the fabrication problem by producing an array of
tips using reactive ion etching to minimize the required interaction of the sample with the
ion beam, and we consider strategies to improve data collection on diamond in APT. We
find that diamond requires much higher pulse energies than most other materials in order
to reduce the required voltage for field evaporation, but we show through computational
modeling as well as experimental data that diamond is able to handle those increased pulse
energies with negligible storage of heat, which is typically the greatest problem with high
pulse energies. We were able to successfully collect APT data on diamond, showing the
distribution of nitrogen and hydrogen, and we were also able to use our APT results to
show the damage incurred by the FIB. These results show that APT can be a useful method
for studying diamond, and that an optimization of the technique can reduce many of the

problems classically associated with these measurements. Furthermore, this demonstrates a



unique potential application of diamond in APT as a sample mount. APT sample mounts
should have low background and high thermal conductivity, and diamond would be an ideal
material for this. As such, this potential application warrants further study.

This dissertation concludes by summarizing our results and, perhaps more importantly, by
formally posing many of the questions that this research has helped us to uncover. A recurring
theme among these projects is that these are complex systems that we are studying, and
oftentimes every new thing we learn creates even more questions. This concept applies not
just to these experiments but to all of science—many of the chemical and physical processes
that occur in nature involve many steps and a high degree of interplay, and as such resist
being fully characterized by simple models. From this perspective, as we consider NaYF or
the APT of diamond, we can apply these lessons broadly to other systems and use them to
learn more about how things happen in real life rather than how they happen in textbooks.
It is my hope that the results in this dissertation nucleate many years of research into these

fields so that we can make discoveries that I never could have imagined in my time here.
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Chapter 1

INTRODUCTION

Over the past several years, most of my waking life has been dedicated to studying
the chemistry and crystal growth processes of sodium yttrium fluoride (NaYF). This, in
fact, was not on purpose. As I will briefly discuss later, our group was originally studying
NaYF as a laser cooling material, and we had noticed a few oddities about how the crystals
were growing as we were synthesizing it. As we started looking more directly at the crystal
growth processes, we started noticing more and more properties that were outright surprising,
ultimately opening our eyes to a mechanism in which crystal growth and chemistry are
fundamentally intertwined. Typically, chemists talk about mechanisms in terms of molecular
bonds forming and breaking and electrons being transferred, while materials scientists talk
about crystal growth in terms of unit cells assembling into larger structures. Rarely is it
discussed that both of these processes occur simultaneously, with each inherently affecting
the other 29 It is especially profound that this is something we found entirely by accident.
Perhaps we stumbled on an anomaly—maybe NaYF is just weird. But there are many,
many papers in the literature about NaYF, and I have yet to find any that describe the
processes we observed. If nobody has bothered to look for these processes in NaYF before,
then it is probable that there are many other systems that could behave in “weird” ways
that nobody has bothered to look for. Louis Pasteur’s quote is often repeated that “in the
fields of observation, chance favors only the prepared mind.” This is arguably the basis of
fundamental science. If you view NaYF as simply a vehicle for upconversion, then you will
find it to be a very effective upconversion material, and there’s nothing wrong with focusing
on just that, but as we’ve found, there’s so much more about NaYF that makes it interesting,

and the fact that we learned these things about NaYF'’s crystal growth when we were just



looking to use it for laser cooling emphasizes the importance of actively pursuing the weird
behaviors and surprising observations that we may encounter. If we just happened to stumble
upon these observations about the NaYF system, one can’t help but wondeif| what other
phenomena in other systems may be hiding in plain sight that might fundamentally alter our

understanding of how they form.

1.1 Crystallization

For those of us who were classically trained in chemistry, it is easy to think of reactions only
in the solution or gas phase. Much attention is given to free atoms, ions, and molecules.
and how they interact with each other on a one-on-one basis, with solid products being
viewed as “falling out of” the reaction, rather than as active participants. We were also
taught that everything is chemistry—that all matter we interact with is a chemical which can
undergo chemical reactions and interact with its surroundings. Yet the matter we interact
with is, for the most part, solid. How do we reconcile the aqueous and gas phase chemistry
we learned in class with the solid world we live in? Understanding how solids form and
interact is key to understanding much of the universe around us, from the formation of
planets” to the mineralization of our bones® to the production of nature’s perfect foods.” ™
It can also tell us why carbon can be so soft that it can be fractured simply by drawing a
pencil across paper, yet it also comprises the hardest known natural material in diamond,
despite having an identical chemical composition. To study the chemistry of the world we
live in, it is essential to understand solids. However, in doing so we must not lose sight of the
fundamental chemistry—the making and breaking of bonds—that allows everything to exist
the way it does. Here we consider the processes by which solids form and evolve within an
active, changing chemical environment. But first we must understand the principles by which

they can form and evolve in the first place.

While crystals have been recognized since antiquity for their optical and morphological

*Unless you're a Nature reviewer



properties, it wasn’t until the year 1611 that Kepler (of planetary motion fame) noted that
snowflakes always have precisely six corners, whereas liquid water is shapeless*? He further
considered that this structure resembles the pattern created by the close packing of spheres,
and concluded that snowflakes must be formed from similar close packing of individual units,
a concept that can still be seen in modern crystal theory. This concept further developed with
the progression in understanding of atoms, molecules, and unit cells, and the development
of experimental techniques such as X-ray diffraction. This ultimately became the reliable
and mathematically-consistent study of crystal theory that is ubiquitous today, in which we
know that crystalline solids have a unit cell that repeats in three dimensions in a symmetrical
pattern. Crystallography is a field of its own with applications that span a wide array of
physical and life sciences, but thinking all the way back to the questions Kepler asked about
the snowflake over 400 years ago, one very fundamental point remains somewhat poorly
understood: how can crystals even form in the first place? Even with a full understanding
of modern chemistry, physics, and materials science, it boggles the mind (as it likely did
Kepler’s) that a disordered, highly entropic water vapor in the atmosphere can and does
spontaneously arrange itself into perfect, ordered snowflakes. This concept, which seems
so backwards from what we would expect from entropy, is yet ubiquitous not just in the
heretofore-mentioned bad weather, but also in nearly every field of science and industry, and
the importance of understanding crystallization is apparent to everyone from physicians?
to jewelerst® to microbiologists'® to candy makers.t® As such, it goes without saying that

crystallization is a topic that merits study.

Crystallization can be broadly broken up into three distinct phases: nucleation, growth,
and evolution. The nucleation step consists of the initial separation of the solid from the
solution, the growth step consists, appropriately enough, of the growth of the nuclei into larger
crystals, and the evolution step consists of the changes that occur after the crystals have
formed. These processes can occur either “classically” or “non-classically.” As non-classical
crystallization inherently is defined as any crystallization process that does not proceed

classically, this section will first discuss classical crystallization and then will discuss some



situations in which other, non-classical processes prevail.

(Classical crystallization is defined here as classical nucleation and subsequent monomer-by-
monomer growth of crystalline particles. Classical nucleation, in turn, is defined by classical
nucleation theory (CNT), as originally described by Gibbs® CNT describes the formation
of crystal nuclei as the result of random fluctuations in concentration in a supersaturated
solution. EFS This means that in order to understand CNT, and in turn classical crystallization,
we must understand solubility equilbria. It is taught in first year chemistry courses that
solubility is an equilibrium and that solubility can be quantified for the monomer A with
the equilibrium constant K, for the chemical equilibrium A(ag) = A(s). What this means
is that a solution with a reaction quotient () that is higher than the K, for the particular
equilibrium (i.e. is supersaturated) will precipitate. As a non-equilibrium process, we can
therefore describe the Gibbs free energy of the nucleation as AG = —RTan%p, or from
a monomeric standpoint, Ay = —kBTan%p. We can define the value of an%p as the
supersaturation, o. In a supersaturated solution, this value will always be negative, and thus
nucleation will occur spontaneously. However, this is resisted by the difficulty in forming an
interface between the solid and solvated regions, which is quantified by the interfacial free

energy, «. This can ultimately be put together into an equation for the nucleation rate J,, of
Ba?
J, = Cexp <— 2 ) (1.1)

where C' is a constant that depends on the material’s properties and B is proportional to

the volume of a monomer unit over temperature® What this results in is that classically,
crystallization occurs when nuclei reach a critical radius, 7., at which point the bulk free
energy will compensate the surface free energy, and the rate at which the nucleation can occur
depends strongly on both the surface free energy and the supersaturation. Summarily, nuclei
form due to random density fluctuations and those that reach a critical size (as determined

by the energetics and the supersaturation of the solution) can continue growing until the

*This theory was actually written for gases, but is broadly applicable to the solution-based chemistry

that forms the bulk of our research



solution reaches equilibrium. This explains how crystals “know” that other nuclei have
formed—as crystals grow in solution, it reduces the supersaturation of the surrounding
medium, which increases the critical radius needed to stabilize crystals, therefore causing
larger particles to grow and smaller particles to dissolve away until the solution is no longer
supersaturated—a process known as Ostwald 1"ipening.2 This is a robust mathematical
explanation of macroscale crystal growth and nucleation, but it’s important to keep in mind
that this theory was developed at a time when nanoscale crystal nuclei were not able to
be viewed microscopically. Thus, any subtleties that occur prior to the crystals reaching a
size that could be readily observed with the optical microscopes of the time would not have
been detectable. As electron microscopy and other techniques have developed, it has been
observed that many crystallization pathways cannot be strictly described by CNT. This is
known, appropriately, as non-classical crystallization.

For the purposes of understanding non-classical crystallization, I find it most intuitive
to consider the nucleation and the growth phases separately. Classical nucleation theory,
as described above, is based on the idea that crystalline nuclei of a critical radius form
spontaneously from random fluctuations in a supersaturated solution, and that the crystalline
ordering of those nuclei is identical to that of the end productm If this sounds like a contrived
definition, that’s because it largely is. At the time that CNT was developed, there was
no way of directly observing these nuclei, so by necessity the theory was based solely on
the macroscopic observation of crystal formation and thermodynamics. As such, the best
explanation for the initial nucleation that could be asserted based on the information they had
was that crystal nuclei form spontaneously as tiny versions of macroscopic crystals. Current
technology has allowed us to, in many cases, observe the nucleation process directly, and

what we’ve found is a considerably more complex picture than that of self-similar nuclei

*This is in fact a gross oversimplification of Ostwald ripening, which also has to account for things such
as diffusion rates, but those details are beyond the scope of this discussion.
tMore precisely, the ordering is identical to that of the initial crystalline product as determined by

Ostwald’s step rule!2d



forming as a result of spontaneous nucleation.® This can be thought of as a realization of
Ostwald’s step rule on the microscopic scale—on the macroscopic scale, Ostwald’s step rule
predicts that other phases besides the thermodynamically stable phase will form first if there
is less of an energy barrier to reach them.*! It makes sense that this would be the case at the
microscopic level as well. Especially for materials or conditions that would require a relatively
large critical nucleus in order to grow, one would expect that the spontaneous formation
of larger nuclei would be a relatively uncommon event[] and as such, if other pathways
exist, it may be more favorable to proceed through those other pathways instead of classical
nucleation. One such pathway is the formation of metastable molecular cluster intermediates.
These clusters are even sometimes observed at undersaturated conditions, in this case termed
pre-nucleation clusters (PNCs), which allow a separate pathway to nucleation.**22 Molecular
cluster formation has been reported in calcium carbonate?® and phosphate,*” among other
systems, and similar phenomena have been observed in the synthesis of quantum dots 2829
This is a very important phenomenon and one that may play a role in the YF5 nucleation
that we study in Chapter [4] however the chemistry and physics of their formation are largely
beyond the scope of this dissertation.

Another nucleation mechanism that is often observed is the wonderfully ambiguously-
named “two-step” nucleation. While this name is perhaps ambiguous by design to allow for
some variation in complex systems, the general process of a two-step nucleation mechanism
is one in which the energy barrier to crystallization is high enough that the solution is able
to reach a sufficient level of supersaturation to reach the spinodal, resulting in a liquid-liquid
phase separation (or spinodal decomposition) into a dense liquid phase (DLP) and a dilute
liquid phase (not DLP, somewhat confusingly). The DLP is then able to spontaneously order
into crystalline nuclei.®¥ This is a particularly common mechanism for protein crystallization,
owing to the lower likelihood of ordered nuclei randomly forming from large and irregular

30H32

molecules. However, this mechanism has also been predicted and/or observed in inter-

*In fact all nucleation events are by definition low-probability, but as the size of the critical nucleus

increases it becomes much less likely for one to spontaneously form?23



esting systems, such as calcium silicate,*¥ calcium carbonate2#3% tungsten carbide,* iron
oxide,*" and many others. In principle, one should expect this mechanism to be favored
in any system at a sufficiently high supersaturation2#3% In the original picture of two-step
nucleation, the DLP is only metastable and thus exists only microscopically prior to crystal-
lization, however some DLPs have been observed to be stable with respect to the solution,
allowing for it to be observed as a bulk amorphous phase that precedes crystallization 4?42
To understand the driving forces behind this liquid-
liquid phase separation, we need to understand the

physics of spinodal decomposition (SD). The math-

ematics of this system were derived by Cahn and

Temperature

Hilliard in 1958,%% and there is some discussion of the
Cahn-Hilliard equation and its extension for multi-

phase systems in Chapter |3| but for the purposes of

Mole fraction

this discussion, we can simplify this to a qualitiative

Figure 1.1: General illustration of a spinodal (red) discussion of a two-phase system (in wet chemistry
and binodal (black) curve for an arbitrary system. .
(black) terms, a solvent and solute). At a given temperature
At a given mole fraction and temperature, a two-
component system can either exist in a single phase and mole fraction (1e concentration), a solute will
(i.e. the components are completely soluble, shown . .
either be stable (soluble) or unstable (insoluble). The
in the unshaded region), in two phases only (i.e.
the components are completely insoluble, shown in  curve that defines this limit is called the binodal (some-
the red shaded region), or metastable solvated and . . . .
. , . times called the coexistence curve, shown in black in
solid phases can coexist (shown in the grey shaded

region). Because of this property, classical nucle- Figure [1.1)). At any mole fraction and temperature

ation and growth occurs in the grey region whereas . .
below the binodal, the phases will eventually separate

spinodal decomposition occurs in the red region.
(i.e. the solution will precipitate). However, as discussed previously, nucleation is a rare
event based on spontaneous fluctuations producing a sufficiently large particle, and as such,
there is initially an energy barrier that precedes the successful nucleation of a solid phase.
This allows for metastable supersaturated solution and solid phases to coexist temporarily,

which is, by definition, a necessary condition for classical nucleation, and is physically realized

as the existence of energetically-unfavored nuclei below the critical radius. However, as



the mole fraction gets further away from the binodal within the unstable region (i.e. the
supersaturation increases), the energy barrier to nucleation (again realized as the critical
radius of a nucleus) will decrease to zero, at which point any density fluctuation will cause the
entire system to rapidly separate into two stable phases free of any energy barrier ** The curve
that defines that limit is known as the spinodal (shown in red in Figure , and the rapid
separation is known as spinodal decomposition. It is important to note that this initial phase
that separates cannot be crystalline due to entropic considerations, and as such any ordering
that is observed in the final product must necessarily occur as a subsequent step, separate
from the initial phase separation.*” As such, it then becomes clear that the spontaneous
fluctuations model only applies above the spinodal curve, and below the spinodal we should
instead expect a two-step nucleation mechanism in which a DLP will initially separate via
SD, and depending on the stability of that initial separation phase, ordered regions will form
within either nanoscale droplets in the case of a classical (metastable) two-step mechanism,

or following the formation of a stable amorphous phase in the case of crystallization via SD.

As stated previously, in addition to non-classical nucleation, we can also observe non-
classical growth of crystals following the initial formation. Classically, we would expect the
growth rate to occur monomer-by-monomer based on Equation [I.1 Non-classical growth,
therefore, is any way that crystals can grow other than that. While this necessarily refers to
a wide variety of processes, the simplest and most commonly observed of these is the oriented
attachment (OA) of nanocrystals,** % first described by Penn and Banfield in 1998+ Instead
of individual solvated ions attaching to single crystalline nuclei, in OA multiple nanocrystals
will form and attach to each other along a crystallographic axis. This process is driven by
Brownian motion, and therefore is more common in solutions with a high concentration of
small, fast-moving nanocrystals in which collisions are more likely. A fairly robust macro-scale
analogy for OA would be Lego bricks. One can think of each Lego as as an individual
nanocrystal with a particular lattice. One can easily attach two Legos into a larger structure,
but only at particular orientations. Furthermore, one could imagine a Lego that is stretched

in some dimension, thus changing its “lattice spacing,” and preventing it from attaching to a



Lego with a different “lattice spacing.” In OA, particles can attach to each other, but only
if there is a correctly-oriented lattice match at the surface where the particles meet. This
process is highly size-dependent, with smaller particles undergoing OA much more readily
than larger particles.” This is somewhat intuitive, as the collision rate is decreased and it
is harder to perfectly align larger surfaces, which can result in particles that begin their
growth process by an OA-mediated process and then convert to classical Ostwald ripening
after they reach a certain size.”! Because of this property, however, it can be easy to miss
early OA-mediated growth mechanisms, which underscores the importance of studying these

mechanisms directly rather than incidentally.

Oriented attachment simply describes the attach-

Mesocrystal

® .
®  Nucleation

© o
ment process, but there are multiple ways in which © o @ clsters

—

systems can reach a point at which OA can occur. In Pfima'Y'
nano- —_—
Temporary

. Mesoscale
. . . rticl
the most basic form of OA, the orientation step and P*™“®*  stabilization assembly

the attachment step occur at the same time. Particles _, , A
Figure 1.2: Illustration of mesocrystal formation

move in Brownian motion, and when they happen to by the oriented aggregation of ligated nanoparticles,

adapted from the open access (CC BY 3.0) article

collide at the correct orientation, they attach. This is by Sturm et al52

the type of oriented attachment that was first observed by Penn and Banfield* and is also the
focus of the seminal in situ TEM study of OA systems by Dongsheng Li (discussed in more
detail in Section.‘:’3 However, the orientation step and the attachment step do not have to
occur at the same time. This is especially true if the nanoparticles are passivated with a ligand
that prevents the bare crystalline surfaces from coming into contact. Intuitively, one may not
expect these systmes to be able to undergo OA, but by forming oriented aggregates known
as mesocrystals that can then drive off their surface species and fuse together, they are able
to overcome this limitation (Figure [1.2) 558 This mesocrystal model was first described by
Colfen in 2003,°" and has since been observed in a wide array of systems both synthetict%161
and natural 269 This mechanism is discussed in the context of our research in Chapter [2]

and is yet another way in which we observe deviations from CNT in real-world systems. All

of this taken together, it becomes obvious that crystallization is an incredibly complicated
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process in which many different steps can occur in the process of forming crystals, and which
can occur across scales ranging from the formation of molecular pre-nucleation clusters all
the way to assemblies of micro-scale superstructures 8768 The initial separation from solution
may occur via nucleation or it may occur via a liquid-liquid phase separation. Following
that, crystals may grow by ion-by-ion classical growth, or they may grow via OA, which, in
turn, can occur either as a result of random collisions or via the formation of mesocrystals.
Complicating matters further, many of these processes can occur at the same time. Even this
is a simplification, as all of these growth processes presuppose that the solvated monomer
units are chemically the same as the final crystals (which I will discuss in depth in Chapters
and . This is not a safe assumption, and in fact the crystal growth and solution-phase
chemistry are often inherently intertwined, with each fundamentally affecting the other. This
is the crux of my thesis: that a purely physical view of crystal growth and a purely chemical
view of precipitation reactions are both fundamentally incomplete explanations that cannot

be assumed to occur independently of each other.
1.2 Sodium Yttrium Fluoride

The majority of the work presented in this dissertation

e D]
Y

focuses on the crystal growth processes of a particular

material, sodium yttrium fluoride (NaYF). While it

will be introduced in the context of the particular

. . . Figure 1.3: The two stable polymorphs of NaYF,
projects in later chapters, NaYF is important enough = &"*° ¢ T stable POLymOtphs of A

cubic (a, left) and hexagonal (8, right). These are
to the overall thesis that it merits the inclusion of its shown in the idealized NaYF, stoichiometry.
own section here. NaYF is a material that finds use in various forms in many areas of research,
most of which focused on its luminescent properties when doped with lanthanide ions. In
particular, when co-doped with Yb3* and Er®** ions, NaYF becomes the most efficient known
NIR-Vis upconverting phosphor® This superior upconversion capability combined with a

wide tunability of upconverted wavelengths with different lanthanide dopants leads to an

extremely wide variety of applications including but not limited to bioimaging ™! solid-state
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lighting,™ photovoltaics, , anti-counterfeiting, smart wound dressing,™ gene editing,"
brain stimulation,® fingerprinting®2 nano-barcoding,®¥ night vision,** the disinfection of
medical masks used to protect against COVID-19,% and of greatest interest to our group,

laser refrigeration.502

NaYF has two major polymorphs that are observed at ambient conditions: cubic () and
hexagonal (3) (Figure [1.3). Historically, NaYF has been synthesized via high-temperature
melt processes such as the Czochralski or Bridgman method P%?1 These methods are capable
of producing large single crystals of the cubic phase, however they are unable to produce single
crystals of the hexagonal phase for general use due to large anisotropic thermal expansion
coefficients that cause the crystals to break apart as they cool.?® Nonetheless, melt-grown
NaYTF has been used for several detailed studies of the NaYF phase diagram.”?#*% These

9798 reveal that NaYF is a nonstoichiometric material with a variable

studies and others
composition of Nag sy Yo.51xFarox for the cubic phase and Nas, Y, Fg for the hexagonal
While the implications of this are to be discussed in later chapters, it is important to bring
this up at this time because of the notation that is used throughout this dissertation. The
typical notation that is used in the literature for this material is NaYF,. However, due to the
variable stoichiometry, this notation is not accurate at ambient conditions. At the same time,
it would be unwieldy to write out the technically correct variable composition every time I

reference the materialﬂ so I choose to use the notation “NaYF” as an abbreviation rather

than a chemical formula in order to emphasize and specifically acknowledge this point.

While melt-grown NaYF has been instrumental for much of the fundamental study of the
material’s properties, it cannot produce usable -NaYF single crystals, and it also requires
extreme conditions for its synthesis. This, along with the increase in focus in nanoscience
throughout the scientific community over the past 20 years "’ has made solution-based
syntheses of nanoscale NaYF particles much more prevalent both in the fundamental science

and especially in the applications literature *™193 Solution-based synthesis typically proceeds

*297 times, if you must know
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through versions of one of two general processes: the solvothermal (or hydrothermal when
aqueous) route, which reacts any of several precursor salts in a solvent that is heated in
a sealed vessel, or the thermolytic route, in which trifluoroacetates (typically) of sodium
and yttrium are heated under an inert atmosphere until they decompose, forming NaYF

nanoparticles 1%

These methods have their own uses to which they are best suited—the
thermolytic method, for example, excels at quickly and scalably making monodisperse, small
B-NaYT particles ™ whereas the solvothermal method is generally more versatile, especially
for shape and phase control of the final particles, and also allows the reaction to proceed in
water 2% which is ideal for green chemistry techniques and also limits the exposure of the
particles to organic species. A more detailed study of the process by which one version of the
hydrothermal synthesis proceeds is discussed in Chapter 2] Another method that is sometimes
used is simple precipitation from solution at ambient pressure and often temperature. This
method is rarely used for applications due to difficulty in controlling the size and shape of
the particles,*™ but it can be useful in studying crystal growth processes and for quickly
synthesizing large amounts of material, particularly in the a phase, as we will show in
Chapter |3l While other synthetic routes certainly exist, it is helpful to understand these

commonly-used syntheses and the properties that result from each of them when reading a

paper or designing an experiment.

In our group, the primary intended application for the NaYF materials we synthesize is
laser cooling (also referred to as laser or optical refrigeration) applications. While the precise
physics surrounding laser cooling are largely beyond the scope of this particular thesis, it
can be useful to have a basic understanding of the process in order to understand what may
be important for a synthesis of NaYF for that purpose. Laser cooling in solids was first

57 and has since been demonstrated in many crystalline

demonstrated by Epstein in 199
fluoride materials doped with lanthanides**®3 including NaYF B85 Pyt simply, the
ground and excited states of a particular transition (in this case for Yb3*) are further split
into vibrational energy states, on which the electrons reside in a Boltzmann distribution.

