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DISSERTATION ABSTRACT
Adam Wayne Jansons
Doctor of Philosophy
Department of Chemistry and Biochemistry
December 2017
Title: Living Nanocrystals: Synthesis of Precisely Define Metal Oxide Nanocrystals
Through a Continuous Growth Process

Colloidal nanocrystals offer new and improved performance in applications as
well as less environmental impact when compared to traditional device fabrication
methods. The important properties that enable improved applications are a direct result
of nanocrystal structure. While there have been many great advances in the production of
colloidal nanocrystals over the past three decades, precise, atomic-level control of the
size, composition, and structure of the inorganic core remains challenging. Rather than
dictate these material aspects through traditional synthetic routes, this dissertation details
the development and exploitation of a colloidal nanocrystal synthetic method inspired by
polymerization reactions. Living polymerization reactions offer precise control of
polymer size and structure and have tremendously advanced polymer science, allowing
the intuitive production of polymers and block co-polymers of well-defined molecular
weights. Similarly, living nanocrystal synthetic methods allow an enhanced level of
structural control, granting the synthesis of binary, doped, and core/shell nanocrystals of
well-defined size, composition, and structure. This improved control in turn grants
enhanced nanocrystal property performance and deepens our understanding of

structure/property relationships.



This dissertation defines living nanocrystal growth and demonstrates the potential
of the living methods in the colloidal production of oxide nanocrystals. After a brief
introduction, living growth is defined and discussed in the context of synthetic
prerequisites, attributes, and outcomes. Living growth is also compared to more
traditional colloidal nanocrystal synthetic methods. The following chapters then
demonstrate the precise control living approaches offer in three separate studies; the first
highlights sub-nanometer control of nanocrystal size from 2-22+ nm in diameter. Next
the improvement in nanocrystal composition is illustrated using several transition metal
dopants into an oxide nanocrystal matrix at near thermodynamically allowed
compositions. Additionally, precise radial dopant placement is demonstrated, which has
striking implications for material properties. The radial position of tin in tin-doped
indium oxide nanocrystals and the resulting differences on the localized surface plasmon
resonance are discussed. Finally, future opportunities are reviewed.

This dissertation includes previously published and unpublished co-authored

material.
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CHAPTER I

INTRODUCTION

Portions of this chapter were reprinted with permission from Jansons, A. W.; Plummer,
L. K.; Hutchison, J. E. Living Nanocrystals. Chem. Mater. 2017, 29 (13), 5415-5425.

Copyright 2017 American Chemical Society.

Dissertation Introduction

Nanoparticles and nanocrystals hold promise as breakthrough materials for many
exciting new applications because of their unique size-dependent properties. During the
last several decades, new applications have been reported across nearly every technological
sector, including human health,! electronics,?? optics,*® energy storage and production,®
chemical catalysis,” and sensing.® New synthetic methods have been developed to gain
access to nanomaterials needed for these applications, facilitating broader adoption.®*’
Each new generation of applications demands higher performance nanomaterials, requiring
more precise control over the structural features that dictate properties and performance —
core size, composition, and surface chemistry. In many cases the pioneering synthetic
methods used to discover new materials and applications don’t offer the required level of
precision. Thus, new applications drive the need for synthetic approaches that offer greater
control of the atomic-scale structure and composition of the nanoparticle building blocks.

Some of the most transformative approaches to material synthesis are those that permit

atomic level control over composition and structure. For example, vapor-phase synthetic



methods, e.g., atomic layer deposition and molecular beam epitaxy, achieve such resolution
in the case of inorganic thin films.'®1° Advances in vapor phase synthetic methods have
afforded access to Kinetically-stable compounds, in addition to traditional
thermodynamically stable products, and greatly increased the number of structures and
properties that can be obtained with a specific stoichiometry.?%2! Such synthetic methods
offer an invaluable approach to control the properties of solid-state materials for
demanding applications. The same level of control in liquid phase colloids has been much
slower to develop. Perhaps the two best liquid-phase examples from materials chemistry
are biomineralization mechanisms?? and polymerization reactions.?

There have been many advances in nanocrystal and nanoparticle synthesis during the last
decade; however, most of the commonly employed synthetic methods offer far less
structural control than the well-honed reactions employed for small molecule or polymer
synthesis. Developing methods to synthesize nanomaterials with uniform core sizes and
specific composition with intentionality and reproducibility will enable research on the
interplay of size, composition, and structure, as well as facilitate the translation to
commercial application. The challenge in gaining such control with colloidal nanocrystal
syntheses is understandable and expected — a nanocrystal synthesis must manage the
complexities of nucleation and growth in solution,?* and is further burdened by size- and
structure-dependent surface energies. One approach to addressing these challenges is to
take inspiration from macromolecular strategies where precise synthetic methods have
provided dramatically improved structural control.

The Hutchison group recently discovered a new synthetic method to produce metal oxide

nanocrystals that is analogous to, and inspired by, living polymerization methods. It allows



unprecedented control over nanocrystal composition and structure. This dissertation
discusses the concept of living nanocrystal growth and highlights how living approaches
lead to enhanced control of core size, doped composition, and core/shell structure.
Dissertation Overview

Chapter I, and the first three paragraphs of this chapter, are from a Perspective recently
published in Chemistry of Materials (Jansons, A. W.; Plummer, L. K.; Hutchison, J. E.
Living Nanocrystals. Chem. Mater. 2017, 29 (13), 5415-5425). Chapter Il defines living
growth for nanocrystals, compares living nanocrystal growth to living polymerization
reactions, and outlines specific chemical prerequisites and synthetic attributes and
outcomes for living growth. Additionally, living approaches are compared to other
nanocrystal syntheses recently published in the literature, with an emphasis comparing
living growth to more traditional seeded growth methods. Implications for the living
synthesis of core/shell nanocrystals are discussed, and the chapter wraps up by highlighting
future challenges critical to advancing our understanding of nanocrystal formation and
monomer addition in these synthetic methods. The paper was conceptualized and written
by myself, Kenyon Plummer, and Jim Hutchison. Figures were made by Kenyon Plummer
and myself. The data briefly discussed in the chapter are expanded upon in subsequent
chapters.