This means that the emitted photons can have a slightly different energy than the photons
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used to excite the transition. Most of the time the emitted photon is lower in energy than
the excitation photon (referred to as a Stokes shift), which results in the resulting energy
being dispersed non-radiatively into the lattice. However some photons can experience an
anti-Stokes shift, in which the emitted photon has a higher energy than the excitation photon.
Due to the conservation of energy principle, this additional energy must be extracted from the
crystal lattice. By choosing an excitation wavelength that limits the only possible shifts to
anti-Stokes (Figure [1.4), energy will be extracted from the lattice and the lattice will cool 108
Yb** What this means for those of us who are concerned with synthesis is

. that we want a material that has a minimum energy transition that
E_}FM is close to the energy of a standard commercial laser, and which does

not have any external sources of heating. The former is a property of

the the dopant and its crystal field and thus is not strongly affected by

1020 nm
1000 nm

the particulars of the synthesis. However the latter is a very important

é ok IZF concern when synthesizing materials. External heating typically results
712

from background absorption from the lattice, which may come from such

Figure 1.4: Energy level - goyrces as organic impurities or coatings, hydroxyl groups, lattice defects,
diagram showing a 1020

nm photon being used to  €NSity fluctuations, and any number of other components that would
cool a lattice containing

Yb3+ ions

cause the host lattice or coating to have a nonzero absorption coefficient
at the excitation wavelength.'+? Thus, the most important factor for a
material to be used for laser cooling, assuming it already has an appropriate transition, is
that the base lattice is as transparent as possible at the wavelength of that transition. One
factor to consider is particle size—ligands, contaminants, and inherent surface reconstructions
can cause the particles to absorb radiation—so it can be more challenging to cool smaller
particles with a higher surface area to volume ratio*¢ Despite this, there has been significant
research as of late on the laser cooling of nanoparticles ™M™ Even so, it is harder to cool
extremely small particles, and for these reasons, the thermolytic method, which produces
very small particles and inherently incorporates organic contaminants, is not an ideal method

for synthesizing laser cooling particles. As such, we focus on the hydrothermal and simple



14

precipitation methods to synthesize the materials in our work. However, these methods
still have challenges—Ilarger crystals contain more crystalline defects, materials that are
synthesized in water tend to incorporate oxides and hydroxides, and as will be discussed in
detail, the processes by which these form are anything but simple. As such, it is imperative
that we understand the crystal growth mechanisms for these NaYF syntheses in detail so
that the sources of heating can be addressed with surgical precision in an effort to improve
the cooling efficiency up to its theoretical limit.

One final consideration regarding the fundamental chemistry of NaYF that is often
overlooked is that of its relationship to YF5;. Ask anybody in a freshman chemistry course
what happens when you react NaF and YCls, and they will write the reaction 3NaF'(aq) +
Y Cly(aq) — Y F3(s)+3NaCl(aq)[] Technically, they would be right, but only sometimes 2
This is, of course, because we also observe the reaction 4NaF'(aq)+Y Cls(aq) — NaY Fy(s)+
3NaCl. To complicate matters further, as we’ve established, the stoichiometry of NaYF is
variable, with true compositions as described earlier in this section. There are also reports of
cubic YF5 in the literature that is largely isostructural to cubic NaYF. This leads to a view
of cubic NaYF as being akin to a solid solution of cubic YF3 and NaF. But as we discuss in
Chapter [3] calculations show that cubic YF5 cannot exist with the reported crystal structure,
leading to an updated view that cubic NaYF in fact is best viewed as being the stable form
of cubic YFgm So to return to the original question of what happens when NaF and YCl;
are reacted, we in fact have three possible solid products: cubic NaYF, hexagonal NaYF,
and orthorhombic YF3;. And in fact we can isolate relatively pure samples of each depending
on the reaction conditions. By studying these mechanisms, we’ve found that the reaction
pathways that select for these products (the chemical mechanisms) are inherently based in
crystallization and the formation of solid-state intermediates via processes such as spinodal

decomposition and oriented attachment, each of which is a realization of Ostwald’s step rule

*As somebody who has taught general chemistry classes, I admit that some may come up with more
creative answers to this question.

TThis is also true of NaYF’s analogues including KYF and (NH,)YF.
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not only in terms of crystal structure but also chemical composition. This again showcases
the point that crystallization and chemistry should be considered together, and at least in
the case of NaYF, one would not be able to reach an accurate conclusion about its formation

by considering the two processes separately.
1.3 Microscopy and Microanalysis

There are, of course, innumerable experimental methods that one could use to investigate the
NaYF crystal growth process, and indeed we used many of them in our own work in order
to paint a comprehensive picture of the process. However, one might ultimately respond
to claims of crystal growth processes the same way they might respond to a fanciful story
on the internet: pics or it didn’t happen.**! In all seriousness, the most powerful tools we
have to watch crystal growth processes are those which allow us to literally watch crystals
grow. When Gibbs first described crystal growth in the 19th century, he had never seen a
nanocrystal: nobody had. The best microscopes at the time were limited by the diffraction
limit of visible light, making it physically impossible to image features below about half
a micron. This meant that any discussion of classical nucleation theory or the ion-by-ion
growth mechanism was purely theoretical. That many systems are now known to proceed
via classical crystallization mechanisms is a remarkable testament to the insight of these
early scientists. Beyond crystal growth, there are so many other principles in chemistry and
materials science that were purely theoretical, only to be confirmed decades or centuries later
with microscopic and microanalytic techniques. One need not look further than atomic theory
itself, which was painstakingly developed through philosophy and clever experimentation
dating all the way back to Democritus in Ancient Greece, in the fifth century B.C.E. Atoms
were first imaged directly by Erwin Miiller using the field ion microscope (FIM) nearly 2500
years later, in 1955 C.E. (Figure [L.5])™*? Today, I can take 50 atomic-resolution images of
almost any nanomaterial on the transmission electron microscope (TEM) and be finished in
time for lunch (and I am not an early riser). What could once only be philosophized about

can now be imaged as easily as any photograph.
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As impressive it is that microscopic tech-
niques have been able to confirm ancient wis-
dom, it should also come as no surprise that
it has also revealed nuances in certain sys-
tems that would not necessarily have been
predicted with classical methods. Relevant to
this work, of course, is the earlier-discussed
1998 discovery of the oriented attachment
crystal growth mechanism by Penn and Ban-

field using TEM 22 While TEM has been used

to show particles growing classically, notably
Figure 1.5: The first reported atomic resolution images, col-

and very beautifully by the Frances Ross

123H127

group, other novel methods of crystal

growth have also been directly observed in

lected with FIM by Erwin Miiller. Figure reprinted with per-
mission from Miiller, E. W. Field Desorption.Physical Review
1956, 102, 618-624, DOI:|10.1103/PhysRev.102.618| Copyright
1956 by the American Physical Society.

ways that would not have been possible before, of course by the aforementioned Penn and
Banfield study, as well, notably, as by our colleague Dongsheng Li 28 This direct insight
motivates the use of microscopy as a primary method to study crystal growth processes. While
one may casually use the terms “microscopy” and “microanalysis” interchangeably, or may use
either as an umbrella term, strictly, “microscopy” refers to imaging whereas “microanalysis”
refers to the measurement of chemical properties at that scale. To avoid cumbersome text,
however, in this work, “microscopy” and its derivatives can be understood as an umbrella
term that encompasses both the strict definitions of “microscopy” and “microanalysis” unless

otherwise specified.

Microscopy as a field refers to a massive range of techniques that allow for the structural
characterization at the microscopic or nanoscopic scale. This term is not specific to the method
of making those measurements, allowing techniques that bear little superficial resemblance to
each other to all be used in this context. The most ubiquitous of these, of course, is optical

microscopy, which is a technique most of us were introduced to as young children. Optical
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microscopy derives from the same principles of optical lenses, which have been known since
antiquity. These single lenses, when well-crafted, can achieve high levels of magnification and
allow for the study of single cells and microbes, a field that was first developed by the early
microscopist Antonie van Leeuwenhoek** The development of compound lenses around the
17th century brought the field of optical microscopy roughly to where it is today (disregarding
techniques for improving contrast such as fluorescence and polarization). While the quality
of lenses and imaging techniques have improved in the past 400 years, optical microscopy
reaches a fundamental limit when the particles being studied approach the size on the order of
and proportional to a single wavelength of light. This is known as the diffraction limit, which
for an average wavelength of visible light is roughly a quarter of a micron. Regardless of the
theoretical magnification of the lens system, it is impossible to optically image a feature in the
visible spectrum that is smaller than the diffraction limit[f] What this implies, though, is that
smaller features can theoretically be imaged by shorter wavelengths of radiation. For various
physical and historical reasons (to be discussed in more depth in Section electron beams,
which have a wavelength on the order of picometers, are typically used for this purpose. Thus,
electron microscopes are able to resolve features as small as individual atoms. Other forms of
microscopy also have similarly high resolution but radically different ways of magnifying the
sample. FIM (discussed further in Section was the first method of to achieve atomic
resolution, and works by field evaporating ions off of a sharp point toward a 2D detector,
and using the curved shape of the tip itself to create the magnification. Finally, one can also
very precisely measure surfaces at atomic resolution using scanning probe microscopy, which
works by passing an atomically-sharp tip over a specimen and measuring its interaction with
the surface in varying ways. Scanning probe microscopy encompasses a set of very powerful

techniques that can be used to precisely study crystal growth (among other things)=#U 132 on

*While there are super-resolution techniques that are able to get around this theoretical limit in various
ways and which are commonly used in biology, typically exploiting the properties of fluorophores in postpro-
cessing, these techniques are beyond the scope of this work, and generally don’t break the diffraction limit so

much as circumvent it to an extent



18

an atomically flat surface, in some cases even in situ,**® however because the crystal growth
that I focus on here does not necessarily occur on an atomically flat surface, these techniques

are largely beyond the scope of this work.

1.3.1 Transmission FElectron Microscopy
Physical Basis

Due to its ability to routinely collect structural information at the nanoscale, nearly all of the
work in this dissertation relies heavily on TEM data. As previously discussed, the TEM is, in
concept, identical in operation to a standard desktop optical microscope, in that a source of
radiation is passed through a sample and then magnified through a series of lenses in order
to be viewed by the user. However, instead of using visible light as the radiation source, the
TEM uses an electron beam, with wavelengths on the order of x-rays, in order to reduce the
diffraction limit to below an atomic radius. The astute reader may notice, however, that
while visible light is purely electromagnetic radiation, electrons are subatomic particles that
have mass. This means that electrons, as they pass through a material, will lose momentum,
and thus can only be used to image very thin samples in an ultra-high vacuum. One may
reasonably wonder then why we use electrons rather than X-rays in these microscopes. This
is a practical decision—while X-ray microscopes do exist, they are unusual relative to electron
microscopes because it is extremely difficult to focus X-rays. This is easily understood by
considering the colloquial usage of the word “X-ray.” We associate X-rays with medical
internal imaging because X-rays cannot be appreciably refracted by solids, so they can pass
directly through the body. X-rays pass through things. It’s what they do. This creates a
challenge, however, in that they also pass directly through lenses without being refracted (i.e.
without being focused).™** Electrons, of course, would not be able to pass through a traditional
glass lens at all, but their properties make them much more amenable to precise focusing using

electromagnetic lenses. This property was first described in Ernst Ruska’s undergraduate
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thesidf in 1931, who went on to successfully assemble the first electron microscope during his
Ph.D, which he completed in 1933E| At that time, the resolution was no better than that of
the already existing optical microscopes (Figure , but nonetheless the ability to focus
electron beams and image samples was a major breakthrough in the field of microscopy and

for the first time eliminated the diffraction limit as the limiting factor for microscopic imaging.

This concept of breaking the diffraction limit of optical micro-
scopes by using electrons is so fundamental to the field of electron
microscopy that it’s worth spending time to fully understand why

electron beams (sometimes referred to as “cathode rays”) are such a

good option as a source of radiation for microscopy. To understand
Figure 1.6: One of the first

this, we need to think back to the concept of wave-particle duality: TEM images ever taken by

. . . Ernst Ruska and Bod Bor-
a concept that I was certain I would never touch again after taking — o o o Bodo veR Bor

ries, of a molybdenum mesh
Physical Chemistry 2 in my undergraduate studies. For the purposes with holes of 142 ym and a wire
thickness of 30 um. Reproduced

of electron microscopy, it is typically more convenient to think of the
with permission from Springer

electron beam used for imaging as a wave, similar to a laser beam. Nature3

However, we also know that electrons are particles with a negative charge and a nonzero

mass (this behavior as a charged particle, as discussed previously, is what allows them to be

focused with electromagnetic lenses, unlike X-rays at the same wavelength). As such, we can

calculate the wavelength, A, of the particle wave using De Broglie’s equation, A = &, where h

p M
136 Momentum is

corresponds to Planck’s constant and p is the momentum of the particle.
classically defined as p = mwv, where m is the mass of the particle and v is its velocity, which,
in the case of electron microscopy, is defined by the accelerating voltage of the microscope
(200 kV being typical, though there is variation on different microscopes used for different

purposes). Therefore, De Broglie’s equation can be rewritten as A = % Substituting

*Damn showoff.

TDamn showoff.
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momentum into this equation will ultimately result in the equation A = \/#7.137 One could
then use this equation to calculate the wavelength of the electron beam. However, if one were
to do that, one would be, regrettably, wrong. This is due to the very annoying property of
energy to convert to mass when particles move at high speeds®#® At speeds to which we are
generally accustomed, this contribution is not significant, but the electrons in a TEM move

39 on the same order of magnitude as the

at a speed that can only be described as ludicrous*
speed of light, and as such, the relativistic contribution cannot be ignored.'#” This means
that we have to use the equation that almost everybody can recite and almost nobody can
explain: F = mc2 The full derivation of the relativistic momentum equation can be found

in Appendix [A] but the equation that results from including this relativistic contribution is

as follows:

B h
\/QmeV(l + 525

2mc?

A (1.2)

In Equation |1.2], all of the variables are fundamental constants of the electron except V,
which is the acceleration voltage of the microscope. Therefore, for a typical 200 kV microscope,
we can calculate the wavelength of the electron to be 2.51 pm, an order of magnitude smaller
than the covalent radius of a helium atom, which means that the diffraction limit is not a
concern for atomic resolution TEM.

Even though TEMs are not diffraction limited, there are nonetheless other factors that
limit the resolution of conventional TEMs. These aberrations are similar to aberrations
encountered in much of optical microscopy: as with light, electron beams experience both

spherical aberration, in which the beam is imperfectly focused due to the shape of the lens,

*In reality this extended discussion of the relativistic contribution to the momentum when calculating
the wavelength of the electron beam in the TEM is probably overkill as far as the scope of this thesis about
crystal growth is concerned. However most people only get to write at most one dissertation in their lifetime,
and as someone who has been a science nerd for nearly 30 years, I could not pass up this opportunity to use

2

FE = mc® somewhere in mine.

T am not proud of the amount of time I invested in setting up the above joke.
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and chromatic aberration, in which different energies of radiation are focused to different
points by the same lens. Chromatic aberration can be addressed fairly straightforwardly, by
monochromating the beam, however spherical aberration is a more complicated challenge.
In optical microscopes, one can theoretically grind a glass lens to the exact specifications
needed to perfectly focus a microscope, and thus spherical aberrations significant enough to
limit the resolution are only seen in cheap and/or novelty microscopes. However, because
electron optics are not manufactured objects but rather an electromagnetic field in space,
their “shape” cannot be fine-tuned the way that glass lenses can, and thus conventional
electron microscopes are at the mercy of the best focusing that the lenses can do, which
one review described as “the equivalent [of] something like the bottom of a beer glass.”
These spherical aberrations were determined by Scherzer
in 1936 to be fundamental and unavoidable ™ but just
eleven years later he was able to show that these aberra-
tions could theoretically be circumvented 12143 I 1997,
50 years after Scherzer showed that aberration correction
was possible, the first aberration-corrected microscope was

developed at the European Molecular Biology Laboratory

in Heidelberg™¥ This emphasizes the technical difficulty

of achieving aberration correction in a TEM. The specific

Figure 1.7: An aberration-corrected STEM

image of the NaYF gel with sub-Angstrom physics of why aberration correction works is well beyond
resolution, taken on the GRAND ARM at

PNNL. Original work. the scope of this dissertation. However, to simplify greatly,

Scherzer’s theorem relies on the assumption that the beam is rotationally symmetric, among
other assumptions, and he was able to mathematically overcome the aberrations by lifting
these assumptions ™3 Thus, the next 50 years of experimental research were spent trying
to create a system that could modify the beam in those ways. Today, aberration-corrected

microscopes, while still expensive specialty products, can be routinely produced and used as

*Indeed I have tested this hypothesis many times after late nights analyzing TEM data
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facilities instruments in both TEM and STEM mode with sub-Angstrom resolution, including
(under ideal conditions) atomic-resolution atomic analysis. While aberration-correction is not
necessary for the majority of the microscopy that we do, and therefore most of our routine
microscopy is done on uncorrected microscopes, I have had the opportunity to spend some
time using a corrected microscope to collect STEM data on some of my samples (Figure
[1.7), and it is truly amazing to see what kind of resolution is possible. I often have found
that on the corrected microscope, many of the poor-quality throwaway images I've taken
while attempting to focus are still much higher resolution than what can easily be achieved
on a standard microscope, and thus for certain purposes, access to an aberration-corrected
microscope can be extremely useful. It boggles the mind that one can routinely take pictures

not just of atoms, but of the space between atoms. Democritus would be astounded.

TEM in context

Given the ubiquity of TEM in my research, it is undoubtedly important to understand the
physics behind its operation in order to understand how it interacts with the material and
how to interpret data. That being said, TEM is fundamentally an imaging technique, and
the reality is that most of the work I (and most chemists) do with it focuses more on the
collection and interpretation of high-resolution image data rather than worrying about how
the electron beam passes through the column. As such, this section will focus more on the
imaging and analysis techniques that help us to understand the processes of crystal growth

(and other chemical processes) in various ways.

Perhaps the most widely used and fundamental of these techniques is electron diffraction.
As noted previously, electron beams have a similar wavelength to x-rays. Because of this,
electron beams interact with matter similarly to x-rays, most importantly in that they can
be diffracted. While the physics of diffraction in general are largely beyond the scope of
this dissertation, very briefly, the concept of using crystals as a “diffraction grating” for

radiation of a wavelength comparable to the lattice spacing was first described by Max von
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Laue in 1912.14 This discovery was quantified the following year by the father and son
team William and Lawrence Bragg, who realized that x-rays would only be diffracted by
a crystal lattice at certain angles, as described by the Bragg equation, nA = 2dsin9.146E|
By carefully measuring the angles to which the x-rays are diffracted, this can tell us where
the atoms are located within the crystal lattice. This effect is also observed in the TEM
simply by changing the focus of the beam. In imaging mode, the diffracted electrons are
either focused back onto the image or blocked by the objective aperture. In diffraction mode,
however, the image is focused to a single point and the diffracted electrons are offset from
the direct beam by their Bragg angle. While it is unusual (though not unheard of J*47120 o
solve entire crystal structures using electron diffraction due to the fewer number of visible
diffraction spots relative to x-rays as well as the damaging effects of the electron beam
on the sample after the repeated exposure required for a full crystal structure, electron
diffraction is an extremely useful technique to identify local crystal phases and to confirm
expected crystal structures at the hyper-local scale. Electron diffraction, like x-ray diffraction,
can also be used to measure multiple crystallites in random orientations, with the peaks
being integrated radially to produce a local “powder pattern.” One technique that electron
diffraction uniquely allows is dark field imaging. As previously mentioned, in imaging mode,
the diffracted beam can be blocked by the objective aperture, allowing only the direct beam

to form the image. This is usually done to increase contrast by darkening the strongly

*Many of the scientists cited in this research lived in Germany in the years preceding and during the
Second World War. Though few actively supported the Nazis, Laue stands out as somebody who went beyond
just believing the right thing but rather supported his views with his actions. Laue risked his career, and
potentially his life, by openly opposing and refusing to collaborate with the Nazis, and he helped his Jewish
colleagues in Germany to escape to safety. Following the war, he was instrumental in restoring Germany’s
ability to contribute to the international body of science. Laue’s moral conviction in the most dire of situations
and his patriotic dedication to do science in a better version of his homeland should be an inspiration to us
all.

tThe Braggs shared the 1915 Nobel Prize for this discovery, with the younger Bragg receiving his prize at
the age of 25. Damn showoff.
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scattering objects in the image. However, if instead of selecting the direct beam with the
objective aperture, one were to select a diffraction spot, this would allow only diffracted
electrons to form the image (or, more precisely, electrons scattered to the angle allowed
by the objective aperture). As a result instead of the sample appearing dark on a bright
background, the background will appear dark and the image of the sample will appear bright.
Due to diffraction being a relatively low-
probability event, these images are much
fainter and much lower in resolution than
bright field imaging, however this technique

is nonetheless quite powerful for those of us

who study nanocrystals. Because particles
Figure 1.8: Dark field images of two separate cubic NaYF with a different Crystal structure or in a differ-

single crystals showing the ability to select diffraction spots from
ent orientation will diffract to different spots,

two separate crystals. Original work.
this method can be used to image and select individual single crystalline domains, as seen
in Figure[1.§ This is extremely valuable in studying irregularly-shaped particles as well as

processes like oriented attachment that rely on crystallographic alignment.

Electron diffraction gives local information about crystal structures, which, of course,
indirectly gives information about the local chemical environment. However, many materials
have similar crystal structures, and not all materials are crystalline, or have well-enough
defined crystalline domains to be able to definitively assign peaks. For that reason, it is also
important to consider other methods of studying the local chemistry of materials using the
TEM. Because electrons have similar energies to x-rays, the electron beam can also be used
for spectroscopy. The principle of electron spectroscopy (and its analogue, x-ray spectroscopy)
is that the beam will induce the ejection of an electron from the sample. This process absorbs
a characteristic amount of energy from the beam depending on the particular electron that
was ejected, which can be measured as a form of absorption spectroscopy called electron
energy loss spectroscopy (EELS).*2! Following the loss of the electron from the material,

higher-energy electrons will fill the hole left by the electron that was ejected, which releases
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energy in the form of x-rays, which can be measured in a form of emission spectroscopy called
energy-dispersive x-ray scattering spectroscopy (EDS).15 Either of these techniques can be
used to identify composition locally by measuring the characteristic absorption or emission of
a given element, and this information can be used to identify samples, map concentration
gradients, identify interfaces, and do many other things that are of interest to a chemical
microscopist. There are various reasons why one might choose to use EELS vs. EDS: EDS
tends to be somewhat more user friendly and better at identifying heavier elements, whereas
EELS can give information about bonding and electronic structures. In practice, we typically
use EDS because the microscope in our facility happens to have an EDS detector.

Another issue that plagues the electron microscopist is that the sample typically needs to
be dry and mounted on a grid in an ultra-high vacuum. This is a fundamental limitation
of the technique due to the fact that electrons have mass, and therefore lose momentum as
they pass through matter, unlike their analogous massless x-rays, which, of course, can pass
all the way through your foot if you absentmindedly step off a curb and fracture your ankle
(not that I speak from experience). As such, anything besides the sample in the chamber,
including gas, will inherently harm the image. Those of us who are lucky enough to be
chemists and materials scientists don’t often need to worry about this, as we mainly image
very small rocks, which are typically very stable and natively have very high contrast, making
ex situ imaging sufficient in most contexts. Unfortunately, however, some people happen to
be biologists. Biological samples typically are not as easily imaged ez situ due to their high
native water content as well as the thin, noncrystalline carbon-based cell membranes and
structures that don’t strongly scatter the beam, and as such, biological samples typically
need to prepare their samples by first “fixing” them by treating them with chemicals that
rigidify the structure, then dehydrating them, potentially embedding them in resin and slicing
them thin, and then staining them with a heavy metal salt (often osmium or uranium) in

order to increase contrast.1>® This process does work for imaging, and this is how probably

*Also sometimes referred to as EDX, EDXS, EDAX, XEDS, X-ray fluorescence (XRF), etc. It’s hard to

get scientists to agree on stuff, okay?
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most biological TEM images are still made, but obviously all of this pre-processing causes
chemical and physical changes to the sample that may inherently limit what can be claimed
from TEM images. Furthermore, nearly all biological samples naturally exist in a hydrated
state, so it is inherently limiting to only be able to view them as dehydrated structures. As
such, though I take no joy in saying this, the biologists deserve significant credit for many of

the advancements in n situ TEM.