Chapter 111 demonstrates the unprecedented control over the inorganic core size possible
with metal oxide nanocrystals using living growth approaches (previously published as
Jansons, A. W.; Hutchison, J. E. Continuous Growth of Metal Oxide Nanocrystals:
Enhanced Control of Nanocrystal Size and Radial Dopant Distribution. ACS Nano 2016,

10 (7), 6942-6951). Using the slow addition of metal carboxylates into oleyl alcohol and



employing In203 nanocrystals as a model system, we utilized small-angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM) to study the oxide nanocrystal core
size, size dispersity, and concentration as a function of metal precursor addition. We found
that growth of the nanocrystals proceeds with little coalescence or ripening, and show that
core size can be controlled with sub-nanometer precision over a range of 2-30+ nm. The
nanocrystal core volume (and thus core molecular weight) increases linearly as a function
of metal precursor addition. Growth can be stopped and started without passivation. These
findings suggested strong parallels with living growth, because several synthetic attributes
are consistent with living polymerization. | performed the experiments, and the article was
conceived and written by Jim Hutchison and me.

Living growth approaches are not only advantageous for nanocrystal size control, but
also precise control of composition. Chapter IV highlights the impressive control over
doped oxide nanocrystal composition that is possible when slow, living growth approaches
are utilized. We show that, for incorporation of a wide variety of first row transition metal
dopants into an oxide matrix, dopant concentration can be precisely controlled through the
slow addition of a mixed metal precursor. Final dopant concentrations in the nanocrystal
match that of the mixed precursor, most metal dopants incorporate with > 90% efficacy,
and the dopants are evenly distributed throughout the nanocrystal. Producing doped
nanocrystals with precise composition and size without significant investment into
synthetic optimization, as is possible with living growth, greatly aids in our ability to utilize
the important properties of nanocrystals, and better understand their unique properties. The
chapter is reprinted from a recently published article in Chemistry of Materials (Jansons,

A. W.; Koskela, K. M.; Crockett, B. M.; Hutchison, J. E. Transition Metal-Doped Metal



Oxide Nanocrystals: Efficient Substitutional Doping Through a Continuous Growth
Process. Chem. Mater. 2017, 29 (19), 8167-8176.). Experiments were performed by
Kristopher Koskela, Brandon Crockett, and me. All four co-authors wrote the paper.
Important properties of nanocrystals not only depend on composition, but also on
structure. Chapter V demonstrates the striking influence that the radial placement of
dopants in doped oxide nanocrystals has on optical properties, namely the localized surface
plasmon resonance (LSPR). LSPRs arise in heterovalently doped oxide nanocrystals due
to the free electrons donated by the dopant atom. Living growth synthetic methods allow
the intuitive production of doped structure (as discussed in chapter 1V) as well as core/shell
structure. Through the appropriate choice and addition order of metal precursors, we show
that the radial position of tin dopants in indium oxide nanocrystals has the potential to
precisely sculpt optoelectronic properties, beyond that of traditional colloidal methods.
Radial tin distribution has a profound influence on LSPR activation (the number of
electrons donated per tin dopant atom) as well as LSPR damping (proportional to LSPR
linewidth). The article was previously published in ACS Nano (Crockett, B. M.; Jansons,
A. W.; Koskela, K. M.; Johnson, D. W.; Hutchison, J. E. Radial Dopant Placement for
Tuning Plasmonic Properties in Metal Oxide Nanocrystals. ACS Nano 2017, 11 (8), 7719-
7728). Experiments were performed by Brandon Crockett, Kristopher Koskela, and me.
The paper was written by Brandon Crockett, Jim Hutchison, Darren Johnson, and me.
Finally, chapter VI offers some concluding remarks regarding living nanocrystal growth,
with an eye toward future opportunities. Portions of this chapter are reprinted from

Jansons, A. W.; Plummer, L. K.; Hutchison, J. E. Living Nanocrystals. Chem. Mater. 2017,



29 (13), 5415-5425. Copyright 2017. As already stated above, all three authors
conceptualized and wrote the article.

The work presented in this dissertation is a small sampling of the core size, composition,
and structural control possible via living growth approaches. While there is much to learn
mechanistically that will aid in understanding the chemistry involved, many new
nanocrystal structures and compositions can already be synthesized and await further

study.



CHAPTER II

LIVING NANOCRYSTALS

This chapter was previoulsy published as Jansons, A. W.; Plummer, L. K.; Hutchison, J.
E. Living Nanocrystals. Chem. Mater. 2017, 29 (13), 5415-5425. Copyright 2017

American Chemical Society.

Living Synthetic Approaches to Macromolecules, including Nanocrystals

The discovery and development of living polymerization made it possible to control
polymer structure and molecular weight and to understand how each of these influences
physical properties, including viscosity, glass transition temperature, and osmotic pressure
of polymer solutions.}? Understanding these properties led to, among other things, the
development of thermoplastics, non-leaking battery solvents, and an understanding of
important biological phenomena.? Living growth approaches forever changed polymer
science.??

In living polymerizations, the same number of polymer chains remain present during
propagation (growth) steps, chains propagate at the same rate, and chains do not self-
terminate (stay living), which allows for the simple production of advanced structures
through the addition of a chemically different reactive monomer.* Irreversible chain
addition reactions, which prevent monomers from detaching from existing chains and

reactive sites that prevent random chain termination are also key features of living



polymerization.? An important hallmark of a living process is a linear correlation between
the molecular weight of a polymer and the extent of monomer conversion—a phenomenon
that allows predictable control of molecular weight with very fine resolution (Figure 2.1).
Furthermore, monomer consumption is often near 100%, which contributes to the high