The first major progress in this field was the development of cryo-TEM. The idea behind
cryo-TEM is that, while liquid water would instantly boil off in the ultra-high vacuum and
poison the column, solid ice, if kept properly frozen, will stay in that state[] Therefore, by
quickly freezing aqueous samples in a very thin, vitreous (non-crystalline) layer, one can trap
biological samples in their native state while minimizing the background from the water itself.

This technique was first developed in the 1970s /14

and has since been used to study not only
(relatively) large cells and viruses but also individual proteins with near-atomic resolution.
These developments in molecular biology won the 2017 Nobel Prize for Jacques Dubochet,
Joachim Frank and Richard Henderson,**® and it’s easy to see why: previously the only way
to structurally characterize proteins was through x-ray crystallography, and it is impossible
to do x-ray crystallography on proteins in their native state. As such, cryo-TEM has become
an indispensable technique among structural biologists. However, this technique is also worth
consideration by chemists and materials scientists. While our samples tend to be more robust
and we can typically achieve greater resolution ex situ, we want to understand not just our
products, but also the intermediates, processes, and mechanisms that get us to our product,

and by literally freezing the reaction as it is in progress, we may be able to see crystalline

intermediates and metastable phases that we wouldn’t normally be able to observe ez situ.

*This is the same principle that allows the gas giant planets to exist in our solar system. When the
planets were forming, at a certain distance from the sun, water in the protoplanetary disc transitioned to a
solid state, which is stable in the vacuum of space and was able to accrete into the cores of the much larger
planets that we know and love today, whereas inside this “snow line” only rocks and metals could accrete

into planets”



This capability gets to the heart of this thesis: chemists tend to think about mechanisms in
the context of forming molecules, and materials scientists tend to think of mechanisms in the
context of forming solids. However, we know in reality that often both of these things are
happening at the same time, and the ability to study intermediates in detail will give us far

more insight into the detailed mechanisms by which syntheses occur.

Despite the huge impact that cryo-TEM has had in allowing
us to view materials in their native state, it is still not quite
a true in situ technique, since we still are viewing a snapshot
in time and can’t view active processes unfold. Furthermore,
cryo-TEM is optimized for aqueous samples, for obvious rea-
sons, but not all processes occur in water, especially in the
chemical /materials space. While many other solvents can the-

oretically be frozen for cryo-TEM purposes, this is not always

straightforward—cryo-TEM grids are typically frozen in liquid
ethane to avoid the Leidenfrost effect that would be seen with Figure 1.6: ETEM study of sili

liquid nitrogen, but many organic solvents are soluble in ethane, con nanowire growth showing defined
step edges below the catalyst. Figure

so this is not always a possibility. Even if they can be frozen, it dapted from Ross, 2010720

needs to have a high enough melting point to not be immediately melted to a high degree by
the high-energy electron beam, and even if it does meet that condition, organic species have
a tendency to be carbonized by the beam and redeposited on the sample, severely limiting
resolution’® These reasons and others motivate the study of true in situ TEM. In situ
TEM can take place in the gas or liquid phase, and can use either specialized microscopes
or specialized holders in order to study various processes. The most straightforward way
to do this in the gas phase is to simply introduce a small amount of gas into the column.
At low pressures, this will not significantly harm the image quality, and it can be used to
very precisely control gas-mediated processes. This technique is called environmental TEM
(ETEM), and has been used to very precisely observe crystal growth, for example in the

earlier cited papers by Frances Ross, as shown in Figure 1.9, This technique is extremely
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useful to show crystal growth and other chemical processes in nearly the same detail as
standard ex situ TEM and has really allowed us to observe crystal growth directly for the first
time. I have yet to meet a TEM microscopist who has not spent considerable time watching
these videos in awe. Unfortunately, the obvious limitation of this method is that it has to
be a gas-mediated process. In real life, many processes are not gas-mediated. In order to
appropriately understand the world, we can’t limit ourselves to only studying the phenomena
that are the easiest to study with current technology. And perhaps most pertinently to this
work, most non-classical forms of crystal growth occur in solution and are solvent-mediated.
This means that we need to find a way to look at things that happen in solution inside the
TEM.

As previously discussed, everything that the electron beam passes through will scatter the
electron beam to some extent. This means that any solvent will inherently reduce your image
quality. Beyond that, the solvent obviously needs to be contained somehow, and whatever
is used to contain the solvent will also inherently reduce the image quality. There is no
way to prevent this. In theory, we can minimize this effect relatively straightforwardly—the
particles we're looking at have to be very small anyway, so if we use a column of solvent
that is only slightly wider than the particle size, and use an extremely thin membrane to
contain the mixture on both sides, that will minimize the contribution to overall scattering
from anything that isn’t the sample. This is obviously harder to achieve in practice. Despite
this, it has long been seen as a worthwhile goal. Owing perhaps to the obvious benefit
of being able to observe biological materials in situ, the first in situ TEM experiments
apparently happened remarkably soon after the development of the TEM, by Marton in
1934 or 1935[ Marton apparently sandwiched living cells in thin aluminum foil and was
able to image them at high voltage. While I have not been able to locate these images

to verify the magnification, knowing the amount of scattering that would be involved and

*I use the word “apparently” because, while I was able to locate many references to these experiments in

later works by reputable authors 127159 T wag not able to locate a copy of the original reference 1% or any

images that I could verify were from that original reference by Marton.
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the power of TEMs at that time, it can be claimed with certainty that he would not have
been able to image them at a higher resolution than what was easily achievable on optical
microscopes at that time. It is likely for this reason that there was very little progress made
in this field until 2003, when the first true liquid cell (LCTEM) holder was developed by
someone whose name should be quite familiar at this point: the venerable Frances Ross.
Her original sample holder sandwiched the sample between two silicon wafers that were
coated on the sample side with 100 nm of silicon nitride, with the silicon selectively etched
away to form a 100x100 um window, with the chips separated by a silicon oxide spacer.16¥
While these methods have been refined over the years, this is still essentially how LCTEM
works: the sample in question is sealed between two silicon chips with (usually) silicon nitride
windows, essentially creating a miniature cuvette in which to view the sample (Figure [1.10)).

These holders have now been engineered for many purposes and

can be used for electrochemical biasing % heating 162 mixing 163,

and many other applications. Additionally, advancements in
both holder engineering and TEM techniques have allowed for
high resolution, atomic scale imaging that, importantly for our
purposes, allowed for the first time the direct imaging of crys-
tal growth by oriented attachment.® This is not to say that
LCTEM doesn’t have its challenges and limitations: aside from
the aforementioned inherent scattering and the obvious size
limitations, there are also challenges with quantifying, predict-
Figure 1.10: Schematic of a an ing, and rationalizing the effects of beam interactions with the

LCTEM holder with detail showing

sample and the solvent, as well as the dimensional limitations
the sample chamber. Images of holder

from Hummingbird Scientific, inset of only allowing interactions perpendicular to the beam. Even
original drawing.

so it is no exaggeration to say that LCTEM has revolutionized
the study of nonclassical crystal growth and brought it from a theoretical phenomenon to

something that is directly observable.

The dimensional limitations that LCTEM suffer from are also to some extent fundamental
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to all direct TEM imaging, and really any transmission imaging at all. When we image

things with our eyes, we are actually measuring light that has been scattered off a surface

(for the most part). Because of that, we can easily intuit the shapes and arrangements

of items based on how the light scatters and how certain objects obscure other objects.

The corollary to this in electron microscopy is the scanning elec-
tron microscope (SEM): the SEM measures electrons that have
scattered off the surface of a material[f] and as a result, SEM
images have a very lifelike, photographic, three-dimensional
quality to them. This likely explains why SEM images are
so popular among the general public—they are easy and intu-
itive to interpret because they look like normal photographs of
macro-scale objects. TEM, however, is a transmission technique,
meaning that, rather than measuring backscattered electrons,
it measures the electrons that have transmitted, or passed
through the material. In this sense it can most intuitively be
compared in the macroscopic scale to medical X-ray imaging.
This means that, unlike SEM, TEM can give information about
internal structures that would otherwise be hidden by the sur-
face, but the drawback is that, because the radiation source
passes through the entirety of the material (or body part) before
it is detected, we only observe a two-dimensional projection of

the object being imaged, as seen in Figure [1.11]' In the case of

L

Figure 1.11: Example of a medi-
cal x-ray image of a fractured ankle.
Note the apparent flattening of the im-
age and the impossibility of determin-
ing whether the image was taken from
the front or the back due to the two-
dimensional projection effect of trans-
mission imaging. Ankle is the author’s

own.

TEM, this projection is usually sufficient. Most TEM samples tend to be relatively homoge-

*More accurately, it can measure either primary electrons from the beam that have been backscattered or

secondary electrons from the sample that have been ejected from the surface, but the result appears similar

in either case.

tLet it be known that the author of this dissertation fractured his ankle specifically so that the concept

of transmission imaging could be better illustrated in this dissertation.
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neous and of a known (or not particularly interesting) shape. But sometimes it is important
to understand where certain features are relative to each other on the particles being imaged,
and in that sense, two-dimensional projections will lie to you. In this sense, the X-ray analogy
is particularly apt, as the solution to the problem is exactly the same for both techniques. In
medical imaging, if you need three-dimensional detail in your X-rays, you perform a computed
(axial) tomography scan (CT/CAT scan). The way this works is straightforward: the region
of interest is placed inside a tubular device and X-rays are taken at a bunch of different
angles, allowing many different views of the object, and observing how features appear to
move relative to each other will provide information on their three-dimensional structure.
How these images are mathematically stitched together is less intuitive. Luckily, the method
for doing so was described by Johann Radon[]in 19171% While the detailed mathematics of
the Radon transform are beyond the scope of this dissertation, qualitatively, the projection at
each tilt is integrated and stitched together into what is referred to as a sinogram, and then
the sinogram can be “untwisted” to produce a three-dimensional model. There are a number
of ways to do this in practice, and the mathematics of all of them are rather dizzying, and in
fact people have written entire dissertations on this topic alone 2 but luckily these methods
are by now well-described and can be performed with several existing software packages at the
click of a button %1% The Radon transform is extremely versatile and as such, tomography
can be a useful technique to understand the internal structures of objects at all scales, from
just a few unit cells of crystalst®® to micron-sized objects*® to, of course, the human body, all
the way to entire oceans ™ planets T[] and even galaxies and greater ™ As cool as it would
be to map out entire galaxies, here we focus on that which can be achieved in the TEM, and
unfortunately there are not any known galaxies at this time that will fit inside a TEM 13

TEM tomography operates in much the same way as a medical CT scan, except insofar as

*Of no relation to the radioactive noble gas
tSeismic tomography, as it’s known, is able to reconstruct Earth’s internal structures by measuring seismic
data from earthquakes from multiple points on the Earth’s surface, and is in my opinion one of the most

clever scientific techniques I've ever encountered.



32

that the sample is tilted rather than the radiation source[|] Samples that are mounted on
wires (or are themselves wires) can be mounted in a specialized holder that can be rotated
a full 180 degrees. This gives the Radon transform the best chance of creating a faithful
reconstruction because the algorithm doesn’t need to “guess” what the sample looks like over
any large interval of angles. This technique is difficult for most samples however, as only one
sample can be loaded into the TEM at the time (as opposed to grids that can hold several
liftouts or thousands of particles), not to mention the practical limitation that it requires a
specialized holder that costs many thousands of dollars and can’t really be used for anything

else.

As such, for most samples it is more practical to tilt
120-140 degrees, which is achievable for most samples
in a fairly standard low-profile holder, and allow the

Radon transform to approximate the rest. Using this

technique, we can not only determine the size and

Figure 1.12: STEM Tomography of a-NaYF.

‘ . shape of particles in three dimensions, but we can also
From left, the raw STEM image of the particles,

the reconstructed isosurface, and a reconstructed Observe internal structures that are largely obscured

tomographic slice through the center showing a low-

density feature near the center of the upper particle. in the raw images’ as seen in Figure m This can be
Scale bar = 200 nm. Original work. useful in understanding heterogeneous structures as
well as in gaining a truer sense of the three-dimensional shape and size of the particles. With
a combination of skill, very powerful microscopes, and favorable samples, using techniques
pioneered by Jianwei Miao and Peter Ercius, people have even been able to build TEM
tomographic reconstructions with atomic precision, potentially revealing the locations of

individual crystalline defects t0S:L74HL7T

*This is really a deficiency of CT; it’s much simpler to keep the radiation source fixed than the sample,
but unfortunately medical “samples” have an annoying tendency to complain about being spun around in
a tube, so they have to spend big money on a movable X-ray source. This is one of many reasons why

microscopists make bad physicians.
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1.3.2  Atom Probe Tomography

It is easy to understand why one might want to study the three-dimensional structure of
materials with atomic or near-atomic precision. Being able to see these details can give us
unprecedented detail into how local defects and structures affect the chemistry and physics
of a material. TEM is without question the easiest way to achieve this level of detail in
two dimensions, and it is easy to tilt samples, making it tempting to jump immediately to
TEM tomography. However, atomic electron tomography is not always practical. The Radon
transform assumes monotonic contrast, so the phase contrast in TEM mode that dominates
at high resolution is not compatible with the technique. Therefore at this scale only STEM
tomography will reconstruct correctly. Taking potentially hundreds of STEM images of the
same particle can induce considerable beam damage and/or contamination, both of which
threaten the ability of the tilt series to reconstruct correctly. And more fundamentally, the
inverse Radon transform, as applied in the real world, inherently makes assumptions and
introduces artifacts that may be difficult to reconcile. Additionally, while EDS and EELS
tomography do exist 2™ even at the atomic scalel™ doing this for every tilt, including off
axis tilts, is prohibitively difficult in almost every case, making it effectively impossible to
collect significant chemical information about each reconstructed atom. As such, we see that
while atomic electron tomography is a powerful technique, it lacks the versatility to be the
sole technique for studying materials in three dimensions at this scale. With these limitations,

it is worth considering a completely different method of collecting these data &V

While TEM is the workhorse technique for imaging atomic and near-atomic detail in
nanoscale samples, it is not the only technique capable of that. In fact, as I briefly foreshadowed
at the beginning of Section [I.3]in Figure [I.5] the first ever atomic resolution images were
in fact collected not with TEM but with field ion microscopy (FIM). FIM is a remarkably
elegant technique in which a sample is milled to a fine tip and a strong enough voltage is
applied to the sample to field evaporate ions from the tip. The shape of the tip itself creates

a point projection effect, naturally magnifying the ions, which can then be imaged with,
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originally, a fluorescent screen ™ Assuming the material is well-ordered and oriented on axis,
this allows individual columns of atoms to be detected directly. While this is a very elegant
method, it is very rare to see it used directly anymore. The reason for this is largely because
it was realized in 1967 by Miiller (who you may remember from Figure and Panitz that,
given that the FIM is projecting ions from the sample, those ions should be measurable
with a mass spectrometer (MS), thus providing information about the identity of the ions
in addition to their physical location.®¥ At this time, MS detectors did not have spatial
resolution, so Miiller and Panitz built a FIM screen with a hole in it that was connected to a
time of flight (TOF) MS detector. The image on the screen could then be positioned such
that the ions in a particular region of interest would pass into the MS detector, thus allowing
it to probe the atomic composition at that location in the sample, and was therefore termed
the “atom probe.” Eventually, two-dimensional MS detectors were developed and integrated
by Blavette et al. in 1993, allowing for the collection of data in three dimensions—the two
spatial dimensions of the MS detector as well as time, which corresponds to the z dimension
of the sample.’® This technique was often called 3D Atom Probe (3DAP) in its early years,
but is now referred to as atom probe tomography (APT)[]

Originally, APT (and, in fact, all FIM-derived technology) was a rather specialized tech-
nique that could only be used for conductive samples. This is due to the fact that it relies on
controlled field evaporation of the sample. This was induced by a large applied electric field
that is pulsed such that field evaporation occurs at known, discrete moments, which are set as
t = 0 for the TOF spectrometer. For conductive samples, this is a very effective and robust

method, because the induced charge readily redistributes to the surface and concentrates at the

*Some may argue that 3DAP is actually a more technically accurate term, as the typical definition of
tomography, as discussed in Section is the mathematical reconstruction of two-dimensional data taken
from various angles into a three-dimensional model using the Radon transform. APT instead measures the
three dimensional data by sequentially and destructively measuring xy “slices” along the z axis, more akin
to an archaeological dig than a CT scan, thus using the term “tomography” loosely to just refer to any 3D

reconstruction. However, APT is the common term in use today and is therefore the term that I use here.
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tip, thus allowing it to field evaporate in an orderly manner. Non-conductive materials, how-
ever, will store charge, which exerts a mechanical force on the tip, often causing it to literally
explode (Figure .m While it is theoretically possible to collect data on nonconductive or
poorly conductive samples this way, it typically takes several hours or days to lift out, mount,
sharpen, load, and position a single APT tip, so the return on investment is sufficiently low
that it’s usually not worth it to attempt. But as chemists, we want to learn about our samples,
and therefore we have to take them as they come. Yet we would like to be able to collect
APT data. While an induced electric field is inherent to all FIM derivatives, we can at least
reduce the applied voltage and eliminate the voltage pulsing that leads to mechanical fracture.
While field evaporation is required for APT, there is not a require-
ment that the evaporation be entirely induced by the applied field.
Thus, we can hold the applied voltage at a level that is somewhat
below that which is required for field evaporation, and then we can
use a pulsed laser to thermally excite the tip above the point of
evaporation18 This is is a robust and useful method, and has al-

lowed for countless studies of nonconducting and poorly-conducting

materials 88 It does, however, add in some additional considerations

Figure 1.13: SEM image of
an APT tip of (formerly) dia. When collecting APT data. Very generally, higher laser pulse ener-

mond that fractured after build-  giag allow lower voltages to be used, which reduces the mechanical

ing up charge, destroying the sil-
icon mount as well. Scale bar — Strain on the sample. It can also lead to overheating of the sample

20 pm. Original work (unfortu- 1. 1y away heating, which can cause thermal tailing on the mass

nately).

spectrunf] and can also lead to weakening or melting of the sample
itself 187 Additionally, different laser pulse energies can cause different components of the
sample to evaporate at different rates, making it important to optimize the laser pulse energy

for each new material studied ™8 Even though there are many considerations that make APT

*Thermal tails arise from the sample remaining above the temperature required for field evaporation for a
finite amount of time. Because the laser pulse sets the start time for the TOF detector, any ions that leave

the sample after the pulse are measured as a longer-than-true time of flight.
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a complicated technique, in practice is it is a very versatile and often surprisingly user-friendly
technique that allows us to understand the very local chemistry of materials, especially when

complemented with other methods such as TEM.
1.4 Summary

Here we have looked at how crystals have classically been thought to grow as well as a
more modern understanding of the many ways that that process can happen in reality, we
have looked into the particular material that we have used to study these processes, and we
discussed some of the techniques that we’ve used to study them. These are concepts that
recur in some way or another in each of the following chapters, and hopefully this introduction
makes clear what the overarching goals were of our research and why we made some of the
experimental decisions that we did. While each chapter can stand alone as an individual
manuscript, the goal of this dissertation as a whole is to show the rigorous study of crystal
growth processes in NaYF from both a physical and a chemical point of view, and to make
the case that both of those points of view are required in order to be able to fully understand
this system. As I wrote in the beginning of this chapter, there is no reason to expect that
this type of behavior is unique to NaYF. We just happened to find it there. Our initial goal
in studying NaYF in this way was to improve its capability for laser cooling. But one could
imagine that for other systems (or even the same system) this could matter, for example, for
the engineering of battery electrodes**¥ drug development, ™ and simply for the fundamental
understanding of chemical reactions, ™ just to name a few. If a solid is being produced, we
should understand how that happens both chemically and physically, because ultimately,

those are two sides of the same coin, and to overlook one is to misrepresent the other.
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Chapter 2

MECHANISTIC STUDY OF THE HYDROTHERMAL NAYF
PHASE TRANSITION

We begin our study of NaYF by taking an in-depth look into the two common crystalline
phases: cubic, and hexagonal. In the hydrothermal synthesis that we have typically used to
produce NaYF, we can observe both phases depending on the temperature that we heat the
reactor to. At lower temperatures, we observe a pure cubic phase, and at higher temperatures,
we observe a nearly pure hexagonal phase. However, we can also produce the cubic phase by
heating to high temperatures for a short time. This suggests that the cubic phase always
forms first and then converts to the hexagonal phase. This chapter discusses that phase
conversion and the mechanism that underlies it. We find that the conversion is driven
by a non-classical mechanism that occurs via the formation and oriented attachment of
mesocrystals, which could have implications in the engineering of atomically-precise materials,
among other applications. These results were published in Chemistry of Materials in 2020, and

the following text and figures are largely reproduced with permission from that publication.t

2.1 Introduction

Lanthanide-doped rare-earth fluoride crystals are a class of materials that have attracted great

interest for decades due to their optical upconversion properties #2195 This has led to a wide

195H198 199H202 33,203204
)

range of applications in biomedicine , solar energy , anti-counterfeiting

SOSTLIE209  and more recently, claims of enhanced night vision in

solid-state laser refrigeration
living rodents via upconversion of infrared wavelengths into the visible region.®* Lanthanide
ions doped within fluoride crystals are also under active investigation for applications such

as long-lived optical quantum memories?’®. One important example of these materials is
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sodium yttrium fluoride (NaYF'), which has been studied not only for its optical and electronic
properties 207210 byt also for its morphological and crystallographic microstructure?93211,
Traditionally, bulk single crystals of NaYF have been grown using high-temperature Czochral-
ski or Bridgman methods?>212213 but this method has shown difficulties in obtaining single

crystals of the hexagonal phase due to large anisotropic thermal expansion coefficients?2.

Ethanol/Water/ High-pressure
Oleic Acid Autoclave
Microemulsion Ethanol/Water

-
X —+ "s o
% e >1eoy <160°C

‘ + s

Hexagonal Cubic
B-NaYF, a-NaYF,

Figure 2.1: (A) Hydrothermal synthesis of NaYF (scale bar on STEM image = 500 nm) and (B) ternary phase diagram for
water/ethanol/oleic acid microemulsion. Shaded region is microemulsion and unshaded region is heterogeneous mixture. (C)
Cryo-TEM of mixture frozen in liquid ethane seconds after mixing showing microemulsion at 77 K. Scale bar = 200 nm. (D)
Cubic and (E) Hexagonal crystal structures for NaYF, yellow = Na, blue = Y,Yb, green = F, white = vacancy. Half-shaded

atoms indicate split occupancy.