level of predictability and control.
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Figure 2.1. (a) The reaction cycle shows the general steps of a living process either for
polymerization (orange lettering) or nanocrystal growth (green lettering). Starting
materials initiate (or nucleate) to form species with a reactive site. Addition of monomer
to this reactive site results in the generation of another reactive site (referred to as
propagation or growth). In a living system, growth is indefinite, and proceeds without
termination or passivation. (b) Examples of a nanocrystal (green) or polymer (orange) that
would result from the general scheme in a. (¢) A growth curve for a polymer or nanocrystal.
Living growth is characterized by a linear correlation between monomer consumption and
polymer molecular weight (for polymers), or a linear correlation between monomer
consumption and nanocrystal volume (for nanocrystals).
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Analogies between polymers and nanocrystals have been described.> Indeed, synthetic
polymers and nanoparticles share many characteristics: not only do the properties of both
materials depend on their size (or molecular weight) and composition, they are also
characterized and described in much the same way:. by type, average size, and
polydispersity. The terminology of polymer chemistry and nanoparticle chemistry has
many parallels (Table 2.1). A living approach to nanocrystal synthesis might possess
attributes similar to living polymerization: it could produce product with low size
dispersions, support further growth with additional monomer (i.e. not be limited in size),
and result in high yields (i.e., precursor/monomer should be nearly completely consumed).
Growth could be controlled precisely (e.g., layer-by-layer) in an intuitive manner involving
living growth on the surface rather than undesirable processes, such as new nucleation,
ripening, or coalescence, that (often) lead to a loss of synthetic control. Such living growth
processes would offer a deliberate approach to assembling complex nanoscale structures.

Despite the analogies between polymers and nanocrystals, an important difference
is the organic/inorganic interface. In the inorganic systems, surface chemistry will play an
important role in any living growth process.  Most nanocrystals are stabilized by
surfactants (or ligands) during the growth process. If the ligands are too weakly bound,
the nanocrystal will be prone to coalescence, whereas ligands bound too strongly will
impede growth. Having proper surface reactivity, with labile surfactants and maintenance
of reactive (living) sites for monomer addition, allows propagation of growth on the

particle surface. Alternatively, a surface that is too stable, with strongly bound surfactants



and/or the absence of reactive sites will not be conducive to epitaxial growth. As a result,
any growth ensues via heterogeneous nucleation consequently forming polycrystalline
nanoparticles, or monomer will accumulate in solution, ultimately leading to new

nucleation events and a dispersion of sizes.

Table 2.1. Analogous concepts and terminology between polymers and nanoparticles.

Polymer synthesis Nanoparticle synthesis
Chain Particle
Initiation Nucleation
Analogous Propagation Growth
Terminology Chain termination Particle passivation
Block copolymer Core/shell particle
Random copolymer Doped particle
Similar Size
Terminology Dispersity

Given the transformative nature of living polymerization methods, and the striking
similarities between nanocrystals and polymers, obvious questions arise: do nanocrystal
synthetic methods exist today that share the important attributes of living polymerization?
How can one identify existing synthetic methods as living, or develop living synthetic
methods for nanocrystals? If living approaches exist, to what degree can they be leveraged
for improved composition and structural control? Below we analyze common methods of
nanocrystal synthesis with a lens towards identifying living processes, and defining their
synthetic prerequisites, behaviors, and outcomes.

The Hunt for Living Growth Methods
Currently many liquid-phase synthetic methods exist for the production of nanocrystals,

including (but not limited to) aqueous reduction, aqueous sol-gel, non-aqueous sol-gel,
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hydrothermal/solvothermal, thermal decomposition, and hot-injection.®'? Of those
commonly employed for the production of monodisperse oxide nanocrystals, methods that
take place in high-boiling organic solvents, including heat-up and hot-injection methods,
are utilized the most.®* Under these conditions, the key requirements for the production of
uniform nanoparticles are thought to be the separation between nucleation and growth
phases as outlined by LaMer'* and the management of aggregation or Ostwald ripening (or
“defocusing” events).%®

At first glance, seeded growth methods mirror living growth processes.>16-22
Seeded growth techniques are applicable for a wide variety of semiconducting and metallic
structures and have been successfully utilized to tune nanocrystal size for decades,
sometimes with fine resolution.'® In these methods, growth might take place through either
heterogeneous nucleation on the particle surface or through discrete monomer addition to
surface reactive sites, but the details are typically unknown. If a seeded growth synthesis
is “living”, one would expect the addition of more monomer to result in a predictable
increase in core size (i.e., proceed with no aggregation, ripening, or new nucleation). In
the majority of seeded growth literature, the number of particles present during the growth
stage(s) or the expected size increase with precursor addition is not reported (with few
exceptions'’?). Living syntheses should produce single crystal, homoepitaxial
nanocrystals, which suggests monomer adds to a reactive surface instead of heterogeneous
nucleation on the particle surface. Itis often unclear in the seeded growth literature whether
particles are single crystals. A recent study on the magnetic properties of iron oxide found
that nanocrystals obtained from seeded growth methods produced strained regions in the

nanocrystal, leading to anomalous magnetic properties.* Finally, in living growth,
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monomer addition onto a crystal is an irreversible reaction, thus the rate of dissolution of
monomer from the crystal surface should be negligible. As a result, no change in particle
size or dispersion is expected upon annealing. Table 2.2 outlines the prerequisites,
synthetic attributes, and outcomes of living nanocrystal syntheses.

Slow addition of reagent to preformed seeds can result in monodisperse
nanocrystals of metals, oxides, and semiconductors.?>?-2¢ Some of these may be living
growth processes, although it is difficult to know because predictions about expected
nanocrystal sizes are not typically given, and size sorting processes (like size selective
precipitation) are frequently utilized. The need for size selection implies that new
nucleation has occurred during the growth process.

The Huber group found that size of iron oxide nanoparticles could be controlled
predictably with sub-nanometer precision through the slow addition (3 mL/hr) of iron
carboxylate into hot docosane and oleic acid.?® Using small-angle X-ray scattering analysis
(SAXS), following a period of rapid growth of particle to about 10 nm, they showed a
linear correlation between nanocrystal volume and precursor addition (expected for living
processes, Figure 2.1), and were able to grow nanocrystals to “arbitrarily large sizes.” The
reaction presumably proceeds through a type of thermal decomposition mechanism given
that the reaction temperature (350°C) is well above the thermal decomposition point of the
iron oleate precursor (onset ~200-240°C).2° The study is a tremendous advance in the
synthesis and size control of iron oxide nanocrystals. However, there is still much to learn
about this growth process: Is new monomer being incorporated by surface reaction(s), or
is heterogeneous nucleation the cause for the observed growth behavior? Further, is there

particle ripening upon annealing?
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Table 2.2. Connection between prerequisites, synthetic attributes, and outcomes for living

growth nanocrystal synthesis.