In contrast to Czochralski or Bridgman single crystal growth, hydrothermal synthe-
ses allow for safer, lower-cost, and more controlled growth of single-crystalline nanostruc-
tured OHI022I4215 - Byrthermore, the use of water as the major solvent naturally allows for
greater control and limitation over the incorporation of organic species than other solvother-

mal methods. This is of particular importance for applications involving laser refrigeration,



39

where organic impurities often cause heating.“® Hydrothermal methods also do not require
an inert atmosphere or harsh solvents, making them more approachable, scalable, and green
than thermolytic and nonaqueous solvothermal methods 1% Finally, hydrothermal meth-
ods typically produce much larger S-NaYF particles than thermolytic and solvothermal
methods 1% However, while the hydrothermal process shown in Figure allows for an
easily-controllable, safe, and green synthesis of either cubic («) nanoparticles or hexagonal
(8) nanowires, hydrothermal processes by their nature, take place at elevated temperatures
and pressures inside a sealed vessel, making it challenging to probe the chemical and physi-
cal phenomena that govern the nucleation and growth within 2%2!8 The thermodynamics
underlying the synthesis and growth of NaYF and similar species has been the subject of
some research, 2?2l indicating that the alpha phase nucleates first based on both volumetric
and surface contributions to the overall free energy. Above a critical grain size, however, the
hexagonal phase becomes more thermodynamically stable#22 With this in mind, classical
thermodynamic calculations by definition are independent of the kinetic and mechanistic
phenomena that exist under particular synthetic conditions. For example, theoretical mod-
eling of the solvation and diffusion of sodium (Na¥) ions in water is still a subject under
active investigation.?2? Furthermore, the solvation and subsequent diffusion of ions in solution
is complicated by a further in ternary microemulsion systems (Figure This system is
thought to work by creating segregated microenvironments, which makes these reactions
difficult to model *%¥ Moreover, because the o phase is more thermodynamically stable at
small grain sizes, the cubic phase appears first during crystallization, raising fundamental
questions about how the formation of the hexagonal S-NaYF nanowires follows the initial
formation of the cubic phase, and how specifically that phase conversion occurs.

One difficulty in characterizing this phase conversion mechanism is that there are discrep-
ancies in the literature regarding the exact crystal structure of the hexagonal phase 27247230
While it is clear that the crystal structure of 5-NaYF is hexagonal in nature, the occupancy
of the cation sites and the level of delocalization is a matter of discussion. For example,

Grzechnik showed in 2002 that the exact crystal phase changes as a function of pressure”’,
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but molecular dynamics calculations by Szefczyk in 2014 showed that it is theoretically
possible for any of the three most widely reported crystal structures to exist at atmospheric
conditions.?** It should be noted that, to our knowledge, all single crystal XRD studies of

230 which cannot

B-NaYF reported to date have been made with Czochralski-grown materials,
be assumed to undergo the same growth mechanisms as hydrothermal S-NaYF. For this
reason, the crystallographic microstructure between the two may not be identical between
crystals grown by these two methods.

The cubic crystal structure is well-characterized as a solid solution of tetrahedrally-
arranged sodium and rare earth cations with an opposing tetrahedron of vacancies in a
cubic lattice of fluoride ions, analogous to the well-known fluorite crystal structure (Figure
2.1D) 24227 Notably, the sodium and rare earth ions are arranged randomly on the cation
sites, meaning that a phase transition to one of the known reported S-NaYF structures would
involve the reordering of trivalent cations due to the change in coordination number. This
reordering is straightforward to consider in a Czochralski process, where the NaYF is grown
directly from the liquid phase and therefore eliminates the phase conversion entirely or in
a classical process like the ones observed in some solvothermal NaYF syntheses,*! where
the a particles dissolve fully into solution. However, it is more difficult to contemplate in
a system that undergoes non-classical crystal growth such as oriented attachment (OA )32,
Nonetheless, in light of recent results on a number of synthetic systems that yield nanowires
of a bulk phase starting from primary particles of a transient nanoscopic phase via QAZ33234
this mechanism of S-NaYF nanorod formation must be considered.

During OA, crystal growth mostly proceeds by assembly of primary particles that typi-
cally attach on lattice-matched faces, for example by crystallographic alignment on a twin
planet®d9ediZ3sizdh 6 form the final bulk crystal. This mechanism contrasts with classical
growth processes that proceed through ion-by-ion addition to atomic steps on the crystal
surface.*? While the primary particles are typically of the same phase as the secondary

particles, oriented attachment can also occur in systems where primary particles of a different

phase either transform before attaching,%** attach on faces of the secondary particle that
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nonetheless produce a lattice match?®

, or attach to form a disordered aggregate that evolves
to a single crystal over time2®23%  The latter of these modes of OA often involves the
formation of mesocrystals, which are ordered superstructures of small crystals, with the
individual particles typically separated by surface ligands#*’. These mesocrystals are by their
nature a kinetic product, in which the thermodynamic product would be a single crystal®Z.
The energy barrier, typically, is the (often considerable) energy required to remove the surface
ligands** Once these surface ligands are removed, the crystallites are already oriented
crystallographically with respect to each other, and therefore can rapidly and easily undergo
oriented attachment.**? Because oriented mesocrystalline intermediates can be structured in
complex ways, they are often found in nature, where single crystals of complex morphologies

2435245

can be desirable, notably in sea urchin spines2*%247 However, crystal growth involving

mesocrystalline intermediates is also an important process in synthetic chemistry 472542482249

In this work, we present a multifaceted approach to understand the fundamental growth
mechanism of $-NaYF nanowires under hydrothermal conditions. Firstly, we present a
“time series” approach in which we study the properties of NaYF particles synthesized in
reactions that were quenched before the -NaYF could fully form, using TEM and XRD
to study the evolution of their physical and chemical properties. We then transition to a
“post-growth” approach in which we study the properties of fully-formed 5-NaYF and a-NaYF
nanostructures using in situ and ex situ TEM, Energy Dispersive X-ray Spectroscopy (EDS),
Electron Energy Loss Spectroscopy (EELS), atom probe tomograpy (APT), and EXAFS to

examine the particles for chemical insights into how they form.
2.2 Results and discussion

To understand the phase conversion mechanism, we first attempted to deepen our understand-
ing of the final S-NaYF product to examine for any clues as to how they formed. To begin
this investigation, we examined the crystal structure of the hexagonal 5-NaYF using extended
X-ray absorption fine structure (EXAFS) spectroscopy to study the ytterbium centers in
doped -NaYF (Figure . EXAFS spectra were fit to a known P6 crystal structure for
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B-NaYF 2% modified for compatibility with FEFF, as discussed previously. These data were
then processed and fit with a variety of models to determine the spacing and occupancy
of the ytterbium ions. The P6 unit cell for 5-NaYF has a stoichiometry of Na;5Y; 5Fs,
with one Y3 ion (Y1) residing on the corner and the remaining half-ion (Y2) in an internal
split-occupancy site with sodium (Figure ) Ytterbium replaces these yttrium ions in the
doped structure, so EXAFS models were fit with Yb3* in both of those sites. Surprisingly,
in contrast with bulk Bridgman single crystals,*" the fit only improved in quality when the
only substitution was in the Y1 site, which would seem to be consistent with the Yb only
doping into the Y1 site and not the split occupancy Y2 site. Further experiments are needed
to determine definitively whether the Y2 site is truly undoped in hydrothermal NaYF. The
EXAFS data fit well with our substituted P6 model, except that most distances are shorter,
which can be explained by the smaller ionic radius of Yb3" as compared to Y3*. Further
insights into the synthesis mechanism and the resulting crystal structure can be gathered by
considering how lanthanide dopants incorporate into the crystal matrix22%2°l This is useful
not only for our own mechanistic studies, but also for myriad other studies involving the

F B8LA252 - Specifically, the dopant can be

upconversion properties of lanthanide-doped NaY
uniformly distributed, or it might undergo some sort of clustering, which could result in
fluorescence quenching. 325 To determine whether the Yb dopant clusters, a model was fit
with some of the nearest Y1 sites replaced with Yb3*. This decreased the quality of the fit,

suggesting that the nearest rare earth neighbors to ytterbium in this structure are yttrium

ions, and therefore that the ytterbium dopant does not cluster.
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Figure 2.2: EXAFS analysis of 8-NaYF:10%Yb nanowires. (A) EXAFS data in k space. (B) Fourier transformed Yb spacing

data and calculated best fit. Data collected by Xuezhe Zhou and Matthew Marcus.
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Figure 2.3: (A-C) TEM images of the progression of NaYF growth at (a) one hour, (b) three hours, and (c) 24 hours. Scale
bar A = 5 nm, B = 50 nm, C = 200 nm. (D) Powder XRD study of NaYF growth at selected time points. Dashed black lines

represent the theoretical a-NaYF peaks and solid black lines represent the theoretical 3-NaYF peaks. (E) Scherrer analysis of

XRD spectra. B-NaYF is first observed at the one hour time point at a size that is already too large to measure with a Scherrer

analysis. This indicates a growth rate for a-NaYF of approximately 0.96 A /min, or 0.176 unit cells per minute, and a minimum

initial effective growth rate of at least 33 A/min, or 5.6 unit cells per minute for S-NaYF.



44

To begin studying the phase conversion mechanism directly, we started with a hydrothermal
time series approach. By varying the time of synthesis, T, from 30 minutes to eight hours, we
show using TEM and XRD (Figure that the cubic a phase nucleates within 30 minutes,
while the hexagonal 3 phase is first detectable by high-dose XRD after approximately one
hour. After four hours in the oven, the 8 phase is the only phase detectable by XRD (Figure
2.3D), though it should be noted that a small amount of a-NaYF still remains after even 24
hours, as shown in subsequent TEM data. A Scherrer analysis of these XRD spectra (Figure
2.3E) shows that the 8-NaYF nucleates with a diameter much larger than that which the
a-NaYF ever achieves, showing a minimum effective growth rate over that time period (33
A/s) that is more than 30 times faster faster than that of the a-NaYF (0.96 A/s). Tt should
be emphasized that the maximum size measurable with a Scherrer analysis is generally on
the order of 100 nanometers, depending on the precision of the spectrometer and the number

d 226257 and as such, we cannot use this method to determine that the

of reflections measure
[-particles nucleate at any specific size greater than 100 nm, but rather that they are first
observed much larger than the a-NaYF particles, and that the a-NaYF particles continue
to grow even after the S-NaYF particles have already formed. This is consistent with the
hypothesis that the hexagonal () phase nanowires are not nucleating by a classical crystal
growth mechanism, in which they would grow steadily as the feedstock dissolves. 225200 The
fact that the Scherrer analysis unambiguously shows that the a-NaYF particles continue
to grow with time rather than dissolve supports the argument that the phase conversion
mechanism itself is non-classical regardless of the eventual growth mechanism of the S-NaYF.
The growth rate of a-NaYF does eventually appear to slow, as TEM images (such as the
one shown in Figure indicate that the particle diameters at 24 hours are still 40-50 nm,
rather than the approximately 160 nm we would expect from a consistent growth rate, which
we attribute to a decrease in the supersaturation as the reaction proceeds. It should also be
acknowledged that, if after three hours the volume fraction of a-NaYF becomes undetectable

by XRD, then small f-NaYF grains would likely also have too small a volume fraction to

be visible in XRD, particularly given its peaks’ superimposition over much sharper peaks of
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large S-NaYF grains. However, the lack of any TEM observation of small -NaYF at any
time point stands in stark contrast to the observation of plentiful a-NaYF after the XRD
sensitivity limit is met, and this crucial difference reinforces our data suggesting that the

particles do not nucleate and grow classically from solution.

The non-classical crystal growth hypothesis is supported further by experiments in which
a-NaYF nanocrystals were nucleated both with and without lanthanide dopant ions, where
the doped samples contained 20% Yb and 2% Er. The doped and undoped a-NaYF samples
were mixed together and heated in order to form doped [-NaYF nanowires. If the doped
a-NaYF nanocrysytals dissolved and precipitated S-NaYF nanowires through a classical
mechanism, then we would expect the distribution of dopant lanthanide ions in the S-NaYF
nanowires to be homogeneous. If the S-NaYF nanowires were formed through oriented
attachment, then we would expect the lanthanide dopant distribution to be heterogeneous. A
STEM-EDS analysis of the resulting nanowires (Figure S1 in Appendix [B|) shows that the
ytterbium concentration is not homogeneous across the material, suggesting that they are
not growing classically from a homogeneous solution based on the dissolution of a-NaYF
grains. We hope to use advanced techniques in future work to determine the exact nature of

the boundaries between the doped and undoped regions of these particles.

These observations are corroborated by TEM images (Figure [2.3A-C) which show
particles first appearing orders of magnitude larger than the « particles. A further anal-
ysis of TEM images from the 3 hour time point shows that the S-NaYF particles ap-
pear to form from clusters of a-NaYF that are roughly 200 nm in size at the three hour
time point (Figure , also see Figures S6 and S7). We also directly observed cluster-
ing of a particles in water with in situ TEM (Figure S8 in Appendix . At first glance,
one may only recognize these clusters as random, if relatively monodisperse, agglomer-
ations of a-NaYF particles, but a closer examination reveals that the particles in the

clusters have crystallographic order and physical faceting, appearing to form mesocrystals.
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Figure shows an anisotropic, faceted clus-
ter of a-NaYF, with a diffraction pattern
that clearly shows that the particles in the
cluster preferentially align with a [111] axis

parallel to the direction in which the cluster

is elongated. It should be emphasized that
this cluster contains only a-NaYF and no
detectable S-NaYF. However, other clusters
from the same time point (such as several

shown in Appendix appear to surround

large B-NaYF rods, suggesting that the nu-

Figure 2.4: NaYF mesocrystals forming after a three hour
synthesis. (A) Anisotropic cluster of a-NaYF and SAED show- cleation of B—NaYF happens within these

ing a [111] axis parallel to the elongation axis of the particle, . . . .
clusters. This observation is also consistent
with [111] vector and emphasis of faceting shown on TEM. The

approximate zone axis of the mesocrystal is [011]. Scale = 50 with the TEM data in Figure 23, where the

nm for TEM and 5 nm™! for the SAED. (B) STEM HAADF of .
only 8-NaYF we observe is over an order of

another mesocrystal and tomographic reconstruction showing
faceting. Scale = 100 nm. magnitude larger than the a-NaYF and fur-
thermore that we observe no a-NaYF particles larger than approximately 50 nm in diameter,
but that we do observe these mesocrystals forming with diameters of roughly 200 nm. These
observations suggest a plausible mechanism in which a-NaYF mesocrystals undergo an
oriented attachment process to form large particles that rapidly convert to S-NaYF due to
thermodynamic driving forces, and then afterwards proceed to grow classically. The energy
barrier initially preventing the oriented attachment of the mesocrystals most likely is the
energy required to remove the oleic acid from the surface of the a particles. Presumably
the magnitude of this energy barrier would be vastly different in the two phases of the

microemulsion system, which may shed light onto further details of the conversion mechanism.

A detailed study of these kinetics remains a subject for future investigation.

Even after a 24-hour synthesis, small (~ 30 nm), morphologically cubic particles remain on

the surface of the nanowires, as can be seen in the STEM tomographic reconstruction in Figure
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and in the TEM image in Figure 2.5C, though it should be noted that their overall mass
fraction becomes too low for them to be observed with XRD after approximately three hours.
By measuring the d-spacing from the HRTEM image (Figure ) as 2.71 A and comparing
the projection and FFT to simulated crystal axes of possible species in the synthesis vessel, the
image in Figure[2.5[E was indexed to the [100] projection of a-NaYF (Figure S2 in Appendix|[B]).
This demonstrates that o particles can not
only survive the high temperature synthesis
conditions but that they continue to grow and
form morphological structures even in the im-
mediate presence of 3 particles. TEM images
of particles at short synthesis times serve to
illustrate a non-classical growth mechanism,
as shown in Figure [2.5B, after a 160 minute
synthesis, as compared to the 24 hour synthe-
sis in Figures [2.5C-E. Here, moiré fringes can
easily be seen in the HRTEM image, which

suggests minor deviations from perfect crys-

tallographic alignment 28Y The Fast Fourier

Transform (FFT) of the Crystal matrix, which Figure 2.5: (A) Tomographic reconstructions of clustered (-
NaYF particles with a-NaYF particles on the surface. Scale

is related to a diffraction pattern and shows _ 550 . (B) TEM image and FFT of a 4-NaYF particle

the degree of single crystallinity thI‘Ollgh the after a 160 minute synthesis, noting the slight crystallographic

mismatch evident in the lattice. Scale = 10 nm. (C) TEM

. 262

Spreadlng (OI‘ lack thereOf) of the spots, image of a 3-NaYF, particle (left) with an a-NaYF particle on

also illustrates the partial alignment of crys- the surface (right). Scale =50 nm. (D,E) HRTEM images of §-
and a-NaYF, particles, respectively. Scale = 5 nm.

tallites in the particle. Taken as a whole,
considering the moiré fringes, the FFT, and the crystal lattice, we can see that the particle
in Figure [2.5B seems to be comprised of several smaller, partially-aligned crystallites. While

it should be acknowledged that conclusions should not be drawn from individual images in

isolation, this observation is consistent with, and serves to illustrate, the rest of our data
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suggesting that the 5-NaYF is formed by a mechanism that involves oriented attachment of

mesocrystals. 253

An amorphous coating appears to be present on the end cap of the S-NaYF rod and on
all surfaces of the a-NaYF cube (Figure ) EDS mapping data is consistent with the
presence of oleate, as discussed further below. Density functional theory calculations by Sui
et al ®% suggest that oleate can influence the growth of NaYF in complex ways, which leads
us to hypothesize that the presence of sodium oleate on the end caps influences the classical
growth of the 5-NaYF after the phase conversion. The presence of sodium oleate in those end
caps is suggested by EELS and EDS maps of the sodium content of the nanowires (Figure
. The EDS map in Figure indicates an enrichment in sodium on the caps, and the
EELS map in Figure shows clearly that the sodium is aggregating on the caps rather
than the sides of the wires, as well as uniformly around a-NaYF particles. The apparent lack
of sodium within the nanowires in the EELS map can be attributed to multiple scattering as

265 The superposition of the sodium and the

a result of the large diameter of the nanowires.
fluorine EELS maps (Figure ) shows that the sodium is present in regions of amorphous
material outside of the nanowire, and preferentially on the tips, rather than it accumulating
within the structure. This behavior indicates that there is sodium in that amorphous material,
which is consistent with our hypothesis that that material is sodium oleate. This finding is
further supported by a mass spectrum of the surface, measured with atom probe tomography
(APT, Figure S3 in Appendix , which shows several organic groups and sodium, but no
yttrium, indicating that we are only measuring the material on the end cap. The fact that
we observe this enhancement of oleate on a particular face leads us to hypothesize that it

is relevant to the growth mechanics of the crystal, and the specific nature of this influence

remains a subject for potential future work.
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Figure 2.6: (A) STEM HAADF image of NaYF, cluster (scale = 500 nm). (B-E) EELS maps of (B) Na-K edge, (C) F-K
edge, (D) Na + F, (E) Y-L edge. (F) EDS map of Na-K edge (on a different cluster of NaYF at the same magnification). Data

collected by Steven Spurgeon.

Dynamic light scattering (DLS) measurements (Table S4) show a significant change in
zeta potential during the phase conversion. The a-phase is observed to have a highly negative
zeta potential in water (-70mV), while the final S-phase has a positive zeta potential in
water (+20mV). Although the zeta potentials reported here likely differ from those within
the hydrothermal microemulsion, along with an intrinsic complexity due to the random
orientation of non-spherical particles®®, it is possible that the kinetics of oriented assembly of
the a-phase could be significantly altered as the magnitude of the zeta potential becomes less

negative during the transition to the S-phase. The different zeta potentials may also explain

the TEM observation of cubic a-phase grains attached to the surface of S-phase nanowires.

2.3 Conclusions

In this work, we present several data sets consistent with the hypothesis that hexagonal
NaYF nanowires synthesized by a hydrothermal method do not form through classical
crystal growth mechanisms but rather through a non-classical mechanism involving oriented
attachment of mesocrystalline intermediates. The oriented attachment component of this
mechanism suggests that this hydrothermal synthesis could be used to build nanoparticles from

multiple components, which could be employed in nanoscale devices with novel optoelectronic
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properties. EXAFS measurements suggest that the Yb3* ions in doped NaYF are evenly
distributed across the crystal lattice rather than clustering, and that the Yb doping is
possibly site-specific in the -NaYF structure. This finding motivates future work using
low-temperature spectroscopy to further investigate the exact nature of the doping and how it
relates to the synthetic method of the particles.?®” Furthermore, a thorough understanding of
the synthesis mechanism based on particle interactions can inform future experiments meant
to direct the morphology of S-NaYF particles, and could even help to design a predictive

model to control the morphology and size of NaYF materials.

2.4 DMaterials and Methods

Hydrothermal Synthesis of NaYF,

2 mL of a 2.875 M aqueous NaOH solution were added to 8 mL of 100% ethanol. 3 mL of
oleic acid were then added to the mixture while stirring. 1 mL of a 1 M aqueous RECl; stock
solution (RE = 90% Y, 10% Yb or 100% Y) was then added to the mixture (Solution A)
and it was stirred for 30 minutes. Meanwhile, 4 mmol of NaF were dispersed in 3 mL of
water and 3 mL of ethanol (Solution B). Solution B was added to Solution A dropwise while
stirring. After 30 minutes of stirring, the mixture was transferred into a PTFE-lined stainless
steel autoclave (Parr 4747, 25 mL) and sealed. The autoclave was placed in a 200°C oven in
the case of f-NaYF, or 100°C in the case of a-NaYF, for a specified amount of time, Ty, and
then allowed to return to room temperature. The product was washed and centrifuged with
both ethanol and water. Ty is 24 hours for the full synthesis of either a- or 5-NaYF, and it

was varied from 30 minutes to 8 hours for the time series.

TEM Measurements

TEM images were taken on an FEI G? TECNAI F20 S/TEM at 200 kV with a Gatan
Ultrascan CCD camera. For in situ measurements, an a-NaYF sample was dispersed in water

and dropcast into a Hummingbird static liquid cell TEM holder and imaged through silicon
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nitride windows. Tomographic reconstructions were compiled using publicly available Matlab
code!® or FEI Inspect3D software, and were visualized using Matlab or IMOD*®”., TEM and
STEM samples were prepared by dropcasting particles sonicated in a dilute suspension onto
a lacey carbon grid. High-angle annular dark field (STEM-HAADF) images were collected
on a JEOL GrandARM-300F microscope operating at 300 kV, with a convergence semi-angle
of 29.7 mrad and an inner collection angle of 75 mrad. Energy-dispersive X-ray spectroscopy
(STEM-EDS) maps were collected using a dual JEOL Centurio detector setup (~1.6 sr solid
angle), with a 1 A probe size, roughly 237 pA probe current, 10 ps px* dwell time, and a
roughly 3.5 min total acquisition time. Electron energy loss spectroscopy (STEM-EELS)
maps were collected using the same probe settings and a spectrometer acceptance angle of
roughly 113 mrad, with a 1 eV ch™ energy dispersion, 10 ms px! dwell time, and 6 min
18 s total acquisition time. The spectrometer was fully binned in the non-dispersive axis
to improve signal-to-noise. No plural scattering correction was performed and no principal

component analysis (PCA) or other denoising was applied.

Cryo-TEM Measurements

A small volume (3.5 uL) was taken directly from a stirred vessel containing the NaYF reaction
mixture at room temperature just after mixing. This was applied to a glow-discharged C-flat
holey carbon EM grid (Protochips), blotted, and plunge-frozen in liquid ethane with an FEI
Vitrobot plunge-freezing device. The grid was stored under liquid nitrogen until imaging,
which was done using an FEI TECNAI G? Spirit operating at 120 kV and liquid nitrogen
temperature, and a Gatan Ultrascan 2000 CCD. Automated data collection was accomplished

via the Leginon software package.““®

EXAFS Measurements

Samples for EXAFS were prepared by dropcasting a suspension of -NaYF in water onto
an X-ray transparent polyimide (Kapton) tape substrate. The sample was placed in the

LBNL ALS Beamline 10.3.2 under a helium environment. Hard X-rays were focused on the
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sample around the Yb L3-edge, from 8.8-9.9 keV. Two scans were taken in QXAS (continuous-
scan) mode, with count time/point increasing roughly linearly in the post-edge region from
4 to 11 seconds. Data were taken in fluorescence and transmission mode simultaneously.
The two fluorescence scans were pre-edge subtracted, post-edge normalized, corrected for

overabsorption, then averaged.