Prerequisites Synthetic attributes Outcomes
e Maintenance of e Predictable, linear growth of | ¢ Highly tunable size
reactive surface core molecular weight with narrow dispersity
(no surface (volume) with monomer e High level of control
passivation) consumed over structure &
e Constant number | e Addition of more monomer composition
of growing species results in further growth e Single crystal particles
e Non-reversible e No ripening upon annealing
monomer addition | ¢ High yield

Our group recently discovered a synthetic route that embodies the attributes of a
living growth process outlined in Table 2.2. Slow addition of metal carboxylates into oleyl
alcohol at temperatures below the thermal decomposition point of the precursor affords a
large variety of metal oxide nanocrystals (including In20s3, y-Fe2Os, Mnz04, CoO, and
Zn0).2® The reaction proceeds via the esterification of metal oleates to produce metal
hydroxides, which then condense onto the particle surface (Figure 2.2). We were initially
surprised by several aspects of this synthesis. It seemed particularly unusual that the slow
addition of reagents produced single crystalline, monodisperse nanocrystals in very high
yield (often >90%). One would normally expect the addition of more metal precursor to
result in the new nucleation of nanocrystals, which would significantly increase the size
distribution. Because the method produces monodisperse nanocrystals, we sought to
understand the growth mechanism.

Using In2O3 as a model system, and a combination of transmission electron
microscopy (TEM) and SAXS, we investigated how nanocrystal size, size dispersion, and
shape evolved as a function of metal precursor addition. With SAXS, we could also

investigate the number of nanocrystals present in solution. We found that nanocrystal
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volume grows linearly with the amount of precursor added (Figure 2.2) and the number of
nanocrystals present during this time is constant. These findings suggest that growth
proceeds through a living process.3* Even more extraordinary, the nanocrystals can be left
in reaction solution at elevated temperatures for hours without a change in the average size
or size dispersion and are susceptible to further predictable growth upon addition of
monomer after this “annealing” period. Since the publication of this finding we have
reliably made nanocrystals from three to more than 30 nm in diameter in gram quantities
and have yet to find a maximum size that can be produced. We believe this growth
mechanism is sustained by hydroxyls continually present on the nanocrystal surface and
reactive hydroxyls produced via the esterification of metal oleates with oleyl alcohol

(Figure 2.2).
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Figure 2.2. (a) Schematic representation of our living growth synthesis of metal oxide
nanocrystals. Slow addition of metal oleate promotes metal hydroxide formation leading
to initiation of nanocrystal growth. Nanocrystals continue to grow during propagation as
additional monomer is added. Metal hydroxyls on the nanocrystal surface support a
living growth mechanism. (b) SAXS data taken during the synthesis of In2O3
nanocrystals. We found a linear correlation (R? = 0.998) between the nanocrystal core
volume (e.g. core molecular mass) and the amount of metal precursor added to the
reaction flask. Analogous to a living polymerization reactions, this synthetic method
allows access to particle sizes with sub-nanometer precision, as well as the logical
preparation of more complex structures and compositions, including doped and core/shell
nanocrystals. Adapted with permission from reference 31. Copyright 2016 American
Chemical Society.

Our findings from these initial studies pointed towards a growth mechanism for

metal oxide nanocrystals that we believe has unmatched potential. Drawing analogies to
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polymer chemistry (Table 2.1), we ventured to apply these ideas to living nanocrystal
growth and harness the attributes of living growth to produce structures and compositions
previously impossible to synthesize. In the following sections, we describe three tests of
the potential of our living growth system, highlighting the advantages and significance of
this new approach.
Leveraging Living Methods to Achieve Advanced Structural Control
Increasing Doping Efficacy

Doping, or the intentional introduction of extrinsic defects, is a common way to
impart new electronic, optical, or magnetic properties within inorganic materials and is
critical for the development of high-performance applications of these materials. Doping
bulk materials, via diffusion or ion implantation, is now commonplace and essential to the
electronics industry. Doping methods for colloidal nanocrystals, however, are much less
developed. Excellent recent reviews on the subject can be found in the literature.32-* Not
surprisingly, because of the high energy required to substitute dopant atoms within the host
framework of a nanocrystal, dopants are often excluded to the surface, form new clusters
or secondary phases, or are not incorporated into the crystal at all.*> Because of the
inherently small number of atoms in a nanocrystal, small changes in the number of dopant
atoms can result in the drastic alteration of properties. As a result, it is imperative that the
concentrations of dopants be predictably controlled within a material. Living growth
methods for nanocrystal synthesis should enhance the extent of structural control one can
gain over nanocrystal composition and structure, particularly dopant distribution.

A key prerequisite to effective doping in nanocrystal synthesis is matching host and

dopant precursor reaction rates in order to successfully incorporate and substitute dopant
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atoms into a host lattice.>> Reliable incorporation of dopant atoms can be extremely
challenging using traditional approaches. In thermal decomposition reactions for instance,
precursor reactivity must be considered and estimated in order to achieve even modest
doping efficiencies. As an extreme example, the synthesis of Mn-doped ZnS nanorods at
1.6 atomic % required a 20 molar % Mn precursor solution (an incorporation efficacy of
only 8%).%¢ While such low efficacy could be improved greatly by altering the choice of
the reagents, finding the appropriate precursor given the synthetic conditions can be a
challenge. An improvement in dopant incorporation efficiency seems to have emerged
thanks to the recent utilization of so called “nonaqueous sol-gel” routes to produce doped
nanocrystals.}23"-41 These mechanisms rely on defined molecular transformations, rather
than thermal decomposition, to arrive at the final doped product. In general, utilization of
predictable chemistries to produce metal-oxygen bond formation, facilitated by ester,
amide, or ether formation, can simplify the choices of appropriate metal precursors, and
allow for higher doping efficiency. However, just as in thermal decomposition reactions,
if both dopant and host precursor do not catalyze bond formation at the same rate, then the
desired doped product may not be formed.3”4

We hypothesized that utilization of our slow injection, living growth method*
would allow for more effective dopant incorporation as differences in metal-catalyzed
esterification rate would be overcome by the slow nature of precursor addition.
Additionally, rather than carefully selecting metal precursors based on perceived reactivity,
we chose to use metal oleates in desired molar ratios. We doped In2O3z with Mn, Fe, Co,
Cu, and Zn ions, each with nominal concentrations of 5, 10, and 20 molar % dopant (Figure

2.3).%? The dopant incorporation in Cu: In,O3 nanocrystals matched that of the precursor
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with ~70% efficacy, while the incorporation in Mn, Fe, Co, and Zn: In2O3 nanocrystals
doped with an impressive >90% efficacy, as measured my inductively coupled plasma
optical emission spectroscopy (ICP-OES). Powder X-ray diffraction (XRD) confirm that
the nanocrystals are bcc-In2O3 (Figure 2.3), and by using Reitveld analysis can confirm
the decrease in lattice constant with increasing dopant concentration, as expected when
smaller dopant cations replace larger In®* cations. The nanocrystals are formed with small
size dispersions, and the mean size of the nanocrystal can be altered with same level of
precision as undoped nanocrystals (Figure 2.2).3'  We find agreement in dopant
concentration of the entire sample (using ICP-OES) to the nanocrystal surface dopant
concentration (using X-ray photoelectron spectroscopy, XPS). This indicates that the
dopants are not surface segregated but distributed homogeneously throughout the sample.
While host and dopant cation size will invariably play a role into incorporation efficiencies,
we demonstrate that higher incorporation is possible if synthetic methods operate with
living attributes. We anticipate this discovery will pave the way for further studies utilizing
doped nanocrystals, including the controlled introduction of multiple dopants into single
nanocrystals. Co-doped systems have the potential to simultaneously control multiple
properties, and/or act synergistically with one another to enhance a single property.*-%°
Controlling the radial placement of dopants or the introduction of dopants into core or shell
of a core/shell heterostructure, as we discuss below, allow an even greater level of structural

control.
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Figure 2.3. (a) A picture of doped oxide nanocrystals that have been purified and
suspended in hexanes. The vials, from the left to right, correspond to undoped In2Og3,
Mn: In203, Co: In203, Fe: In203, Cu: In203, and Zn: In2.03 all doped at 10 atomic %.
(b) Corresponding TEM images of samples from each solution, directly beneath the vials
in (a). Scale bars are 20 nm. (c) Powder X-ray diffractograms from each of the samples.
All diffraction patterns match the bcc-In2O3 crystal structure.
Intentionally Modifying the Radial Position of Dopant Atoms Within Nanocrystals
Unique properties can be harnessed in materials when synthetic methods can alter
structure on the atomic scale. An excellent example of this is the drastic difference in
properties that arise between doped nanocrystals that have the same composition but
different radial placement of dopants within the nanocrystal. One might logically expect
this is due to the different chemical environments of surface vs. buried inner atoms.

Sometimes these properties can provide useful insight. For instance, different electronic

absorption features between tetrahedral surface-bound dopants and tetrahedral

19



substitutional dopants aided in understanding the growth mechanism of doped ZnO.%
Controlling the specific placement of dopants with intention however, has been difficult,
and prevailing colloidal nanocrystal synthetic methods provide very little opportunity to
produce structures with deliberate dopant placement. Nanocrystals produced in a living
manner on the other hand, with layer-by-layer control over composition, would allow the
precise placement of dopant atoms within a nanocrystal, thereby granting the synthetic
chemist an enhanced level of mastery over important properties.

One important property that arises in many doped oxide nanocrystals is the near-IR
or IR localized surface plasmon resonance absorption (LSPR). LSPRs arise in many
heterovalent doped-oxide nanocrystal because extrinsic defects contribute free electrons
into the conduction band of the material and oscillate at a particular frequency. These
materials have become an area of active research interest because of their potential in
chemical sensing, biology, electronics, and energy production.*’->® Key metrics of LSPRs
are quality factor (LSPRmax energy divided by the linewidth of the LSPR) and dopant
activation (the number of free electrons in the nanocrystal divided by the number of dopant
atoms).

It has been found empirically that different synthetic methods for doped oxide
nanocrystals lead to differences in the radial position of dopants. Different reactivities of
the metal precursors and ligand types presumably influence the extent and timing of dopant
incorporation. In a striking example that demonstrates the large influence the radial
placement of dopant atoms has on material properties, the Milliron group investigated two
different synthetic methods for Sn-doped indium oxide (ITO) nanocrystals.>* They found

that one method produces homogeneously-doped ITO and the other produces surface-
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doped ITO. They attributed the large difference in the LSPR response to the radial
distribution of dopants. While the synthetic methods utilized for that study produced doped
nanocrystals with varying radial distribution of dopants, such distributions were not the
intended outcome of the original synthetic methods.>>*® Furthermore, these synthetic
methods do not allow for independent control of dopant concentration, the radial
distribution of dopants, and nanocrystal size.

We recently demonstrated that utilizing our slow injection approach,*3! one can
intentionally tune the optical properties of ITO nanocrystals through precise control over
the radial distribution of dopants.>” We synthesized ITO/In,O3 core/shell (core-localized
dopant), In2O3/ITO core/shell (surface-localized dopant), and homogeneously-doped ITO
nanocrystals and investigated the differences in LSPR response (Figure 2.4). Using a
combination of elemental analysis by both ICP-OES (that yields composition information
about the entire nanocrystal sample) and surface analysis by XPS, we confirmed the radial
locations of the dopants in each of the three cases. Because the synthetic method operates
with living attributes, production of the nanocrystals was a simple, one-pot reaction that
did not require purification in between precursor addition(s) (Figure 2.4).

We followed LSPR response as a function of doped or undoped shell thickness, and
showed that core-localized doped nanocrystals have significantly higher dopant activations
and quality factors. We confirmed that these large differences between the nanocrystals
are due to the presence of defect-free zones in either the core or shell of a nanocrystal, in
addition to inactive dopants on the surface of the nanocrystal. Because small, sub-

nanometer shells can be grown onto the core nanocrystal using our approach, we showed
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that it was possible to activate surface dopants through the addition of a small, sub-
nanometer undoped shell to a doped surface.