EXAFS Analysis

Our model was fit based on the P6 structure of 3-NaYF as reported by Grzechcnik?”. This
model has a unit cell stoichiometry of Naj 5Y;5Fg with two Y sites, one of which (Y2) is
half-occupied and shared with a half-occupied Na site (Nal) at the same position. There is
another Na site (Na2), which is half-occupied. We made the assumption that all Yb dopants
would substitute in a Y site. Because split occupancy crystal structures are incompatible
with the use of FEFF2%? and Artemis“™”, we modified the unit cell such that it contained two
of the original P6 unit cells with full occupancy of Y and Na, respectively. For further details
on this modification, see Appendix [B] Shell-by-shell fitting was performed using Artemis
running FEFF61. These fits were done in g-space with a distance range of 1-4.5 A, a k-weight
exponent of 3, and a q range of 2-14 A,

DLS Measurements

Dynamic light scattering (DLS) measurements were taken on a Malvern ZEN3600 Zetasizer™
Nano-ZS with a 633 nm red laser. NaYF, samples were centrifuged and rinsed 3 times with
Millipore water, and resuspended in Millipore water before final DLS measurements. Particle
size measurements were taken in 1 ¢m polystyrene cuvettes, and zeta potential measurements

were taken in Malvern disposable folded capillary cells.
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XRD Measurements

Powder X-Ray Diffraction (XRD) samples were prepared by dropcasting a concentrated slurry
of sample onto (100) silicon wafers. Spectra were taken on a Bruker D8 Discover Microfocus
diffractometer with a Dectris Pilatus3 R 100K-A 2D detector and a Cu Ka X-ray source
with a 0.5 mm collimator. A Coupled 26/6 scan was performed from 16° to 93° with a 5.5°
increment to create overlap, with a scan time of 30 seconds per #. During the scans, the
sample was oscillated in the x, y, and ¢ directions to remove the effects of texture and improve
statistics. An air scatter screen was used to reduce background. Scans were integrated,
indexed, processed, and analyzed using Bruker Diffrac.Eva software. The growth rate for
a-NaYF was measured using a linear regression set to an intercept of zero using OriginPro
8, using a lattice constant of 5.4700A. The minimum effective growth rate for S-NaYF was
measured with the assumption that the particles were larger than the maximum particle size
measurable by a Scherrer analysis on this instrument of roughly 100 nm, and with the zero

point set to the last measurement in which no g-NaYF was observed. The lattice constant

used for S-NaYF was 5.9148A.

APT Measurements

Atom probe tomography (APT) samples were prepared from S-NaYF nanorods using a
FEI Helios Nanolab DualBeam scanning electron microscope/focused ion beam. APT was
performed using a Cameca LEAP 4000X-HR housed at the Environmental Molecular Sciences
Laboratory at the Pacific Northwest National Laboratory. The detected ion count rate was
set to 300 ions per second using a 355 nm UV laser pulsed at 100 kHz. The specimen stage

temperature was 44K. The data were processed using IVAS software version 3.8.
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Chapter 3

STUDY OF THE NUCLEATION OF NAYF IN WATER

In Chapter [2| we looked at the phase transition of NaYF from cubic to hexagonal during
the hydrothermal synthesis. This synthesis took place in a rather complicated microemulsion
solvent system. This likely helped to limit particle size, however it also obfuscated the
nucleation process due to the variety of dynamic microenvironments within the solvent. In
order to understand the initial nucleation of cubic NaYF, we settled on studying a simpler
system: NaF and YX; in water. While we can’t guarantee that this proceeds in exactly the
same way as the more complicated nucleation in the microemulsion system, it does allow us
to observe the process in much more detail, which in turn allowed us to reconsider the entire

concept of cubic NaYF and where it fits in with related compounds.

In this chapter, we discuss the initial separation of a YFj-like phase from solution
immediately after mixing via a liquid-liquid phase separation that is then followed by the
solid state diffusion-assisted nucleation of cubic NaYF from the dense liquid phase. This is
similar to previously-reported two-step nucleation mechanisms, however the compositional
change adds a layer of complexity and emphasizes the interconnectedness of the chemical
reaction with the crystal growth process. We also show with computational modeling that
this compositional change is a necessary precursor to nucleation, as the cubic phase of YF;
that has been reported in the literature is not a stable compound and it requires some amount
of stabilization from monovalent cations in order to nucleate. This predicates the importance
of our final NaYF study in Chapter |4] considering the overall relationship between NaYF and
YFs.
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3.1 Introduction

Classical nucleation theory (CNT), first described by Gibbs over 140 years ago, has been a

2t However,

robust model for describing the formation of crystals from homogeneous solution.
despite its simplicity and general validity for many crystallization processes, some proceed
via so-called “nonclassical” mechanisms %272 These mechanisms include, but are not limited
to, the formation of amorphous or poorly-crystalline species and the oriented aggregation and
attachment of individual building blocks.*™ Broadly speaking, nonclassical crystallization is
a realization of Ostwald’s step rule, which suggests that systems will not necessarily take the
most direct route to their most stable phase, but rather that they tend to go through a series

of intermediates that are closer in free energy to the initial state 273

One such nonclassical crystallization mechanism is two-step nucleation via a dense liquid
phase (DLP), typically formed through spinodal decomposition (SD)2™=%/ Tn this mechanism,
the highly supersaturated initial phase spontaneously separates free of a thermodynamic
energy barrier*™ into ion-rich and ion-poor liquid phases, and crystals then nucleate from the
ion-rich phase, often via an amorphous intermediate.*™® This mechanism has been observed
directly via liquid cell transmission electron microscopy (TEM) of gold nucleation from

6

solution®™ as well as in electrochemical reactions in nanoparticles*” in molecular dynamics

(MD)#™ and kinetic studies of calcium carbonate,*™ in bulk chemical studies of MgSOy, at high

2

temperature,™ by optical microscopy in crystallizable polymer solutions,** in MD simulations

of highly supersaturated NaCl solutions*® and in optical microscopy and light scattering

2 Some systems have also shown a distinct intermediate step in

studies of protein solutions.
which the DLP condenses into an amorphous phase prior to crystallization*®! These studies,
among others, suggest that the two-step mechanism via a DLP can readily be accessed in a
wide range of solution-based systems, because, when taken to sufficiently high supersaturation,

nearly all solutions will reach their limit of stability**4

One aspect of these two-step pathways via a DLP that remains largely unexplored is that

the stoichiometry of the intermediate phase is variable and ill-defined and it must evolve over
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the course of the reaction in order to generate the final stable phase. This is because the
compositions of the ion-rich and ion-poor liquids are defined by a phase line that spans a
range of compositions rather than by a set of line compounds. Therefore, for crystallization to
proceed, ions must be rejected from or drawn into the solidifying regions of the ion-rich liquid.
This adds a level of complexity to other previously investigated nonclassical systems, in which
the intermediate phases are all line compounds, which can either be identical for each phase,
for example, as in the case of CaCOj (ignoring waters of hydration), or they can be distinct
and require chemical transformation, as documented for the calcium phosphate system.?? For
the latter, charged calcium triphosphate species undergo aggregation accompanied by Ca?*
binding and deprotonation to create the amorphous phase, and then undergo a second step
of Ca?" binding and deprotonation to create the first crystalline phase. In a DLP-mediated
pathway, on the other hand, ions may exchange more dynamically rather than via specific
transformations to these discrete line compounds. The added complexity in these two-step
pathways is further emphasized when the final compound has a ternary or more complex
stoichiometry, which increases the difficulty of the required ionic reorganization. Given the
common occurrence of the formation of DLPs in highly supersaturated solutions and the
preponderance of ternary and more complex compounds in natural and synthetic systems, the
further study of the chemical evolution of intermediate phases in these systems is therefore

necessary.

Here we investigate this multi-step crystal growth pathway using a model system based
on ternary sodium-yttrium-fluoride (NaYF) materials. This is an ideal system for exploring
the role of chemical evolution during crystallization because the stoichiometry of NaYF
materials has been shown”” to change based on a combination of NaF and YF; that varies
continuously with a final stoichiometry in the cubic phase of Nag 5.« Yo 5:xFo12x, or (0.5-x)NaF
e (0.54+x)YF3, with 0<x<0.5. As x approaches zero, the stoichiometry approaches NaYF,,
which is used frequently as shorthand for this material. Due to the importance of the variable
stoichiometry of this system to our paper, we instead use the shorthand NaYF when referring

to this material as-synthesized, reserving the NaYF, notation for the hypothetical perfectly
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stoichiometric structure. The majority of aqueous syntheses of NaYF use either microemulsion
solvent systems! or organic capping ligands®** for the purpose of controlling both the size

283 Tn contrast, we here synthesized ligand-free NaYF

and shape of discrete nanocrystals
materials to provide a clear understanding of the role of solvated aqueous ion dynamics
by eliminating the effects of ion chelation and surface passivation by organic species. Our
results demonstrate the formation of a previously uncharacterized DLP in the NaYF system
as would be expected in a typical two- or three-step mechanism, but also incorporating a
distinct additional step of solid-state diffusion which determines the final stoichiometry of
the material. This change in stoichiometry has not previously been studied in systems that
proceed by spinodal decomposition. Further investigation of this mechanism may facilitate
new designs for many functional materials using multi-step nucleation and growth with
nonstoichiometry in the design of materials for a diverse range of applications including

88

solid-state laser refrigeration,™#, optical thermometry?*®, nanoscale lasing®”, night vision®®,

and electrochemical energy storage.®
3.2 Results and Discussion

In order to probe the nucleation and growth of NaYF materials in the absence of organic
species we first prepared aqueous electrolyte solutions of both NaF and YCl;, and then
combined them at standard conditions with relative concentrations stoichiometric to NaYF,
(Figure ) Immediately upon mixing the starting solutions, we observed the apparent
formation of a gel-like material (Figure [3.1B), which can be filtered to a translucent solid.
This gel is temporarily stable over the course of hours, but eventually condenses into a
nanocrystalline white powder over the course of hours (Figure S1 in Appendix . TEM
imaging of the gel shows an interconnected, porous structure (Figure ) Scanning TEM
(STEM) tomography (Figured3.1]D-F) reveals not only the interconnected three-dimensional
morphology (Figure ) but also the open-cell structure that can’t be seen in conventional
STEM (Figure [3.1E). Brunauer-Emmett-Teller (BET) surface area measurements show a

surface area of the gel phase on the order of 100 m?/g, consistent with an open-cell gel
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morphology, and powder X-ray diffraction (XRD) data show very broad peaks consistent with
a-NaYF or a similar cubic material (Figure S2 in Appendix. Assuming the initial separation
from solution occurs via spinodal decomposition, we can estimate the time of separation using
the Cahn-Morral equation, which is a multicomponent analogue to the Cahn-Hilliard equation
describing spinodal phase separation.2”2% By modifying a previously-reported model to solve
the Cahn-Morral equation for a simplified version of the NaYF system ! we were able to
estimate that the initial separation should be largely complete within 250 ps (Figure 3.1G-I).
We caluclated the potentials of mean force for interactions between two YF3; molecules or
a YF3 molecule and a YF, ion in vacuum (figure S3 in Appendix |C|), which indicate that
the dense liquid phase is likely able to form due to attractive interactions, and that spinodal
decomposition is therefore a plausible explanation for the initial separation of the fluoride
phase from solution. To the best of our knowledge there has been one previous passive
observation of interconnected particle morphology during the aqueous synthesis of NaYF
materials.?’? However, to date there has been neither discussion of the unusual multi-step
gel formation mechanism nor detailed nanostructural characterization of the recovered gel

material reported in the literature.

While the XRD data were consistent with nanocrystalline a-NaYF (Figure S2 in Appendix
, the peaks were not sufficiently resolved to be able to definitively conclude that the gel is
purely a-NaYF, and TEM data suggest that there are some amorphous, poorly crystalline,
or otherwise disordered regions (Figure [3.2[C). Furthermore, the observation of significant
beam-induced crystallization in the TEM (Figure S4 in Appendix [C]) is consistent with the
possibility that some of the crystalline regions observed in high resolution TEM (HRTEM)
were likely amorphous in the as-synthesized material, meaning that TEM measurements
would underestimate the distribution of amorphous and poorly crystalline regions. Using
STEM-EDS, we observe that the composition varies smoothly between Na-rich and Na-poor
regions (Figure ), showing a negative correlation of the net counts of Na and F relative
to Y and Yb, suggesting composition that varies along the YF;—NaYF, spectrum.
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Figure 3.1: Synthesis of NaYF gel. (A) Starting solutions of 0.8M NaF and 0.2M YCl3 combine to form (B) a gel, which shows
(C) an interconnected structure in bright field TEM. Scale bar = 50 nm (D) STEM HAADF of a small piece of gel. Scale bar =
100 nm (E) Reconstructed tomographic slice through roughly the middle of the same particle showing interconnected, porous
internal structure. (F) Reconstructed tomographic isosurface model of the same particle in D and E showing three-dimensional
physical structure. Scale bar = 100 nm. (G-I) Cahn-Morral modeling of the phase separation shows the mixture separating

fully from homogeneous solution in roughly 250 ps. Modeling performed by Lucien Brush.

EDS spectra extracted along the path of the line scan confirm the presence of a measurable
sodium peak above the noise (Figure S5 in Appendix . It should be noted that the
thermodynamically stable orthorhombic structure of YF5 was not observed in the gel with
x-ray or electron diffraction, indicating that the cubic system is what initially crystallizes.
Considering the crystal structures of the two cubic phases (NaYF and YF3), it is notable
that they share a nearly identical lattice of fluoride ions. This similarity in crystal structure
allows for local variations in stoichiometry without significantly affecting stability within

reason, consistent with much of the literature regarding cubic NaF-YF; structures grown
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from melt, which suggest that the bulk material can be thought of as a solid solution of NaF
and YF;2399 However, to our knowledge, this has not been thoroughly characterized on the
nanoscale. Based on these findings, we hypothesize that the gel initially forms via a dense
liquid phase that condenses to an amorphous solid with a composition resembling YF5, while
the excess NaF in solution slowly incorporates into the matrix to seed and stabilize cubic

crystals of NaYF with initially variable composition.

To investigate the gradual transition in stoichiometry from a sodium-poor to a sodium-
rich phase, we attempted a cation substitution experiment on the gel using potassium. By
removing the gel from its native solution as shown previously, it is possible to temporarily
suspend the process of NaF incorporation. After submerging the recovered NaYF gel in
a concentrated (1M) KF solution, we observed that the remaining sodium-poor regions
incorporated KF to form KY3F,, (KYF) (Figure [3.3A), which was distinguishable in XRD
after the gel is allowed to fully collapse into single crystals (Figure[3.3B). While KYF can form
in multiple stoichiometries and structures, the cubic KY3F,, phase likely forms in this case
because it is isostructural with the cubic YF5 and NaYF, structures.*® We quantified this
process by incubating the gel in its native solution for a set period of time (t;,.) before filtering
and transferring it to the KF solution for long enough for it to fully crystallize (typically
overnight). We could then observe how much sodium had incorporated into the gel at t,.
and how much sodium-poor amorphous material remained, with the amorphous sodium-poor
fraction subsequently incorporating the free K™ from the solution, and which we would later
measure as a KYF peak in the XRD. As t;,. increases from 15 minutes to two hours, we
observe that the proportion of the sodium phase increases linearly and is accompanied by a
corresponding linear decrease in the relative amount of material that incorporates potassium
(Figure [3.3C). This shows that the incorporation of sodium into the gel occurs as the result
of solid-state diffusion and is thus unambiguously a separate step from the initial formation

of the yttrium-rich gel phase.
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Figure 3.2: Microstructural characterization of the gel. (A-B) Crystal structures of (A) cubic (o) NaYF and (B) cubic YFj.
Yellow = Na, blue =Y, green = F. Each structure shows 2x2 unit cells (C) Bright field HRTEM of the gel showing both ordered
and disordered regions, with an FFT of the labeled ordered region showing it to be consistent with cubic NAYF preferentially
aligned along the [110] zone axis, with slight misalignment. Scale bar = 5 nm for the TEM and 5 nm™! for the FFT. (D) STEM
image of the NaYF gel with EDS plotted along the yellow arrow, integrated across the width of the arrow, showing a transition
from a sodium-rich region to a sodium-poor region, showing a correlation between the Na and F counts relative to Y and Yb.

Scale bar = 1.5 nm. Spectra can be found in figure S5 in Appendixlg

To characterize the local chemical environment of the ions without inducing crystallinity as
we did with the TEM studies, we used solid-state F nuclear magnetic resonance spectroscopy
(SSNMR) to characterize the gel product compared to its eventual fully crystallized a-NaYF
product (Figure[3.4A) as well as orthorhombic YF; (Figure 3.4B). We used orthorhombic YF;
rather than the previously discussed cubic phase because the cubic phase, with one possible
exception2 has not been isolated without considerable incorporation of the countercation
from the fluoride precursor222% 4 challenge which we will address computationally later in
this manuscript. As shown in °F spin-echo magic angle spinning (MAS) NMR (Figure [3.4C)
the gel exhibits a broad resonance centered at -61 ppm with a peak width of 30 ppm. As
reported by Bessada, et al. 27 the '9F chemical shift is highly sensitive to its coordination
environment in molten fluoride mixtures, displaying a nonlinear and monotonic increase from
-225 ppm to -28 ppm by increasing the concentration of YF5 from 0 to 100% in the NaF-YF;

mixture. Compared to orthorhombic YF5, characterized by a relatively sharper peak at -58
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ppm with a width of 12 ppm, and a-NaYF, which has a similarly broad resonance at -77
ppm with a width of 28 ppm, these data are again consistent with a gel that consists of
some regions that are more similar to YF5; and others that are closer to NaYF,. Because the
broadness of the NaYF F spectrum can be attributed to a large distribution of isotropic
chemical shifts due to the random arrangement of Nat and Y3t around F-2%2% we show
that the '9F rotor-synchronized Hahn-echo spectra (Figure [3.4D) reduce the signals from
faster-relaxing components and thereby allow for finer resolution of the remaining signal. The
respective deconvolution of the resonances reveals that the gel does have some components
similar to those in a-NaYF and YF3 (-81 ppm and -69 ppm, respectively). However, the
main peaks in the region that is expected to indicate YF5 are not consistent with the major
peak of orthorhombic YF3 at -58 ppm, due to the variation in the coordination geometries
of bridging fluoride ions between the cubic and orthorhombic polymorphs of YF; as well

as amorphous regions. This result emphasizes that the YF3; product in the gel is not the
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Figure 3.3: Ion replacement experiment. (A) Schematic for the cation replacement experiment (B) Representative XRD at
tinc = 60 minutes zoomed in to show 022 peaks (C) Peak height of the 022 peaks corresponding to either KY3F; or NaYF,
normalized to the sum of the 022 peak heights for both phases as a function of tiy.. This plot shows clearly that the longer the
gel is allowed to develop in its native solution prior to filtration, the more sodium is retained by the final product, and the less

potassium is incorporated.
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orthorhombic phase but rather amorphous YF; and sodium-poor cubic NaYF. Furthermore,
Figure [3.4F shows that the °F spin-lattice relaxation time constant T, drops significantly
from 19 s for a-NaYF and 9.2 s for orthorhombic YF; to 3.2 s for the gel, which indicates
that the major fluoride species are more mobile and less ordered in the gel phase. This is
consistent with our observation that there are significant amorphous, poorly crystalline, and
disordered regions in the gel and also emphasizes the propensity for this gel (but not the final
NaYF crystals) to undergo solid-state diffusion, as we have observed, which may facilitate
potential applications in electrochemical energy storage as discussed in more detail below.
Single-pulse *Na NMR spectra of the gel and the a-NaYF samples, respectively (Figure S6
in Appendix , both contain major resonances centered at -18 ppm and -9.5 ppm, which
were assigned respectively to Na™ sites in the bulk nanoparticles, and to Na™ sites at the
surface or near defects, as originally reported by de Queiroz, et al’**® The fraction of the -9.5
ppm peak changes from 35% in a-NaYF to 75% in the gel sample, suggesting that the gel
has over twice as many surface or defective Na™ sites as compared to the final crystalline

product.

Thus far, we have shown that this reaction proceeds via a two-step crystallization mech-
anism and furthermore in our ion replacement experiment that sodium incorporates into
the matrix relatively slowly after the gel has formed. However, these results do not address
when or how that sodium incorporation occurs, except that it is after the liquid-liquid phase
separation. Specifically, the sodium ions could incorporate into the dense liquid or amorphous
solid phase before it crystallizes, or the gel could form a cubic YF; intermediate that then
accepts sodium and fluoride ions (or sodium fluoride molecules) into gaps in the crystal
structure. To answer this question, we turned to atomistic modeling methods. The first
question to consider is whether it is even reasonable to expect a cubic YF3 phase to form in

the first place. While there are some reports of cubic YF5 in the literature 224229801

some
of those have since been disproven®” and others may have other complicating factors such

as the incorporation of additional ions. We used molecular dynamics simulations to model

both cubic YF; (Figure [3.5A) and cubic NaYF, (Figure [3.5B). After allowing the lattice to
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Figure 3.4: NMR experiments. 19F solid state NMR, comparing the gel with a-NaYF and orthorhombic YF5 standards at
55C. (A) TEM (left), SAED (bottom inset) and dark field TEM (right) of single-crystalline a-NaYF grown from the gel. The
dark field TEM indicates that the whole particle is single crystalline. Top inset shows the a-NaYF crystal structure. Scale
bar = 400 nm for the TEM and 5 nm! for the SAED. (B) TEM of orthorhombic YF3 synthesized in a similar, organic-free
method. Inset shows orthorhombic YFj crystal structure. Scale Bar = 100 nm (C) 'F spin-echo MAS NMR spectra of the gel,
YF3, and a-NaYF at a spinning speed of 32 kHz and an interpulse delay of 31.25 ps (one rotor cycle). The asterisks indicate
the spinning sidebands. (D) °F Hahn-echo NMR spectra of the gel, YF3, and a-NaYTF after eight n-pulses with an interpulse
delay of 65.2 ps (two rotor cycles). (E) 1°F inverse-recovery normalized signal intensity (markers) vs. interpulse delay of gel,
YF3, and a-NaYF as well as the fits (lines) for obtaining the spin-lattice relaxation time constant T1. NMR performed by Ying
Chen.

relax for 10,000 cycles of 0.5 fs each, the cubic YFj5 lattice became highly distorted whereas
the cubic NaYF, lattice remained highly ordered, indicating that cubic YFj3 is not a stable
intermediate and we would not expect it to form initially. To quantify this disorder, we
calculated the average root-mean-square displacement (RMSD) of each ion in each lattice
(eq. [3.1). The cubic YFj3 structure showed an average RMSD of 0.44 A for Y3t and 0.59 A
for F~ (Figure [3.5/A). This is over double the RMSD calculated for cubic NaYF, of 0.19 A
and 0.26 A, respectively (also showing an RMSD value of 0.22 A for Na™), again indicating
that the NaYF, structure is far more stable than the cubic YF5. In fact, this analysis
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likely underestimates the actual stability of NaYF due to approximations made about the
stoichiometry and the structure in the model that was used. To verify our methods, we
performed the exact same MD analysis on the known stable structure of orthorhombic YF5
(Figure S7 in Appendix , and found RMSD values of 0.18 A for Y3+ and 0.22 A for F-,
comparable to the values calculated for NaYF,. This again demonstrates that the cubic YF;5
would degrade within picoseconds and is thus not a stable product or intermediate. We would
hypothesize that previously reported syntheses of cubic YF; were likely stabilized by the
incorporation of what were assumed to be spectator cations. Even so, due to the existence of
these literature reports and our TEM observations of sodium-poor crystalline regions, we also
investigated whether a hypothetical cubic YF3 structure would be able to incorporate Na™
ions if it were stable. To do this, we performed minimum energy path (MEP) calculations
using density functional theory (DFT) of ions passing through the voids in a stable cubic YF;
crystal lattice with periodic boundary conditions. These calculations showed large energy
barriers of approximately 27 kcal/mol for sodium (Figure [3.5C), 14 kcal/mol for fluoride
(Figure S8A in Appendix [C]), and 76 kcal/mol for NaF (Figure S8B in Appendix [C]). This
indicates that even if the cubic YF5 phase was able to form as a transient intermediate, this
would not a feasible mechanism for ion incorporation. Thus, we can conclude that the ions
incorporate into the solid before it crystallizes, and any crystallization of YF; observed in
TEM was indeed induced by the beam. This process is not simply a scientific curiosity, but
can also be exploited to efficiently select between different final products in the synthesis
by varying the molar ratio of NaF to Y** (Figure S9 in Appendix [C]). At all tested ratios,
the gel initially forms due to the kinetic favorability of an initial spinodal decomposition,
however at molar ratios below the stoichiometry of YF; (excess Y?T), the gel then appears
to redissolve into homogeneous solution within several minutes, and then over the course of
hours colloidally stable particles begin to nucleate, which were identified crystallographically
as pure orthorhombic YF3 (to be discussed further in Chapter . At ratios corresponding to
the NaYF, stoichiometry or higher, we observe the same multi-step process as previously

described in which larger NaYF crystals nucleate directly from the gel. At the precise 3:1
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(YF3) ratio, the gel seems to remain largely stable over the course of days, with some possible
nucleation occurring in the solution alongside the gel. This ability to select the crystal phase
and whether or not it incorporates sodium likely exploits a “failed” two-step nucleation in
the low-ratio system: one in which the amorphous YF; phase is initially produced but the
barrier to nucleation in the orthorhombic phase is too high in the gel, so it has to redissolve
and undergo a classical nucleation mechanism in order to crystallize, whereas if there is
excess NaF in solution, it can incorporate into the gel and induce the crystallization of the
amorphous phase into a stable cubic structure. The mechanism that allows this dissolution is
discussed in more detail in Chapter [} and is likely the result of the subsequent formation of
molecular species which are metastable in solution. Thus, this crystallization pathway can
act as a “switch,” which determines the final chemistry and structure of the product, and

which elegantly illustrates the importance of understanding mechanisms of crystallization.

1 Nq 1 trrax
RMSD, = — r(t) — r|? 3.1
O\ LGRS (3.1

The multi-step crystal growth mechanism reported here is not only interesting in its own
right, but it also motivates the study of further applications of NaYF and similar materials
that take advantage of its high surface area. For example, NaYF gel materials could be useful
for future energy storage applications.?®” To this end, we have demonstrated the reversible
cycling of this material as an anode for sodium and lithium ion batteries (Figure S10-11 in
Appendix . This may be possible due to the capability of active ion exchange prior to
crystallization. We also view this as a promising candidate for fluoride-ion batteries and plan
to investigate these further in future work.#?# This material may also have promise as an
anti-reflective coating,*"¥ which would be a particularly interesting application because of
the possibility of employing the optical refrigeration properties of NaYF to actively cool the
surface. M4 In preliminary experiments, we observe optical refrigeration of the NaYF gel when
doped with 10% ytterbium. We find that it can be laser cooled by approximately 0.55°C and

that it does not heat under 1020 nm laser irradiation (Figure S12 in Appendix |C)), indicating
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Figure 3.5: (A) Cubic YF3 and (B) cubic NaYF, before and after performing a molecular dynamics time lapse of 10,000 steps
pf 0.5 fs each, for a total elapsed time of 5 ps. The YF3 exhibits much lower stability, indicating that cubic YF3 is not a stable
intermediate and it requires the incorporation of residual NaF from the supernatant in order to retain the cubic structure. (C)
Minimum energy path of sodium traveling through the hypothetical cubic YF;3 lattice fit with a sinusoid showing an energy
barrier of approximately 27 kcal/mol for a sodium ion to enter the lattice. Similar plots for fluoride and the NaF molecule
can be found in Appendix with energy barriers of approximately 14 and 76 kcal/mol, respectively. This indicates that the
Na and F ions are absorbed into an amorphous or dense liquid phase rather than incorporating into a transient YFj3 lattice.

Simulations performed by Michael LaCount, Chris Mundy, and Greg Schenter.

that it may be a good candidate for, for example, actively-cooled anti-reflective coatings,
especially due to its lack of organic ligands on the surface, as the effective cooling efficiency
of a nanocrystal is reduced by the heating of organic species on the surface®® It is worth
pursuing the study of the nucleation mechanisms of other similar materials, as they may
also have unique properties (like those of NaYF) that would benefit from a similar gel-like

structure that can easily be produced by this type of mechanism.

3.3 Conclusions

Crystal nucleation and growth are often described based on the simple addition of monomer

units from solution. The concept of nonclassical crystal growth adds further nuance to this
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view, allowing for the possibility of growth via different pathways and subsequent structural
changes. We add to this view the observation of profound compositional changes that occur
as an essential part of a nonclassical crystal growth process. We have shown that upon
the mixture of NaF and YCl; in water, a gel separates from solution which then undergoes
crystallization, similar to many other two- or three-step crystallization systems, and then
undergoes a process of solid-state diffusion, where the product initially resembles amorphous
YF5 but then undergoes a gradual change of chemical stoichiometry, which directly induces
the crystallization of cubic NaYF over the course of several hours, and which can be “switched
off” by eliminating the NaF excess. It is rational to expect that this multi-step mechanism is
not limited to NaYF in particular, and as such more research is needed into other chemical
systems, and particularly those which exhibit nonstoichiometry, as to the inherent role of
solid-state compositional changes in their crystal nucleation and growth pathways. This also
motivates further research into the atomistic detail of these reactions, for example considering
surface reconstructions®™ or studying the atomic-scale physics of the incorporation of sodium

ions into the amorphous intermediate.

3.4 DMaterials and Methods

Synthesis of NaYF gel

The gel is synthesized by mixing a 0.2 M YCl; solution with a 0.8 M NaF solution in nanopure
water. The mixture is then inverted to fully blend. The gel is then poured into a Biichner
funnel with filter paper over vacuum either immediately after mixing or after waiting a
specified amount of time (as in the ion replacement experiment), rinsed with water and

ethanol, respectively, and allowed to fully dry.

Ion Replacement in Gel

The gel is synthesized as described above and allowed to incubate in its original solution for a

period of time, ti,.. After t;,. has passed, the sample is filtered as described above and rinsed
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with nanopure water, and the product is resuspended in a solution of 1M KF. This mixture
is vortexed until it appears uniform and is allowed to settle overnight. After fully settling,

the product is centrifuged and washed with water and ethanol respectively and oven-dried.

Powder X-Ray Diffraction

Powder X-Ray Diffraction (XRD) samples were prepared by dropcasting a concentrated
slurry of the sample onto (100) silicon wafers. XRD spectra were taken on a Bruker D8
Discover Microfocus diffractometer with a Dectris Pilatus3 R 100K-A 2D detector and a Cu
Ka X-ray source with a 0.5 mm collimator. A Coupled 260/6 scan was performed from 16° to
93° with a 5.5° increment to create overlap, with a scan time of 30 seconds per #. During the
scans, the sample was oscillated in the x, y, and ¢ directions to remove the effects of texture
and improve statistics. An air scatter screen was used to reduce background. Scans were

integrated, indexed, processed, and analyzed using Bruker Diffrac.Eva software.

TEM

TEM images were taken on FEI G? TECNAI F20 S/TEM instruments at 200 kV with either
a Gatan Ultrascan CCD or an FEI Eagle CCD camera. Images were processed using Gatan
Digital Micrograph (DM) and Tecnai Imaging and Analysis (TIA) software. STEM Tomo-
graphic reconstructions were compiled using FEI Inspect3D software, using a simultaneous
iterative reconstruction technique (SIRT) with 50 iterations. These reconstructions were then
visualized using IMOD T Scanning transmission electron microscopy (STEM) bright field
(BF) imaging and STEM-energy dispersive x-ray spectroscopy (EDS) were performed in a
JEOL GrandARM 300CF AC-STEM operated at 300 kV. EDS data were collected using dual
JEOL Centurio EDS spectrometers with a 1.63 sr solid angle, and analyzed using Thermo
Fisher Pathfinder software. The NaYF samples were dispersed in ethanol and dropcast onto
Cu TEM grids with lacey carbon films.
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Computational methods

Data processing: The TEM spatial FFT analysis was performed using a homebuilt Python
script. To determine the scale, the code optically detected the scale bar printed on the
image by the TEM software (Tecnai Imaging and Analysis) and a calibration factor of 22.800
pixels/nm was obtained. Points on the image were manually selected, and a region of 100 px
x 100 px centered on that point was isolated. From this point the script was set up to perform
automated calculations. 2D-FFT was performed for each region, followed by a Gaussian
background subtraction to enhance the peaks in the reciprocal space. Several filters and
masks were applied on the intensity to obtain the peak locations, which was used to determine
d-spacing in the inverse space. All detected peaks were organized into a histogram based
on measured d-spacing, and the region corresponding to the 111 peak for both a-NaYF and
cubic YF; was isolated (3.00-3.16 A), with all other measured peaks discarded. A weighted
average was performed on the remaining peaks with their peak intensity as respective weights.
This resulted in a single d-spacing value associated with each region. This value was then

mapped onto a gradient and displayed as a circle at the center of each region on the TEM image.

Modeling: SD was simulated with a Matlab code modified from the original written by

Tavakoli.??Y All codes are available for public use upon reasonable request.

Ab initio calculations were performed using version 9.1 of the CP2K quantum chemistry
and solid state physics software package.*?® These DFT-based calculations used the revPBE
functional plus D3 dispersion exchange correlation functional Y%7 CP2K uses a combination
of Gaussian and planewaves to construct the basis set. The Gaussian component of our basis
set consisted of a double-zeta valence polarized molecular optimized basis (DZVP-MOLOPT)
developed by VandeVondele et al®"® The planewave portion of our basis set was given a
cutoff of 800 Ry. Pseudopotentials developed by Goedecker, Teter and Hutter (GTH) specific

to the RevPBE functional were used for all atoms. 2"

Our calculations can be broken up into two types: bulk crystal molecular dynamics (MD)
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and ionic diffusion barrier height. The MD calculations were of the NaYF,, YF; cubic and YF5
orthorhombic cells. Each cell was modeled in a 2x2x2 supercell configuration. The calculations
were performed in an NVT ensemble with the unit cell set to the experimental parameters.
A system temperature of 300K was implemented with a Nose-Hoover thermostat with a
thermostat frequency of 1,000 c*cm™, where c is the speed of light 2124 The simulations
were performed for a total of 10,000 steps of 0.5 fs each. To prevent the center of the cell
from drifting we applied a restraint on a single ion (Na™ for NaYF, and Y3* for YF3), with a
harmonic restraint with a strength of 100 kcal/mol/A2. The root mean squared displacement
(RMSD) was calculated from the mean coordinate of each individual ion throughout the
10,000-step run using equation [3.1], in which each ion is denoted as a. These were then
averaged for all ions of the same type to calculate the reported values.

The second set of calculations were of the diffusion barrier height of an ion traveling
through the YF; cubic cell. Initial the YF5 cubic cell had an additional ion placed at a fixed
position at relative coordinates (0.5,0.5,0), the rest of the atoms in the cell were given a center
of mass harmonic restraint with a strength of 100 kcal/mol/A2. In the initial configuration
for 4,800 steps using the same MD parameters as the previous set of calculations, except in
an NPT ensemble. The calculations were performed at a constant 1 bar of pressure, and the
barostat had a time constant of 300 fs. After the initial 4,800 steps, 20,000 more steps were
calculated except the z-coordinate was shifted +0.1A every 200 steps in the z-axis, starting
at 0.0A and ending at 9.9A. The potential energy was averaged throughout the 200 steps,
and then plotted against the z-position of the ion. We estimate the diffusion energy barrier

to be the difference between the minimum and maximum of the resulting plot.

NMR

YF and #Na magic angle spinning (MAS) NMR spectra were collected on a Bruker Avance
[T spectrometer with a field strength of 600 MHz (14.1 T, corresponding to 564.71 MHz for
YF and 158.75 MHz for »*Na) using 2.5 mm Bruker rotors at a spinning speed of 32 kHz.

The regular 90° pulse width was 3.1 ps for F and 2.9 ps for 2*Na. F spin-lattice relaxation
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times (T;) were measured using the inversion-recovery method (180° - Tgelay - 90°- acquisition),
and spin-spin relaxation times (Ts) using the Carr-Purcell-Meiboom-Gill (CPMG) method
(90°- Tdelay - [180°- Tdelay|n - acquisition) after 2 — 96 n-pulses with an interpulse delay time
Tdelay = 02.5 ps, which was synchronized to the spinning speed of 32 kHz. The spin-echo 'F
spectra were acquired after two rotor cycles with an interpulse delay of 31.25 ps. Single-pulse
23Na spectra were acquired with a hard RF pulse with a 1/20 flip angle of 0.58 ps, while soft
RF pulses (90° pulse width at 15 ps) was used for preferentially exciting central transitions
in the inverse-recovery experiments. Relaxation delays of 5 x Ty (60 — 200 s for F and 1 —
2 s for #Na) were used in all experiments to ensure the full relaxation of all samples. The
YE chemical shift references were CF4CH,OH at -76.55 ppm and solid NaF at -224 ppm as a

second reference. *Na chemical shifts were referenced to 1 M NaCl aqueous solution at 0
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Chapter 4

CONCENTRATION-SELECTIVE NUCLEATION “SWITCH”
IN THE YF3;-NAYF, SYSTEM

One thing that we have found about the NaYF nucleation system is that with every new
thing we learn about it, it also provides us with even more new questions and intricacies
waiting to be solved. It seems that this area of study is one which we may never need to
give up for lack of interesting new directions®¥¥ For example, in Chapter [3| we discussed the
multi-step nucleation of NaYF in water. We found that the process begins via a liquid-liquid
phase separation of, likely, a YF3 species from the solution, which then requires the further
diffusion of excess NaF from solution into the dense liquid phase in order to crystallize
into NaYF. The natural next question to ask, then, is what happens if there isn’t enough
fluoride left in solution following the initial phase separation for it to crystallize? We briefly
addressed this question in the previous work, specifically in Figure S9 in Appendix [C] in
which we observe that when mixing NaF and YXj, where X = Cl or NOs, a gel forms
regardless of initial concentration, but the previously-described multi-step crystallization
process only occurs at F:Y ratios greater than 3. If the F:Y ratio is less than three, however,
we observe a very different mechanism in which the gel forms and then appears to dissolve
away and renucleate from solution. Not only is the mechanism different, but the product is
also different. In the excess-Fluoride regime, we collect cubic NaYF as a product. However,
in the excess-Yttrium regime, we collect orthorhombic YF3;. What this means is that the
crystal growth mechanism itself allows the concentration of the initial reactants to behave as
an on-off switch to determine the final product, revealing a mechanism that truly intertwines
crystal growth and chemistry. While this work is still in progress, I view it as the ultimate

culmination of all of the discussion so far of NaYF and a true realization of the concept that
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crystal growth and chemistry are not separate processes, which is the most important point

in this dissertation.
4.1 Introduction

It is ubiquitous in the scientific literature to find detailed descriptions of chemical mecha-
nisms of solution-based reactions, meticulously describing the formation and breaking of
bonds, the movement of electrons, and the interactions of the species of interest with their
surroundings.?1318 Tt is also ubiquitous in the scientific literature to find detailed descrip-
tions of crystallization mechanisms from solution-based syntheses, looking very precisely at
the classical and non-classical ways that monomer units of a particular material arrange
themselves into useful solid structures 12320 However, there is often an implicit assumption
that these are separate processes—that molecules form in solution and then arrange to form
solids. But this assumption is based on an antiquated view of crystallization in which crystals
must be built directly from monomer units, and we now know that that is far from the only
way that crystals can be built ©8%20382183220 Ag qyich, it is worth revisiting when, during a
crystallization process, chemical reaction can occur and when, during a chemical reaction
mechanism, crystallization (or steps toward crystallization) can occur. While we are certainly
not the first to consider the possibility that crystal growth and chemistry could affect each

3237323 we observe a very stark example of this interplay that fundamentally involves

other,
both the chemical mechanism and the crystal growth pathway in determining the product.
As in the preceding chapters, this was studied in the synthesis of NaYF. In particular,
we return to a question that we originally posed (and attempted to address) in Chapter
regarding the relationship between NaYF and YF5. In the literature, we find reports of
both cubic and hexagonal NaYF, and we also find reports of both cubic and orthorhombic
YF;. In Chapter [3| we were able to show through modeling and experimentation that the
often-reported cubic YF5 structure is not stable. We also demonstrated in that chapter that

an amorphous (or dense liquid) phase is formed during this aqueous synthesis that likely has

an initial composition resembling YF5, into which residual Na* and F- can diffuse, allowing
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for the two-step nucleation of cubic NaYF. This led to the question of what would happen
if there was not enough NaF left in solution to continue the crystallization process past
the initial phase that separates from solution. If the initial phase is YF3, as we concluded
previously, then surely we should still expect it to separate from solution, as its solubility has
not fundamentally changed. But without NaF to stabilize the crystal lattice, and with the
knowledge that cubic YF; is not stable, it is challenging to predict what might occur. One
may reasonably predict that orthorhombic YF; would form, and that prediction turns out to
be correct, but prior experimental data have shown that reactions that produce cubic NaYF
can simply be heated to convert the product to either hexagonal NaYF52¢ or orthorhombic
YF; 29 This indicates that the cubic phase is a kinetic product, and thus it forms as a
result of Ostwald’s step rule. What this means is that it is necessarily harder to form these
thermodynamic products in these reaction conditions than it is to form cubic NaYF. As such,
the system has to “figure out” how to make YF; without being able to go through cubic
NaYF, and that pathway is the focus of this study.

Here we present this “switch” mechanism that determines the composition and crystalline
phase of the product via the chemically-forced crossover of the crystallization pathway. We
present experimental and computational data that provide insights into what is happening,
and we also discuss some future work that will help us to fully grasp the process that occurs
and what it can tell us about not just the NaYF-YF; system but also how it informs the
questions we should be asking about any chemical reaction that produces a solid, and and

crystal growth process that arises from a chemical reaction.
4.2 Results and discussion

Upon mixing NaF and YX; (where X = Cl or NO3) at any ratio, a gel immediately forms,
as we observed in Chapter 3| (Figure and B). At F:Y ratios of 3:1 and greater[] this

gel remains relatively stable for the first hour or so. However, at ratios below 3:1, the gel

*For the sake of simplicity, all ratios given in this chapter can be assumed to refer to the F:Y ratio unless

otherwise specified.
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appears to dissolve back into solution. After allowing the crystallization process to continue
overnight, the mixtures above the 3:1 ratio (in the excess-F regime) undergo the coalescence
process described in Chapter (3| to form cubic NaYF single crystals (Figure ) In contrast,
the mixtures below a 3:1 ratio (in the excess-Y regime) form a stable colloid containing
orthorhombic YF3 particles, as confirmed by powder X-ray diffraction (Figure S1 in Appendix
@ that adopt a distinct morphology that has been variously described as nano-bundles or
dog bones (Figure [4.1]C) that are approximately 400 nm in length and 100 nm in diameter.
The mixture at exactly a 3:1 ratio is not currently well-characterized but initial observations
possibly suggest a mixture of the two products. Further research is also needed to characterize
the region between a 3:1 ratio, which is stoichiometric to YF3; and a 4:1 ratio, which is
theoretically stoichiometric to NaYF,.

One of the most striking observations of the mixtures in the excess-Y regime is the
formation and subsequent apparent dissolution of the gel phase. To understand the dissolution
itself, we plan to use cryo-TEM to halt the dissolution process at various points so that
we can microscopically study the microstructure as it evolves. However, if there is indeed
dissolution occurring, TEM will not be able to provide insight into the dissolved molecular
species. To understand these species, we used solution-phase F NMR to study the local
environment of solvated fluorides (Figure . For a 1:1 mixture, with t=0 referring to the
moment that the gel dissolves, we observed a sharp peak at -49.3 ppm that likely corresponds
to YF5.22” which persists for the duration of the experiment, as well as six other broad peaks
ranging from approximately -36 to -89 ppm, which decrease to baseline over the course of
five minutes. These peaks may correspond to solvated YF, species that transiently form and
interact to form the solid YF3;. These species may also coordinate OH™ and OH, from the
solvent, leading to a potentially more complex structure[f| This agrees with some preliminary

molecular dynamics simulations we have run that suggest that multiple YF, species are

*Both YCly and Y(NO3)5 form acidic solutions in water, indicating that Y3+ spontaneously coordinates
OH- ions. A detailed in situ pH study of the YF5 nucleation may help us to understand what is happening

with these OH- ions over time.
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Figure 4.1: The result of mixing Y(NO3)3 and NaF at different ratios over time. (A) Time lapse showing immediate gel
formation followed by the dissolution of the gel phase at the ratios below 3:1 after 16 minutes and then the nucleation of
colloidally stable YF3 and the collapse and settlement of NaYF after 21 hours. (B) Example TEM image showing the gel phase
(TEM of 4:1 ratio, other gels assumed to be similar based on experimental observations with experiments ongoing to confirm
morphology). Scale bar = 50 nm (C) Example TEM image showing the YF5; phase with inset tomographic isosurface. Scale
bar = 200 nm. (D) Example TEM showing the cubic NaYF phase with inset tomographic isosurface. Scale bar = 200 nm.

initially stable in solution, for example those shown in Appendix [C| Figure S3. Furthermore,
these simulations have shown that they can form bridging fluorides, potentially suggesting the
possibility of the formation of oligomeric clusters. These computational efforts are ongoing
and we plan to use the computational results to inform future experiments. In contrast to
the YF; system, the in situ NMR for the 4:1 mixture that produces NaYF is quite boring,
with no visible speciation and the only discernible signal appearing as a sharp peak around

-121 ppm, which likely corresponds to excess NaF 528 A likely explanation for this is that
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all of the chemistry in the NaYF system happens in the solid phase. We have thoroughly
described the initial liquid-liquid phase separation, which leads to an amorphous phase that
slowly crystallizes as NaF is incorporated into the structure. Because all of the Y-F bonds
exist in the solid phase, we do not observe their signal with liquid phase NMR, whereas in
the YF5 system, the gel redissolves into these YF, species that then renucleate YF5, possibly
through cluster intermediates. This serves to emphasize that subtle changes in the chemical
environment can lead to profound changes in the crystallization mechanism, which can in

turn lead to profoundly different products.

A 1:1 F:Y B 4:1F:Y

0 hrs

J Y
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Figure 4.2: In situ '°F NMR, of the mixing of Y(NOg3)5 and NaF at (A) a 1:1 F:Y ratio and (B) a 4:1 F:Y ratio. Time point
0 in (A) corresponds to the dissolution of the initial gel phase, showing the formation of various solvated species that likely
correspond to different values of n for YF, in the earliest stages of formation of the YF3 species that corresponds to the peak
at -49.3 ppm. (B) shows no such formation of solvated species in the formation of NaYF, with the peak at -121 ppm likely
corresponding to residual NaF. NMR performed by Ying Chen.