Using a living approach allows significantly enhanced control over LSPRmax and
quality factor and allows one to rationally sculpt optical properties for specific application.
Undoubtedly, the importance of enhanced command over the radial placement of dopant
atoms will extend beyond that of ITO. We expect that radial dopant placement will become
standard consideration for understanding the many properties of doped nanocrystal
systems, and anticipate the development of further living syntheses that offer opportunity

to control catalytic, magnetic, electronic, and other important physical properties.
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Figure 2.4. Using a living approach, the radial position of dopants can be controlled
intuitively through the addition of doped or undoped precursor, represented by the top
reaction schemes. No purification of the nanocrystals is necessary between precursor
additions and particles can be synthesized in one pot. We synthesized ITO nanocrystals
with varying radial placement of dopants that were between 10.2-12.8 nm in diameter,
containing the same concentration of Sn (within 0.5 atomic %). Below the top scheme
are TEM images corresponding to (from left to right) core-localized, homogeneously
distributed, and surface-localized dopants. Scale bars are 20 nm. As shown in the
bottom plot, core-localized ITO nanocrystals (black trace), ITO with homogeneously
distributed dopants (red trace), and surface-localized 1TO nanocrystals (blue trace) have
drastically different LSPR line shape and maxima. Core-localized dopants have higher
quality factors and activations.
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Implications of Living Synthetic Methods for Core/shell Nanocrystal Growth

Core/shell nanoparticles are hybrid nanostructures in which an inorganic core of
one material is surrounded by a different material.>® Core/shell particles are generally of
interest to impart advantageous properties of the multiple materials they comprise or
improve the existing properties of one or both components. For example, this approach
has been invaluable to quantum dot research in which quantum yields and
photoluminescent stability of semiconductor nanoparticles are greatly improved by
passivating its surface trap states with a different semiconducting material.>*-%* However,
current colloidal syntheses for creating the core/shell structure are hampered by several
limitations. These limitations include undesirable homogeneous nucleation of shell
material, incomplete surface coverage on the core, and non-epitaxial or amorphous
growth.%

Widely used and robust synthetic schemes have been discovered and applied to
core-shell synthesis. Two of the most common are the Stéber method used to synthesize
silica shells,® and adaptations of the successive ion layer adsorption reaction (SILAR)
method used to produce quantum dots.%2-%* In the SILAR method, layers of cations and
anions are added sequentially to build one atomic layer at a time, typically with
purification steps between each. Additionally, careful calculations to determine the
amount of anion or cation precursor (often less than one monolayer per addition) are
necessary in order to avoid new nucleation events.®%* As a result, growing shells is
tedious. In the St6ber method, a tetra-alkoxy silane precursor is hydrolyzed then
condensed onto existing particles. The method has been adapted for the synthesis of

other oxide shell materials, including TiO2, ZrO, and SnO2.%® In general, the shells are
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amorphous and often do not fully passivate the core. Though there are some examples of
core/shell syntheses comprising different metal oxides,®>®’ there isn’t a general, tunable
synthetic strategy to do so.

We anticipate that living growth methods will immensely aid in the successful
synthesis of a variety of core/shell particles and produce structures with advantageous
magnetic, electronic, catalytic, and optical properties. This is a result of the living nature
of the synthesis method. Because the core surface remains reactive through the formation
of active functional groups and there is high yield in precursor consumption, sequential
additions of different metal precursor will suffice in creating an abrupt change from core
to shell material. Such a procedure is intuitive and simple, eliminating the need for
rigorous purification and quantification of shell precursor. The nature of regenerating a
reactive surface holds several advantages to shell growth. Precursors of different metal
salts will favor condensation onto these sites rather than new homogeneous nucleation.
Condensation of metal precursor will tend towards epitaxial growth because growth onto
cores is not a heterogeneous nucleation event. Furthermore, because we anticipate the
growth will not be promoted by heterogeneous nucleation, growth should occur over the
entire particle surface rather than creating islets or dimer-like species.

Indeed, our group has published preliminary results of successful core/shell
growth. The synthesis of y-Fe.O3/MnO and ZnO/B-Ga203 core/shell particles with the
slow injection synthesis displayed epitaxial and uniform growth of shell material around

core.30

We expect that growing sequential shell materials on one another utilizing a
living method will be possible, and will maintain the same level of composition control

as described above. Given the amount of precursor added and the size of a particle, it
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follows that one can calculate the required amount of precursor material to yield a shell
of desired thickness.
Bridge to Chapter 111

Now that living nanocrystal synthetic methods have been defined and the fine
structural control possible with such approaches has been briefly discussed, the following
chapters expand upon data presented in Figures 2.2-2.4. Chapter |11 serves as the first
report on living nanocrystal growth, demonstrating precise and predictable size and
composition control of oxide nanocrystals. The synthetic method illustrates all of the
analogous characteristics observed in living polymerization reactions. Since the
publication of chapter I11, we have made oxide nanocrystals as large as 30 nm, expanding

the maximum size demonstrated in the following chapter.
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CHAPTER IlI

CONTINUOUS GROWTH OF METAL OXIDE NANOCRYSTALS: ENHANCED

CONTROL OF NANOCRYSTAL SIZE AND RADIAL DOPANT DISTRIBUTION

This chapter was previously published as Jansons, A. W.; Hutchison, J. E. Continuous
Growth of Metal Oxide Nanocrystals: Enhanced Control of Nanocrystal Size and Radial
Dopant Distribution. ACS Nano 2016, 10 (7), 6942-6951. Copyright 2016 American

Chemical Society.

Introduction
A wide range of nanocrystal syntheses have been developed in recent years that provide
size control of uniform populations of nanoparticles.?> For semiconducting nanocrystals,
the traditional heat-up and hot-injection methods often achieve this by modifying the
kinetics and thermodynamics of nucleation, principally through the level of
supersaturation, reaction temperature, choice of stabilizing ligands, and alteration of
precursor conversion kinetics.> The mechanisms involved are based on classic LaMer
theory,® and more quantitative models.®'® Even with these advancements in our
understanding of nanocrystal formation, selecting appropriate synthetic conditions for a
desired nanocrystal structure remains challenging.
In addition to modifying the rate of nucleation, “multiple injection” or “seeded
growth” strategies have been used to synthesize nanocrystals with varying degrees of size

control. Seeded growth strategies, whereby preformed nanoparticles are mixed with metal
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precursors and surfactants in optimized ratios, has shown success in both metal and oxide
nanocrystal syntheses.'~16 Secondary rapid-injection of precursors and surfactants into the
original reaction solution can also be used to grow both semiconducting nanocrystals and
nanowires,!’~1° however the above methods are often limited in their size control and size
resolution control. Because the detailed mechanisms of growth in many of the previous
approaches involve complex processes, such as ripening and aggregation, seeded growth
or “dynamic injection” strategies often require careful selection of reaction conditions so
as not to induce new nucleation or product formation with unreacted precursor. Strategies
include isolating (and often purifying) the nanocrystal seeds, lowering the reaction
temperature for shell growth, and carefully selecting the shell-forming precursor.

An ideal nanocrystal synthetic method would allow for a continuous, layer by layer
construction of a nanoparticle at the sub-nanometer level, similar to the “living metal-
polymer” idea first conceptualized by Watzky et al.?® A continuous growth synthetic
method applicable for a wide variety of inorganic nanomaterials would allow precise and
predictable structural control analogous to that provided by living polymerization in
macromolecular chemistry. Several groups have recently acknowledged the importance of
more generalizable synthetic methods for assembling complex nanomaterials,?* and
suggest the utility of polymer-like control in nanowire and quantum dot syntheses,2022-24
To achieve such control requires a system in which no new nucleation takes place during
growth, the number of growing species remains constant, and intermediate nanocrystal
cores do not passivate. An ideal synthesis would permit epitaxial growth of core/shell

structures and the seamless control of concentration gradients within doped nanocrystals.
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Such approaches would offer precision and control of the internal nanostructures and sizes,
which dictate the properties of nanocrystal cores.

Recently, several synthetic approaches have been reported that employ slow
addition of precursor to extend the growth of nanocrystals and demonstrate some of the
potential benefits of continuous growth process.?>’ We previously showed that slow
addition of metal oleates into hot oleyl alcohol produced monodispersed nanocrystals for
a variety of binary oxides.?® The catalytic esterification reactions that lead to nanocrystal
formation seemed ideal to examine whether these syntheses could be used to carry out
continuous growth of binary oxide nanocrystals and, potentially, to control the radial
placement of dopant atoms in the oxide matrix. To this end we examined the growth
process for indium oxide nanocrystals during slow addition of precursor under conditions
where thermal decomposition of the precursor does not occur. We show that this process
shares attributes common to living growth in polymers, yielding nanocrystals with
predictable sizes and compositions over a range of three to over 22 nm in diameter. The
surfaces of the nanocrystals retain their reactivity, and thus are amenable to further growth
of either the core material or even doped material. The continuous growth process permits
the synthesis of core/shell nanocrystals with custom radial dopant compositions that, in
turn, allow predictable tuning of the energy of the localized surface plasmon resonance.
The continuous, controlled growth process offers an intuitive approach to precise and
predictable size control of metal oxide nanocrystals.

Results and Discussion
Previously we showed that slow addition of a metal oleate to oleyl alcohol at elevated

temperatures (> 200 °C) yields crystalline nanoparticles for a variety of binary metal oxides
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at temperatures below the thermal decomposition point of the precursors.?® It was also
possible to produce core/shell nanocrystals using this method. Spectroscopic studies reveal
the production of an ester, oleyl oleate, during the synthesis, resulting in the formation of
a metal hydroxyl species. As the concentration of M-OH species increases, condensation
eventually occurs to form metal oxide nanoparticles stabilized primarily by oleic acid
(Scheme 3.1). Metal hydroxide condensation is accompanied by the production of water,
observed both in the reaction flask and by *H NMR spectroscopy.
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Scheme 3.1. Overview of the continuous, controlled growth synthesis of metal oxide
nanocrystals. Slow addition of metal oleate promotes rapid metal hydroxide formation
leading to initiation of nanocrystal growth. Nanocrystals continue to grow as additional
precursor is added. Metal hydroxyls on the nanocrystal surface support a continuous
growth process in which particle size is not limited.

Although a variety of binary and doped oxide nanocrystals have recently been produced

through esterification of metal carboxylates in long-chain alcohols (including In203, y-
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Fe203, Mn304, CoO, and Zn0),%8-32 little is known about their growth mechanism. We
chose to investigate indium oxide in detail because of our interest in the optical and
electronic properties of these nanocrystals as a function of nanocrystal size and tin doping
level. Indium oxide nanocrystals were synthesized through the dropwise addition (0.3
mL/min) of indium oleate solution into oleyl alcohol at 290 °C. Small aliquots were taken
and quenched by rapid cooling to room temperature. Purified samples were characterized
by small-angle X-ray scattering (SAXS). Transmission electron microscopy (TEM) images
were also collected and offer complementary size and size dispersion information to SAXS
that serve to validate the generated SAXS models.>* We were able to monitor nanocrystal
size, size dispersion, and concentration with SAXS (Fig. 3.1) and validate this data using

TEM (Fig. 3.2).

Intensity (a.u.)

Figure 3.1. Representative small-angle X-ray scattering data. Colored dots represent raw
SAXS data collected, and the black lines represent fits to the data. Modeled sizes of
nanocrystals from top to bottom are 11.4 nm, 12.7 nm, 16.4 nm, and 21.9 nm.
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Figure 3.2. SAXS and TEM data from a typical slow-injection synthesis of indium oxide
nanocrystals. Nanocrystal aliquots were quenched and the size, size dispersion, and
concentration evaluated. (a) Average particle size and relative dispersity (1o) from SAXS
as a function of metal precursor added to the reaction. Since the same volume of solution
was taken out of the reaction flask for each aliquot, the number of particles (or scatterers)
could be calculated and compared over the entire synthesis period, as shown inb. (¢) TEM
image of 3 nm particles after 0.2 mmol indium addition. (d-f) TEM images of 6.1 nm,
11.7 nm, and 16.4 nm particles (corresponding to first, fifth, and last points in 2a,
respectively). Scale bars are 20 nm.