With the understanding that this system involves complex interplay between chemistry
and crystallization, we need to fully characterize both processes. NMR gives us insight
into the chemical environment, and we may also be able to use solid-state NMR to learn
more about the solid phase, but we can also use other methods to study the crystal growth
process. Ideally, we could take a cryo-TEM (or even ex-situ TEM) series with samples taken

at various points in the growth process. However, given that the YF5 takes approximately 20
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hours to fully develop, this would necessitate a very laborious, likely multi-person sample
collection process, which we have not yet had time to attempt, however which is also I
believe crucial to fully understand this system. Until we are able to collect that TEM data,
however, we can use dynamic light scattering (DLS) to help us to begin to understand the
process. DLS works by measuring the light from a laser that is backscattered by particles
moving in Brownian motion in solution, and then performing an autocorrelation function to
determine how fast they move in Brownian motion, which is in turn a function of the average
hydrodynamic radius of the particle (i.e. the particle and its hydration sphere). As such,
DLS is a quite indirect method of measuring particle size, but what it lacks in directness can
be made up for in ease of measurement. Scattering can be measured nearly instantly and all
of the post-processing can be performed in real time. This makes DLS an extremely versatile
first-line method for estimating the size of particles in solution. Furthermore, if a reaction
can be run inside a cuvette, then the particle size can be estimated in situ. For the 1:1
YF; system at a 0.2M concentration of each species, we observed a very distinct DLS signal
(Figure where there seems to be a bimodal distribution of particle sizes for the first ~10
hours of growth that both grow in a nearly linear trend. At ~10 hours, this abruptly shifts to
a single phase that initially appears to decrease in size but then grow at a higher rate order
than previously[] After approximately 24 hours, there is another abrupt change in trend to
a roughly linear decrease, which could be attributable to larger particles settling below the
laser beam. While it is difficult to claim anything definitive about the growth process from
these data, it would be reasonable to hypothesize that the abrupt change around 10 hours
and the apparent disappearance of the small particles is a result of a change in the crystal
growth mechanism. Especially because the YF3 particles are known to be polycrystalline
with some ordering (Figure ), it is certainly reasonable to hypothesize that its growth

mechanism includes assembly to some degree, as has been observed in other studies of similar

*We observe a concentration dependence for this trend such that at higher concentrations, the growth
occurs faster and the observed decrease in radius occurs sooner and is more pronounced, but these data are

at this time still being collected and analyzed.
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nano-bundle/dog bone-shaped particles.#*#!' One possible mechanism could involve the
classical growth of monomers and loose assemblies during the first ten hours transitioning to
an oriented assembly-based growth mechanism. The initial contraction could be attributable
to the initially disordered aggregates (Figure inset A) adopting a more efficient packing
(Figure inset B), with the ensuing growth being attributable to further pseudo-oriented
growth. This hypothesis could be tested with further time-resolved TEM measurements.
DLS is not sufficient to confirm any particular mechanism, however it does show us that the
crystals are not growing and that something happens at 10 hours, which helps us to narrow
down the most important time points to study further with other methods. Due to DLS being
an indirect measurement technique, we have to consider that the autocorrelation function
tends to obscure the difference between signal and noise, that the hydrodynamic radius can
change, for example, due to changes in the ionic strength of the solution (rather than changes
in particle size), that the morphology of the particles can affect the hydrodynamic radius,
and that larger particles tend to settle. With that in mind, our data are clearly consistent

with a complex, multistep crystal growth mechanism that deserves further study.

While we know that the aqueous YF3-NaYF system proceeds via a mechanism that
includes a chemically-driven crystallization “switch,” at the present time more research is
needed to fully understand the growth of the YF5 particles following the switch. NMR
and DLS data are consistent with a mechanism that may initially involve the formation of
multiple YF,, species that then begin to form a YFj5 lattice, which then undergoes a multistep
growth mechanism that may involve the formation of loose aggregate that then transform to
the ordered aggregates that we observe ex situ. In order to increase the degree of precision
in which we can describe this mechanism, we need to consider a few more experiments on
this system. To further understand the early-stage speciation that we observe with NMR,
we can use atomistic simulations to understand the stability of these species and to help
elucidate the hydration sphere. Preliminary simulations show that multiple YF, species
can form in solution and form bridging oligomers. If we can simulate NMR patterns for

these which are consistent with our data, that would confirm that we are observing that
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Figure 4.3: In situ DLS measurement of the 1:1 mixing of YClz and NaF (0.2M each), with t=0 corresponding to the moment
that the gel redissolves. The apparent decrease in diameter around 24 hours likely can be attributed to larger particles settling
out of the laser beam. The apparent decrease in size at 10 hours is a subject on ongoing research but could be attributable to a
transition between modes of crystal growth, for example transitioning between loose aggregates (inset A) and pseudo-oriented

aggregates (inset B). DLS measurements performed by Ivan Liu.

speciation. Measuring the pH as a function of time after mixing may also help to understand
the attachment and detachment of OH- ions. Finally, cryo-TEM would allow us to observe
the early-stage nucleation of solids during those first five minutes, as well as prior to the
full dissolution of the gel. For the later stage growth as described by the DLS data, TEM
would immediately tell us whether or not we have disordered aggregates becoming ordered at
10 hours. Cryo-TEM would best preserve delicate structures, however ex-situ TEM would
most likely tell us what we need to know with much less labor. Small-angle X-ray scattering

(SAXS) would also help us to understand the size and shape evolution in the bulk with a
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much greater degree of precision than DLS. SAXS is a realization of Bragg’s law that allows
for sizes and shapes of particles to be accurately modeled in the nanometer scale based on
how the particles scatter X-rays. In a similar vein, in situ X-ray diffraction (XRD) could
allow us to measure the size of crystalline domains from different directions using a Scherrer
analysis, allowing us to understand the morphology of the individual crystallites and the
degree to which they may or may not undergo oriented attachment as opposed to oriented

aggregation.
4.3 Conclusion

Here we demonstrate a “switch” mechanism in the YF3-NaYF system in which we can
direct both the composition and the crystal phase of the product simply by making a small
adjustment to the ratio of the reactants that is consistent with the redissolution and speciation
of YF, molecules that then reorganize into orthorhombic YF; rather than settling into an
unstable cubic phase. This emphasizes that crystal growth is fundamentally a chemical
process and that it should be viewed as a part of a chemical reaction rather than a separate
step. This also further emphasizes the intertwined relationship between NaYF and YF3, and
suggests that, just as cubic and hexagonal NaYF are polymorphs of the same compound
with variable stoichiometry that form under different conditions, orthorhombic YF3 belongs
in the same family. Aside from the fundamental questions of science that these results lead
us to consider, we could also consider the engineering of microstructures within inclusions
of varying concentration, perhaps using more complex solvent systems or chelating ligands.
With further regards to chelating ligands, this may help to elucidate their usefulness in various
hydrothermal rare earth fluoride systems and inform how their modification may affect the
product. One could even imagine the use of this system as a very slow and inefficient logic
gate! We can see already that this is a complex and interesting system, and in order to fully
do it justice we still need to study the YF5 growth process in detail using techniques such as
time-resolved TEM and SAXS in order to unveil the various steps in the growth process and

whether they can also be modified to further tune the end product.
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Chapter 5

MICROFABRICATION FROM BULK AND MEASUREMENT
OF NANOSCALE DIAMOND TIPS FOR ATOM PROBE
TOMOGRAPHY

Aside from the NaYF work, I also spent a considerable time working on APT projects.
As described in Section [I.3.2] APT allows us to measure atoms in a solid in three spatial
dimensions and determine their identity. This technique can help us to understand the local
structure of materials, which can help us to understand, for example, the homogeneity of a
dopant. In the NaYF system, this could potentially allow us to look at the gel immediately after
it forms to study the sodium incorporation, which would give us a far better understanding of
that solid-state diffusion process than what we currently have. However, due to the physics
of how APT works, there is a need for the sample to be roughly needle-shaped, and the
only way to do that with the gel would be to freeze it, lift out tips of the gel within the ice

3325334 and T would

matrix, and run cryo-APT experiments on that. This is entirely possible,
like to see these experiments happen in the future, however the sample preparation process
for cryo-APT specimens is considerably more involved and as such we wanted to start with

something a little bit more straightforward.

We decided to use diamond for this purpose because it is widely used in quantum
applications in which very low-concentration point defects can have profound impacts on
its spectroscopic properties. Additionally, while the process may not be quite as technically
difficult as a NaYF cryo-APT experiment would be, the experimental details are not necessarily
straightforward and present some interesting challenges to overcome, mainly stemming from
diamond’s natural hardness. Sample preparation is difficult because of diamond’s resistance

to milling, and once the sample is made, it is difficult to measure due to diamond’s resistance
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to field evaporation combined with its low conductivity. We work to overcome these challenges
by replacing much of the milling that would traditionally be done with a focused ion beam
with a reactive ion etching process, and we show that we can collect quantitative APT data
by increasing the laser pulse energy, which is enabled by diamond’s extremely high thermal
conductivity. We find that, while these properties do present challenges, they can be overcome,
and furthermore that they may actually be beneficial for certain applications, such as in the
manufacture of APT sample mounts, which ideally should have a lower evaporation field and

a higher thermal conductivity than the sample that is mounted on it.
5.1 Introduction

Diamond has been heavily studied in recent years for many applications related to the inclusion
of point defects#* =4 Diamond is a particularly good host lattice for these defects (often
referred to as color centers) due to the extreme strength and stability of its crystal lattice 5442
Additionally, due to the fact that diamond is nontoxic, diamond color centers are attractive
options for in vivo applications in medicine and life science.**¥4% However, these color centers
begin to interfere with each other if the concentration is too high, therefore limiting the
practical concentration of point defects to roughly the ppm order or magnitude 22347 This
can present a problem for standard nanoscale elemental analysis techniques such as energy
dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS), which
typically have detection limits no higher than roughly parts per thousand.##® Thus, it is
challenging to achieve any degree of spatial resolution in determining the local concentrations
of color centers.

For this reason, atom probe tomography (APT) has emerged as an attractive option to
study color center concentrations in bulk diamond 2220 APT relies on the field evaporation
of a sample that has been milled to a fine point, which can release ions at a controlled
rate toward a 2D time of flight mass spectrometer. 18 This results in detection limits closer
to the ppm range while preserving spatial resolution, which is ideal for studying the local

concentrations of point defects ! Furthermore, APT is capable of detecting hydrogen, which
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is not possible with X-ray fluorescence-based methods #7454 However, diamond inherently
poses unique challenges for APT due to the nature of how APT works. The field evaporation
process in APT is controlled by the application of a local electric field near the tip somewhat
below the level required to induce spontaneous field evaporation, and in order to control
the timing of ion release, either the electric field itself or an external UV laser is pulsed
(typically the laser-assisted option is used for nonconductive samples to minimize strain) to
release ions at a known time point.*** Diamond, however, is a material that is renowned
for its extreme hardness, and that property is preserved at the nanoscopic level as well,
leading to it having the highest known evaporation field of any elemental material in excess
of 150 V/nm 839355356 By comparison, silicon (which is commonly used for mounting APT
specimens) has an evaporation field closer to 33 V/nm.#*? This means that diamond requires
much more energy in order to induce field evaporation. Besides any instrumental limitations
that may exist, this is theoretically not a problem for conducting samples that can distribute
charge to the surface and concentrate at the tip. This is another area in which diamond does

358 wwhich leads to a buildup of

not excel, as diamond natively has extremely low conductivity,
internal charge that can cause the sample to rupturet®* This can be mitigated to an extent
by using boron-doped diamond in order to make it more conductive,*? but we would like to
be able to study any diamond sample in its native state without additional dopants. Thus,

we need to focus on the methods used to prepare and measure samples in order to ensure the

best possible result.

The preparation of APT tips of diamond can be a challenge in and of itself. Most APT
samples are prepared by a focused ion beam (FIB) bulk liftout method in which a bar is
lifted out of a bulk sample, sectioned onto tips, and subsequently sharpened.®® This is a very
versatile method, and one that has been used for bulk diamond samples before,22%2°% hut bulk
liftouts that remove large amounts of material can be problematic for diamond. Due to the
extreme hardness of diamond, the FIB milling requires a substantially higher ion dose than
similar liftouts of other materials, which has the effect of increasing milling time, decreasing

precision, and introducing more defects both by disrupting the lattice and implanting gallium
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ions #0802 Ag such, any interaction with the ion beam that can be eliminated will have the
effect of speeding up processing time and reducing opportunities for sample damage.

Once a sample is prepared, APT measurement can be a challenge as well. As mentioned
previously, diamond has an extremely high evaporation field combined with an extremely
low conductivity and high brittleness. What this means is that the field evaporation requires
a higher-than-normal amount of energy to occur, but too high of a voltage will cause the
tip to rupture. Luckily, laser-assisted atom probe technologies allow for lower voltages to be
used by thermally exciting atoms over the barrier to evaporation.®¥ Normally, the energy
contribution from the laser pulse is chosen to be relatively small compared to that of the

304 This is both to prevent sample damage from overheating the tip and to

applied voltage.
prevent thermal tailing of the mass spectrum #%? Thermal tailing occurs because the timing
of the laser pulse sets the zero-point for the time-of-flight mass spectrometer, and so ions are
assumed to be ejected at the exact moment of the laser pulse, but for samples with a finite
heat capacity, ions may be released at any point while the sample remains above the critical
temperature for field evaporation, leading to peak broadening**” This is an area, however,
where we can use the properties of diamond to our advantage. Diamond has an extremely
high thermal conductivity which allows it to readily disperse heat throughout the lattice 2%
As such, we would not expect thermal tailing to be as much of a problem, and therefore
higher laser pulse energies can be used to assist in field evaporation. This is not only useful
in the collection of data on diamond directly, but also potentially in the engineering of APT
sample mounts that can reduce background and even wick away heat, which may be especially

useful for “extreme” atom probe techniques that use much more powerful lasers.20%308

In this manuscript, we discuss the preparation and APT measurement of diamond tips
using a novel reactive ion etching method to produce a large number of tips that can be
directly lifted out and mounted with far less FIB processing required than a typical diamond
liftout procedure. This method has allowed us to rapidly collect APT data on diamond with
information on defects including hydrogen, while avoiding many of the pitfalls associated

with a direct FIB liftout. We also show heat transfer models to quantify our observations
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demonstrating the ability of diamond to survive high energy laser pulses without significant

thermal tailing.

5.2 Results and discussion

In order to minimize the interaction of the diamond sample with the FIB, we produced an
array of pillars on a wafer consisting of 10 um of chemical vapor deposition (CVD) diamond
on a sapphire substrate using reactive ion etching (Figure S1). These pillars were roughly
conical with a base of 2 ym and a height of 10 ym. This is an ideal size because the mounting
posts on a standard APT sample chip have a diameter of 2 ym, however the process could
easily be adapted for a mounting post of any size. To mount these tips on a sample chip
(Figure the pillars were first coated with a thin protective layer of platinum using the
electron beam and then a thicker (~0.5 um) layer of platinum was deposited with the ion
beam. The stage was then tilted back to vertical (52° to the ion beam) and a probe was
attached, and the pillar was then cut near the base. The detached pillar was then brought to
the mounting post and platinum was deposited to fill the gap underneath the cut. The sample
was then rotated 180° and a thin layer of platinum was deposited to fill any gaps on the
backside. The tip was then sharpened using a standard sequential annular milling technique
(Figure ),359 however due to the existing shape of the tips, far less milling is required
for the sharpening step than what is typical for a standard liftout. Furthermore, it would
also be feasible to use lower voltages to sharpen the tips to further reduce ion implantation,
whereas that would be prohibitively time-consuming for a standard liftout, and that is an

area of current study.
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Figure 5.1: Mounting of the diamond tips on the silicon micropost arrays. (A) Schematic of the mounting process showing
the initial cutting of the diamond posts at an angle of 52° from vertical, then the placement and platinum weld of the diamond
on the post. Inset highlights the asymmetric weld. (B-E) SEM images showing the same mounting and sharpening process.

Scale bars for B=5 pm, C=2 pm, D=3 pum, E=2 um. Reactive ion etching of diamond pillars done by Rainer Stohr.

We were able to successfully collect APT data on these tips at laser pulse energies of
200, 250, and 500 pJ. All of the tips eventually fractured, however we were able to collect
significant data prior to the fracture. A typical one of these runs is shown in Figure |5.2] at
200 pJ of laser pulse energy, we were able to measure a mass spectrum that showed many
peaks, including carbon clusters up to C; as well as various organic species, hydroxides, water,

and hydrogen. There was also significant gallium implantation throughout the measured tip.
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A concentration profile along the z axis (Figure ), decomposing complex ions to their
respective elements, showed a relative increase of Ga, O, and H near the tip, indicating a
higher degree of damage. The hydrogen and oxygen appear correlated due to the relatively
high concentration of OH and OH, ions measured near the tip. Nitrogen counts are low but
measurable, and do not show any strong compositional trends along the z direction, however
low overall nitrogen counts may obscure some trends. This is nonetheless notable because this
sample was not intentionally doped with nitrogen, though we did observe photoluminescence
from nitrogen, indicating that intentionally-doped nitrogen should be readily measurable
with these techniques. It is also notable that we did not observe an increase of nitrogen near
the tip correlated with the increase in oxygen and hydrogen, given that the samples were
stored in air. This indicates that nitrogen observed in diamond samples is likely to be native

to the sample and contamination from atmospheric nitrogen is not a major concern.

Reconstructions showing the individual species of interest (Figure further illustrates
the previous observation from the depth profile. By looking at a cylindrical region of interest
internal to the tip, we can eliminate surface effects, showing even more clearly that hydrogen
and gallium decrease as the distance from the tip increases. Hydrogen is worth particularly
careful examination due to the multiple sources of hydrogen that may be present. CVD
diamond natively contains abundant hydrogen impurities,** and as such we would expect a
relatively homogeneous hydrogen concentration throughout the bulk. We also established
in Figure that hydrogen and oxygen are correlated due to OH and OHsy, which is more
abundant near the surface. Finally, APT typically has a significant hydrogen background
due to the challenge of building vacuum systems that are impermeable to hydrogen®™ It
is challenging to deconvolute these signals, however it is nonetheless promising to be able
to use a technique that can measure hydrogen directly, especially for samples that have a
non-homogeneous hydrogen distribution, as can be seen at the tip of our reconstruction, likely
from hydroxides. Nitrogen and gallium are more straightforward to interpret, however due to

the low overall counts of nitrogen, there is necessarily a greater contribution of noise to its

reconstruction. Additionally, we also have to consider that undercounting of nitrogen is a
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Figure 5.2: Mass spectrometry analysis of diamond tip. (A) Percent composition of each element as a function of z-height,
with complex ions decomposed to their atomic species. Note that the line for nitrogen is near zero and the line for hydrogen
is partially obscured by the line for oxygen. (B) Top level reconstruction showing distribution of ions within the diamond tip.
All ions shown as spheres at 10% of the total number of counts. Note that some carbon counts include multiple carbon atoms.
Tip diameter was arbitrarily selected to improve resolution in z and thus units of distance are arbitrary. (C-E) Regional mass
spectra of 10 unit sections of the tip including the entire width of of the tip, at lengths of (C) 5-15 units from the tip, (D)
15-25 units, and (E) 25-35 units. The top 5 units were skipped to avoid surface species. (F) Full mass spectrum of the top-level

reconstruction.

known issue in APT, attributable at least in part to the formation of neutral Ny species 270
However, due to the low overall concentration of nitrogen in this diamond sample, we do
not anticipate that dimerization is likely to occur significantly among nitrogen point defects

during APT analysis.

As previously discussed, one benefit to this method of sample preparation is the lower over-
all interaction the tips have with the ion beam during sample preparation. This should have
the effect of reducing the damage that the tip suffers prior to APT measurement. To study this
with APT, we reconstructed a cross section (Figure ) to view the internal structuring of the
tip.
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reconstruction and in an internal section to show the effect of .
well to our APT data. Finally, we measured

surface defects.

the distribution of all detected C, counts,
and found that for larger values of n, the ions were concentrated near the tip. This could
be attributable to greater sample damage near the tip disrupting the diamond lattice and

making it easier for larger molecular ions to break off.

One of the unique properties of diamond as a material is its superior thermal conductiv-
ity.?%% This allows for us to use much greater laser pulse energies than what would normally
be tolerated in APT. The typical complication of overly high pulse energies in APT is thermal
tailing of the mass spectrum, arising from the tip remaining above the critical temperature
for field evaporation for a finite amount of time, resulting in an apparently longer time of
flight 187569 Our experimental results show that, of all the challenges that do exist in APT of
diamond, thermal tailing is not one of them. By considering the raw time of flight (TOF)
data that corresponds to the 2C!* peak (i.e. the total amount of time in nanoseconds
that 2C* ions take to be measured) for a tip irradiated at 200 pJ, we can measure a

full width at half maximum (FWHM) of 3.6 nanoseconds (Figure [5.5]A). We can then use
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the methods established in Roder et al™7 to model the heat profile of the tip over time

(Figure ) to determine how quickly the tip cools down following the laser pulse (using

a base temperature of 41 K), and we found that in just 36 picoseconds (1% of the FWHM

of the TOF), even tips irradiated at 500 pJ will have already cooled below liquid nitrogen

temperatures, indicating that thermal effects will not significantly broaden the TOF spectrum.

By comparison, the silicon tips modeled by
Roder et al. took on the order of nanoseconds
to hundreds of nanoseconds to cool to the
same temperatures at pulse energies an order
of magnitude lower than what we used 187
Furthermore, it’s worth noting that we cal-
culate the temperature at the tip to only
reach about 200K when irradiated at 500
pJ, which is nearly an order of magnitude
below the temperatures at which we would
be concerned about the graphitization of di-
amond 372 The results of this modeling are
confirmed with experimental data showing
the normalized ?C'* peaks of tips irradiated
at 200 and 500 pJ, respectively (Figure ).
The peak profiles for both are functionally
identical with no evidence of thermal tailing.
This serves to emphasize some potential areas

where diamond may be particularly suited

Figure 5.4: FIB damage of the diamond tip. (A) Visualiza-
tion of cross section in (B) and (C). (B) Gallium reconstruction
showing implantation throughout the lattice, concentrated near
the tip. (C) Carbon reconstruction showing a decrease in order
near the tip. (D) TEM of a diamond tip showing amorphous
layer of ~10 nm (scale bar = 10 nm). (E) Image of the same
tip (scale bar = 500 nm) inset diffraction of bulk tip (scale bar
= 5nm). (F) Reconstruction showing 1000 counts of each car-
bon cluster (438 counts of Cg) showing a higher concentration

of larger clusters near the tip

for APT applications. Firstly, “extreme” APT is a technique that uses laser pulses in the

extreme UV region (29.6 nm), which is far more efficient at thermally exciting materials 27

This technique seems particularly well-suited to the measurement of diamond, as a material

that requires a high proportion of thermal excitation for APT measurement and one that is
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not significantly affected by thermal tailing. This also suggests the potential use of diamond as
a material for APT sample mounts. The best sample mount is one that doesn’t interfere with
the measurement of the sample, and thus it can be concluded that a mount should ideally have
a higher evaporation field than the sample so that it doesn’t create background evaporation,
and it should have a higher thermal conductivity so that it doesn’t overheat and instead can
act as a heat sink for the tip. In fact, some of the tips measured here may have failed due
to the overheating and subsequent melting of the silicon sample mounts (as shown in the
introduction in Figure , and this could have been mitigated by using a more thermally
conductive sample mount, such as diamond. Of course the electrical nonconductivity of
diamond would present a problem, but this is easily resolved by using boron-doped diamond,

which is conductive.
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Figure 5.5: (A) Raw time of flight spectrum centered on the 12C!* peak, showing a full width at half maximum of 3.6 ns.
(B) Heat transfer calculations showing the cooling of a diamond tip with a base temperature of 41 K that has been irradiated
at various laser pulse energies. At 1% of the FWHM of the TOF spectrum of 12C1+, the tip will have cooled to 57.5 K if
irradiated at 125 pJ, 63.4 K if irradiated at 200 pJ, and 75.8 K if irradiated at 500 pJ, suggesting that the thermal broadening
effect for diamond is negligible at operating laser pulse energies. (C) Normalized mass spectra for diamond tips irradiated at

200 and 500 pJ, showing no observable thermal broadening effect. Heat transfer calculations performed by Greg Felsted.
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5.3 Conclusion

Here we show a hybrid method for producing APT tips of diamond using a combination of
reactive ion etching and FIB. This significantly reduces the interaction of the sample with
the ion beam, theoretically reducing damage. It also allows for more flexibility in terms of
methods for tip sharpening that may in the future be able to reduce damage even further.
We were able to collect APT data on these tips, detecting significant hydrogen and nitrogen,
showing APT to be a useful method for detecting and mapping out these point defects in
diamond. We were also able to characterize the damage from the FIB and both show that
the damage is reduced past the tip and we were able to highlight some areas in which to
improve future tip fabrication. Finally, we were able to show both computationally and
experimentally that the the thermal conductivity of diamond allows for very high laser pulse
energies to be used to thermally excite the tips in APT, thus reducing the operating voltage,
without negatively affecting the mass spectrum, which suggests that diamond would be a
good candidate for “extreme” APT measurements, and further suggests that diamond would

be a near-optimal material for APT sample mounting posts.
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Chapter 6

CONCLUSION

Perhaps the most frustrating but also the most rewarding aspect of science is that most
of the time, when you answer one question, the process of doing so nucleates many new
questions that need to be answered. The more you know, the more you realize that you
don’t know. This has certainly been exemplified in the research presented in this dissertation.
One paper about NaYF crystal growth became three with even more in earlier stages of
development, aiming to answer questions we never would have thought to ask at the beginning
of this process. What was meant to be a simple APT measurement of diamond created
many new questions about how best to address APT measurements of diamond in general,
and what uses diamond may have within the APT community. This particular property
of science also makes it deviously difficult to conclude such a dissertation, because I leave
with the knowledge that there is so much left to learn about the topics that I have spent so
long studying. Along those lines, I would like to use this space to summarize not just the
questions that we’ve answered, but also the questions that we’ve created in the process. It
is my hope that some time in the future somebody can read this dissertation and then go
and try to answer these lingering questions, and a little further in the future I can read this
dissertation and find that these questions have been answered and even more questions have

been generated in the process.

The majority of my work here focused on the NaYF project. When I started working on
NaYF, we viewed it predominantly as a means to an end and, while we had some interest in
adjusting the morphology of the particles to suit our needs, we had not given much thought
to how they form in solution. Our first foray into that topic revealed in Chapter [2| a phase

conversion mechanism in the hydrothermal synthesis that was mediated by the formation
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of mesocrystals of the initial cubic phase that then undergo oriented attachment to form a
particle large enough to be thermodynamically driven to undergo a phase conversion to the
hexagonal phase. Studying this process led us to wonder how the cubic particles initially
form, which we studied in depth in Chapter |3, We found that an initial amorphous YFj
phase separates from solution via spinodal decomposition into a gel phase, and then solid
state diffusion of the remaining NaF in solution allows crystals to nucleate within that gel.
The study of this question led us to confirm our suspicions that the often-reported cubic
phase of YF; is not stable and that it likely has been reported in error in most if not all cases.
Given this realization that we cannot make cubic YF3, this led us to ask what happens if
there isn’t enough NaF' in solution to nucleate NaYF crystals. We address this question in
Chapter [4, where we find that in those cases, the gel will initially form but then will redissolve
into various YF, species in solution, which eventually nucleate orthorhombic YF5. Initially
we assumed that the YF5 nucleation was more or less a classical process, but DLS data
suggest that this YF3 nucleation and growth may occur at least partially via particle assembly.
Perhaps the most consequential conclusion we have from this study is the understanding that
the aqueous NaYF-YF5 system relies on a “switch” based on the initial concentration that
determines the composition and crystal phase of the final particles via a mechanism that
fundamentally intertwines chemistry and crystal growth and which can only be understood

by viewing them both as dynamic processes that affect and are affected by each other.

All these results, of course, leave us with even more questions. Starting in Chapter
one question which has long plagued us is to what degree the mesocrystal intermediate is
preserved in the final hexagonal particle. By using heterogeneously-doped particles, we have
shown some degree of concentration fluctuation in the final particle indicating that there may
be some preservation of the structure of the mesocrystals, but a detailed tomographic study
would help us to understand the degree to which that structure is preserved, which could
have applications, for example, in nano-barcoding, in which fine structure is a requirement.
Another question that remains from that study is the degree to which the microemulsion

solvent system affects the initial nucleation. We do not anticipate that YF3 is any more
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soluble in that system than it is in water, and we have shown that the same liquid-liquid
phase separation occurs in a mixture of water and ethanol, so we would expect that it would
also occur in this microemulsion (which itself forms from a liquid-liquid phase separation),
however it may be constrained by the microemulsion itself, perhaps with the inclusions in the
microemulsion acting as a sort of “nano-reactor.” We have done some preliminary cryo-TEM
on that system, however we did not appreciate the intricacy of the nucleation mechanism at
that time, and it would be useful to revisit those experiments in light of what we now know to
see if we can observe the initial stages of nucleation in that more complex system. Regarding
the nucleation itself that we described in Chapter [3] we have some preliminary computational
data showing the ion pairing that may underlie the liquid-liquid phase separation process,
and this could be developed into a full computational model that demonstrates the entire
process from the initial separation of YF5 to the eventual nucleation of NaYF. We also showed
computationally that the often-reported cubic YF5 structure is not stable, however we have
yet to determine whether or not there is some other cubic phase that may be stable, and
if there is, whether we can produce it experimentally. There are also remaining questions
regarding the incorporation of sodium into the solid phase, initiating the nucleation. This
is begging to be studied with cryo-APT. Cryo-APT would allow us to set a time point in
the reaction very precisely and measure the amount of sodium not only in the solid phase
but also remaining in the supernatant, thus directly showing the diffusion process. I can
think of no other technique that is better suited to answer this question, and I truly hope
that somebody tries that someday. Finally, with respect to Chapter [, by the nature of this
paper being a work in progress, this has the most remaining questions, most of which have
been addressed in the chapter itself, but briefly, we still need conventional and cryo-TEM
data to characterize the growth process of YF3. Cryo-TEM is needed in the early stages to
understand the dissolution of the gel, and TEM is needed at later time points to understand
the perhaps non-classical elements of the YF5 growth process, as suggested by our DLS data.
Additionally, with regards to the “switch” mechanism, we need to consider the ratios between

3:1 (stoichiometric to YF3) and 4:1 (stoichiometric to NaYF,) to understand whether the
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crossover occurs at a specific point or whether there is a region in which both phases can
form, or perhaps some other phase that we hadn’t thought of. Altogether, we see that as we
have learned about the NaYF-YF5 system, we have found that it is far more complicated
than anyone ever would have imagined, and I am optimistic that the trove of possibilities

within that system will motivate research for many years after I have moved on.

Not to be forgotten, the diamond APT paper in Chapter [5| allowed us to examine diamond
on the near-atomic scale and potentially map out nitrogen color centers as well as residual
hydrogen from the CVD process, which is difficult with other techniques. We also found
that by using reactive ion etching we can drastically reduce the time and beam interaction
required for the final sample mounting before APT, potentially reducing sample damage.
Finally, we found that with laser pulse energies even an order of magnitude higher than what
are typically used in APT, the thermal tailing effect is negligible due to diamond’s excellent
thermal conductivity, suggesting that the key to successful APT measurement of diamond
is to drastically increase the thermal contribution in the field evaporation process. This
suggests that diamond may be particularly well-suited for use as an APT mount due to its
low evaporation field and high thermal conductivity, allowing it to behave as a heat sink for
the tip and produce virtually no background. The remaining questions regarding diamond
APT follow from this. The technique of “extreme APT” uses a laser pulse in the extreme UV
to increase the proportion of the laser pulse that is converted to heat, which will in turn allow
for a much higher proportion of the field evaporation to come from thermal contributions.
This technique is particularly useful for materials that have a high evaporation field and
low thermal tailing, and diamond exceeds in both of those properties. As a result, extreme
APT is liable to vastly improve the quality of APT data that we can collect on diamond.
We also would like to further develop this idea of diamond sample mounts for APT. Sample
mounts that have a lower evaporation field than the sample are liable to produce background,
and mounts that have a lower thermal conductivity than the sample are liable to store heat
and potentially suffer thermal damage, as what likely occurred with some of the sample

mounts we used with diamond, for example as shown in Figure in the introduction.
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Using diamond as a sample mount would virtually eliminate both of these problems. As such,
the further study of these sample mounts is needed, and in doing so we may identify some

further strengths as well as unforeseen challenges that need to be addressed.

One philosophy that has guided me as a scientist is the concept that we study these
systems because they are interesting, not because they are easy to study with any particular
technique. This attitude has surely meant that we have had to work harder to get answers
and that the systems we work with are often messy and difficult to parse. But in my view,
the most interesting questions are often found by unraveling these messy systems and banging
our heads against difficult experiments to figure out how to get them to work. My hope in
writing this dissertation is that it conveys not only the duty we have as scientists to try to
tackle these challenges but also the great insights we can gain from trying to crack them. In
the famous words of John F. Kennedy, “Why climb the highest mountain? ... Why does Rice
play Texas®] ... We choose to go to the moon in this decade and do these other things not

because they are easy, but because they are hard.”=™

*At the time of Kennedy’s 1962 speech, Rice football had a record of 19-29 against Texas. Since then,
they have a record of 2-46-1 as of September 2023. Hook ’em!
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“But I am very poorly today & very stupid & hate everybody & everything. One lives
only to make blunders. I am going to write a little Book for Murray on orchids & today I
hate them worse than everything so farewell & in a sweet frame of mind, I am”

-C. Darwin, Oct. 1861
Letter to C. Lyell°™
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Appendix A
DERIVATION OF ELECTRON WAVELENGTH EQUATION

This is not original research of mine, however in the process of writing this dissertation I
had difficulty finding concise derivations for this formula. While it is probably too much to
put into the main body of the text, I do think it is useful to refer to the derivation in order
to understand where the variables come from. Lacking a satisfactory external reference, I
instead am showing the derivation here:

As shown in Chapter [I.3.1], we can express the classical wavelength of an electron beam

with the following equation:

h
2mkE,

Note that naught subscripts are used to differentiate the classical components from the

A\, = (A.1)

relativistic components (which will have the subscript 7), and the eV in Chapter has
been replaced with a more general E for conciseness.
In order to account for the relativistic momentum contribution, we need to use the

momentum analogue to Einstein’s mass-energy equivalence:

By = (pe)® + (mc?)? (A.2)

We know from Planck’s relation that

he
E=— A3
- (A3)

Therefore, we can plug equation into equation [A.3] which results in
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This can be arranged to

Ar = A.
oo + ) (4:3)

From Einstein’s famous equation, we can then substitute in £ = mc? to result in

A = he (A.6)
(pc)? + (E)?

We can then remove the variable ¢ from the numerator, resulting in

A= (A7)

B2
P+
We can then take the momentum term (the denominator) from equation and substitute

it in for p in the above equation, resulting in

h
A = ——— (A.8)
\/2mE, + %

To put this equation into the more familiar form seen in equation [1.2] we can multiply

the final term of the denominator by g—% to result in

A = h (A.9)

2mEO + QmEg

2mc?

and then distribute the denominator, resulting in the final equation

A = h
\/2mEO(1+ By )

(A.10)

2mc?
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Figure S1: STEM-EDS analysis of mixed-a nucleated B particles (percentages in atomic percent
with respect to total rare earth concentration)

Particle | Spot | Y% | Yb% | Er%
b1 S1 | 933 6.16 | 0.5
S2 | 944 | 488 | 0.8

P> S1 984|132 | 0.3
S2 | 97.1] 273 | 0.2

S1 |98.8| 0.26 1

P3 S2 |98.7| 047 | 0.9
S3 | 906 | 78 | 1.6

S1 | 94.7 | 5.26 0

P4 S2 | 916|532 | 3.1
S3 | 947 | 472 | 0.6

S4 903|815 | 1.6

P5 S1 | 895| 88 | 1.7
S2 |90.1] 816 | 1.7




150

Figure S2: Simulations of SAED patterns of various orientations of potential particles in the
synthesis vessel with similar d spacings compared to experimental data
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Figure S3: Mass Spectrum via Atom Probe Tomography of the B-NaYF. end cap
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Table S4: DLS characterization of NaYF, particles
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Average hydrodynamic radius (nm)

Average Zeta Potential (mV)

a (cubic)

326.9

-71.0

B (hexagonal)

750.8

+18.7

Figure S4: Sample DLS data

Mean (mV) Area (%) StDev (mV)
Size (d.nm}: % intensity: St Dev (d.nm): Zeta Potential (mV): -71.3 Peak1: 713 100.0 6.84
2Z-Average (d.nm): 2550 Peak1:  317.2 974 196.7 Zeta Deviation (mV): 6.84 Peak 22 0.00 0.0 0.00
Pdl: 0.251 Peak2: 4829 26 717.3 Conductivity (mSicm): 0.367 Peak 3: 0.00 0.0 0.00
Intercept: 0.945 Peak3:  0.000 0.0 0.000 Result quality :
Result quality : Good
Size Distribution by Intensity Zeta Potential Distribution
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Z-Average (d.nm}: Peak 1: 7467 96.7 288.3 Zeta Deviation (mV): 4.77 Peak 22 0.00 0.0 0.00
Pdl: Peak 2 5373 28 326.9 Conductivity (mSiem): 0.0210 Peak 3: 0.00 0.0 0.00
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DLS data. Many scans were averaged in Table S4, so numbers vary slightly.
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Figure S5: FTIR of NAYF, particles before and after calcination
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Experimental: Fourier-Transform Infrared (FTIR) spectra were taken on a Bruker VERTEX 70v
FTIR Spectrometer in attenuated total reflectance (ATR) mode. Powdered NaYF, samples were
placed on the diamond ATR crystal and 16 scans were averaged. The spectral resolution of the
instrument is 2 cm™.



153

Figure S6: TEM of faceted a-NaYF;, clusters
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(A) Multiple clusters of a-NaYF4showing clear mesoscale faceting. (B) Tomographic
reconstruction of several a-NaYF, clusters. Scale = 200 nm.
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Figure S7: TEM of a-NaYF4 Mesocrystals

LOC rl

(A) TEM and SAED of an a-NaYF cluster from the three hour synthesis showing orientation
along multiple axes. Also note the single B-NaYF4 nanowire growing inside a cluster of small a-
NaYF,. Circled region is approximate area of SAED. (B) B-NaYF4 nanowire growing from a
clearly faceted a-NaYF4 cluster with SAED. Note crystallographic orientation of both species in
bottom SAED. (C) Two dimensional layer of a-NaYF4 from the same synthesis showing clear
mesoscopic order. Highlighted particles appear to have undergone oriented attachment. (D)
Zoom on mesoscopically ordered a-NaYFa.
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Figure S8: Liquid cell TEM of cubic NaYF4 particles suspended in water aggregating due to the
electron beam.

EXAFS Structural Analysis: Further details

l. Data reduction to k3y(k)

The transmission edge jumps were about 0.025 and 0.05 optical density units.
Fluorescence count rates were 70 kHz and 100 kHz near the edge. The tall white-line peak at
the edge is sensitive to overabsorption, so it was possible to use the transmission data
(assumed free of this effect) as a template with which to apply a simple correction to the
fluorescence data. The resulting EXAFS data was good to about 14A™.

2. Model for P6 crystal structure

We assume that the Ybisin a Y site. To resolve the mixed occupancy of the Y2/Nal
site, we first transformed the structure into a P1 basis using WebATOMS,* doubled the c-axis
lattice parameter, and halved the z position parameter of each atom, thus leaving the Cartesian-
coordinate positions of all the atoms unaffected, but making an empty space in the doubled
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structure. We then filled that space with a copy of the existing atoms, shifted by ¢/2, resulting in
a structure which was identical to the original but described using twice as many atoms in twice
as big a cell. We then removed the Y2 site in the original half and the Nal site in the copied

half. The resulting crystal-structure description, with Yb in the Y1 site is as follows:

## This Pl file was generated by Demeter 0.9.26

## Demeter written by and copyright (c) Bruce Ravel, 2006-2018

#

# File modified to double c and remove Y2 in the lower copy and Nal in
the upper.

#Note that Na2 is half-occupied, so path strengths need to

# be adjusted

space = P 1
a = 5.91480 b = 5.91480 c = 6.99200
alpha = 90.00000 beta = 90.00000 gamma = 120.00000
rmax = 5.24400 core = Y1
polarization = 0 0 O
shift = 0O 0 O
atoms
# el. b y z tag
Yb 0.00000 0.00000 0.00000 Ybl
Na 0.66670 0.33333 0.25000 Nal
Na 0.33333 0.66670 0.34450 Na2
Na 0.33333 0.66670 0.15550 Na2
F 0.64600 0.12560 0.00000 Fl
F 0.87440 0.52040 0.00000 Fl
F 0.47960 0.35400 0.00000 F1
F 0.69700 0.72200 0.250000 F2
F 0.27800 0.97500 0.250000 F2
F 0.02500 0.30300 0.250000 F2
Yb 0.00000 0.00000 0.50000 Ybla
Yb 0.66670 0.33333 0.75000 Yb2a
Na 0.33333 0.66670 0.84450 Na2a
Na 0.33333 0.66670 0.65550 NaZa
F 0.64600 0.12560 0.50000 Fla
F 0.87440 0.52040 0.50000 Fla
F 0.47960 0.35400 0.50000 Fla
F 0.69700 0.72200 0.750000 F2a
F 0.27800 0.97500 0.750000 F2a
F 0.02500 0.30300 0.750000 F2a

This table became the input for WebATOMS to make the feff.inp file. To address the vacancies

on the Naz2 sites, we manually halved all the path amplitudes involving this site.
3. Fitting

We tried fitting with Yb in Y1 and Y2 sites, but found that Y1-only worked best. We
ended up with 8 paths, ranging in distance from the nearest-neighbor fluorines at 2.45 A

(undistorted structure) to a Na2 shell at 4.18 A. The free parameters used were overall Eo,
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overall S2, distance shifts for the two 1NN fluorine shells, the 442 for these shells (equal for the
two), the Aa2for the higher shells, a distance shift relative to the reference structure for the F
and Y atoms, and an independent one for the Nal atom at 3.83 A. We also tried freeing the
occupancy for the Na2 sites, the distance of the Na2 shell at 3.58 A and the Ao?for the Na2 site
at 4.18 A but none of these helped the fit.

4. Results

We find that the EXAFS fits with our substituted P6 model, but with most distances
shorter than in the pure NaisY1sFs model, which makes sense as Yb®* is a smaller ion than Y3*.
The Yb-F distances were 2.25,2.40 A (error bar 0.02 A, reference structure 2.454,2.458 A). The
Nal at a nominal distance of 3.84 A is instead at 3.78+ 0.03 A, and the one at 4.12 A in the
reference structure is found at 4.12+0.03 A. The other distances are 0.05+0.02 A greater than

in the reference structure.

S| References

(2) Ravel, B.; Newville, M. ATHENA, ARTEMIS, HEPHAESTUS: Data Analysis for X-Ray
Absorption Spectroscopy Using IFEFFIT. J. Synchrotron Radiat. 2005, 12 (4), 537-541.
https://doi.org/10.1107/S0909049505012719.
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Appendix C
SUPPORTING INFORMATION FOR CHAPTER 3

Figure S1: Collapse of gel over time

A Before mixing Omin  13min 35min  72min 35hr 26 hr

P —

(A) Initial formation of the gel and its collapse over the course of hours. Apparent color variations are
solely the result of variations in lighting from a nearby window. (B) Cryo-TEM of the product immediately
after formation (scale bar = 50 nm) (C) TEM of the 26-hour product and diffraction (scale bar = 400 nm)
and (D) dark field image showing its single crystalline nature (see Fig. 3A)
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Figure S2: Powder X-ray Diffraction of the gel
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Powder X-ray diffraction measurements of the gel show very broad peaks with spacings consistent with
cubic NaYF or YFs. The sharp peaks correspond to large crystals of a-NaYF that have formed from the

gel, as discussed in Fig. S1.
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Figure S3: Potentials of Mean Force between YFn particles
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Potential of mean force between a YF4 ion and either a YFs molecule or another YF4 ion, respectively, in
vacuum. Both cases show a strong attractive force at about 4.2A, indicating that they would be likely to
aggregate.
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Figure S4: Beam-induced crystallization of the gel
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Standard TEM/SAED experiments on the gel in vacuum induced significant crystallization in the gel, as
shown by the sharper rings in the SAED patterns. There is no significant change to the morphology of the
particles during that time.
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Figure S5: STEM-EDS data
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Figure S6: °Na NMR
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(A) Single-pulse 22Na NMR of the gel and the a-NaYF. Excitation by a hard pulse at 86 kHz or a soft
pulse at 17 kHz produce nearly identical results. (B) Deconvolution of (A) showing two major
resonances centered at -18 ppm and -9.5 ppm, which are assigned to Na sites in the bulk and at
the surface or near defects, respectively. (C) 22Na inverse recovery spectra of the gel and the a-
NaYF after varying Interpulse delay times.



Figure S7: MD simulation of orthorhombic YF3
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Figure S8: MEPs of ions moving through the simulated cubic YF3 lattice
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Figure S9: Selection of crystallization pathway and final product by altering ratio
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Parallel reaction of Y(NOs)s with NaF in varying ratios, showing the multi-step process for the NaYF
crystallization occurring for NaF-excess reactions and redissolution and subsequent nucleation of
orthorhombic YF3 occurring in NaF-deficient reactions. Both processes seem to occur simultaneously in
the YFs-stoichiometric reaction.



Figure S10: Cycling data of NaYF gel as a negative electrode for Li-ion batteries
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(A) Charge/discharge capabilities and coulombic efficiency against cycle number 1-4 corresponding to
C/20 rate, cycle 5-8 corresponding to C/10 rate, cycle 9-12 corresponding to 1C rate. (B) The first four
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cycles of galvanostatic charge/discharge curves of NaYF gel. Red corresponding to discharge (lithiation)

and blue corresponding to charge (delithiation), showing reversible cycling at C/20 rate.



Figure S11: Cycling data of NaYF gel as a negative electrode for Na-ion batteries
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(A) Charge/discharge capacities and coulombic efficiency against cycle number 1-4 corresponding to
C/20 rate, cycle 5-8 corresponding to C/10 rate, cycle 9-12 corresponding to 1C rate. (B) The first four
cycles of galvanostatic charge/discharge curves of NaYF gel. Red corresponding to discharge (sodiation)
and blue corresponding to charge (desodiation), showing reversible cycling at c/20.
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Figure S12: Laser refrigeration of NaYF gel
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Laser refrigeration data for 10% Yb3* doped NaYF gel, showing a decrease in temperature of up to
0.55°C as the 1020 nm laser power is increased to 25 mW.
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S| Methods:
Battery materials

Carbon black (Vulcan® XC72, CABOT), sodium carboxymethyl cellulose (CMC, Mw ~90,000, Sigma
Aldrich), sodium perchlorate (ACS reagent, >98%, Alfa Aesar), propylene carbonate (Anhydrous, 99.7%,
Sigma Aldrich), 4-fluoro-1,3-dioxolan-2-one (FEC, >98% TCI America), 1M solution of lithium
hexafluorophosphate in ethylene carbonate/dimethyl carbonate (EC/DMC, Sigma Aldrich), Lithium ribbon
(99.9%, Sigma-Aldrich), Sodium foil (99.95%, Sigma Aldrich), Celgard Separator (MTI corporation), glass
microfiber separator (GF/F, Whatman),Cu foil (>99.99%, 9 um thickness, MTI corporation), CR2032-type
coin cell parts (MTI corporation)

Electrode Fabrication, Coin Cell Assembly, and Electrochemical Testing

In a typical negative electrode preparation, NaYF4 (~200 mg, 64 wt%), conductive additives carbon black
(~65 mg, 21 wt%), and CMC dissolved in nanopure water with the density of 67 mg/mL (15 wt%) were
thoroughly mixed using mortar and pestle. The slurry was then doctor-bladed (38 pm thickness) onto a
copper foil current collector and dried on a hot plate at 80 °C in air. Electrodes were further dried in a
vacuum oven at 90 °C with <15 mbar pressure overnight. CR2032-type coin cells were assembled in an
argon-filled glove box (O2 < 1 ppm, H20 < 1 ppm) using 15 mm punch out NaYF electrode, elemental
lithium metal as positive electrode, a glass fiber separator, and 1.0 M LiPFe in EC/DMC with 10% w/v
FEC for the lithium-ion battery, and sodium metal and 1.0 M NaClOa4 in an electrolyte solution of 90% w/v
propylene carbonate and 10% w/v FEC for the sodium-ion battery. All electrochemical testing was
performed with a MACCOR Series 4000M 64-Channel Automated battery test system using 0.1 mA
current that corresponds to a current density of 143 mA g1. Gravimetric capacities were calculated based
on the weight of the active material in the electrode which averaged around 1 mg.

Laser refrigeration

Laser refrigeration measurements were performed by attaching the gel sample to an optical fiber
mounted inside an optical cryostat (Janis ST500). The Yb3* cations were excited with a 1020 nm diode
laser (QPhotonics QFBGLD-1020-400) to induce luminescent upconversion, cooling the gel. The
upconverted photoluminescence of the NaYF gel was collected at several different laser irradiances. The
mean fluorescent wavelength for each spectrum was compared against calibrations at known
temperatures to determine cooling efficiency.
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Appendix D
SUPPORTING INFORMATION FOR CHAPTER 4
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Figure S1: Powder x-ray diffraction of the YF3 particles compared to the calculated peaks for orthorhombic YF3
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