This initial study showed continuous nanocrystal growth as a result of further precursor
addition. (Fig. 3.2a). No nanoparticles were observed immediately after metal precursor
addition began, however crystalline particles were detected in the reaction solution after
the addition of 0.2 mmol of metal (Fig. 3.2c). Based upon the SAXS data (Fig. 3.2a) and
corresponding TEM images in Fig. 3.2c-f, the particle size increased steadily from 6-16

nm as more metal precursor was added. The relative size dispersity decreased over this
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addition, and at core sizes greater than 8 nm, the particles became monodisperse, as
revealed by both SAXS and TEM (1o by SAXS = 7-8%). The absolute dispersity for this
dataset (plotted in Fig. A1) remains essentially constant after the addition of 2 mmol of
precursor, suggesting that processes such as ripening and size focusing are not occurring
during the later stages of the growth process. The size dispersion was even smaller by TEM,
lo =~5% (see Fig. A2 for TEM size analysis).

SAXS analysis revealed that the number of particles in the reaction vessel remained
nearly constant through the entire precursor addition (Fig. 3.2b), suggesting that little
coalescence and ripening occurs, and no additional nucleation begins. Further, if precursor
addition was stopped at any point during the synthesis and the solution left under synthesis
conditions for several hours, nanocrystals did not change shape or size during that time
(see below and Fig. A6). When precursor addition resumes, growth continues as expected.
These attributes are consistent with a continuous growth process analogous to that found
in living polymer chemistry.3*

If the nanocrystal cores remain reactive, there should be no upper limit to the nanocrystal
size that can be produced. Under standard synthetic conditions, we were initially unable to
grow nanocrystals larger than 16 nm (Fig. 3.2a). Because alcohol is consumed during
nanocrystal growth, we hypothesized that this may be due to the consumption of all the
alcohol initially in the reaction vessel. By adding more alcohol to the reaction flask during
the synthesis, larger nanocrystals were obtained. SAXS and TEM analysis (Fig. 3.3)
confirm the synthesis of monodisperse nanocrystals up to 22 nm in diameter. We expect
that larger sizes are possible through the continued addition of precursor, assuming enough

alcohol is present to continue esterification. For a typical batch, over 3.0 g of monodisperse
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22 nm nanocrystals were obtained as a solid powder (see Figs. A3 and A4 for further SAXS

analysis and a picture of gram quantities of the product).
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Figure 3.3. SAXS and TEM data acquired from a continuous growth synthesis of larger

nanocrystals. To produce nanocrystals larger than 16 nm, additional reactant (alcohol) was
added to the vessel to ensure esterification of metal carboxylate would continue. (a) Particle
diameter from SAXS as a function of metal precursor added displays the growing
nanocrystal size with precursor addition, while maintaining < 10% size dispersion. (b)
SAXS data re-plotted as particle core mass versus added precursor, showing a linear
correlation (R? = 0.998) between core mass and monomer conversion. (c-f) TEM images
of 11.4, 13.9, 18.4, and 21.9 nm nanocrystals, corresponding to the first, second, fourth,
and last data point in a, respectively. Scale bars are 20 nm.

Nanocrystal growth utilizing this slow-injection approach exhibits several signatures that
are common to living polymerizations. First, as mentioned above, precursor addition can
be halted, left at reaction temperature (or room temperature), and restarted without any

change to particle size or size dispersion (see Fig. A6 and Methods section). Second, we
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observed a linear correlation (Fig. 3.3b) between the average molecular weight of a
nanocrystal core and the addition of metal precursor up to a molecular mass of at least 25
million. In typical living polymerizations, because the number of growing chains is
constant, a linear correlation between monomer conversion and polymer molecular weight
is observed.

We suspected that the surface hydroxyl groups are responsible for sustaining nanocrystal
growth (or, alternatively, terminate growth if the hydroxyls become passivated or
dehydrate to an oxo species) as shown in Scheme 3.1. To test this hypothesis, we
investigated whether nanocrystal growth can be sustained in their absence by eliminating
the hydroxyls through reaction with a long-chain silane reagent. To this end, we
synthesized 10.4 nm In2O3 nanocrystals. Half of these nanocrystals were treated with
trimethoxy(octadecyl)silane. A TEM of the silane-treated, purified product is shown in Fig.
3.4a, along with an EDX and XPS spectra indicating the presence of silicon (Fig. A5). No
discernable changes in the size or disparity of the nanocrystals were observed during
silanization. When additional metal precursor was added to the silane-coated particles,
significant changes in morphology and polydispersity of the sample were observed (Fig.
3.4b). The anisotropy of the grown nanocrystals, along with the presence of two
populations of nanocrystals (one much smaller than the original), imply that growth on
existing cores was hindered and new nucleation occurred. When additional precursor was

added to the untreated nanocrystals, growth continued as expected, producing larger,
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monodisperse nanocrystals. (Fig. 3.4c). These results suggest that continuous growth

occurs through monomer addition to the surface hydroxyl groups

Figure. 3.4. TEM images assessing nanocrystal growth in the presence and absence of a

long-chain silane. The silane reacts with surface hydroxyls of the nanocrystals. (a) Washed
particles after treatment with the coupling agent (10.4 nm by SAXS). An EDX and XPS
spectra (Fig. A5) shows the presence of silicon. (b) After addition of 0.5 mmol metal
precursor under standard synthetic conditions, particle growth is suppressed and two
populations of nanocrystals are present, indicating that growth is inhibited and new
nucleation has occurred. (c) The experiment performed under the same conditions as those
in b, without the addition of the coupling agent. Particles are 11.3 nm by SAXS, suggesting
that growth is not suppressed and nanocrystals continue to grow. All scale bars are 20 nm.

During the growth process, we observed striking morphology changes in the nanocrystals
as a function of core size by low-resolution TEM (Fig. 3.2 and 3.3). Because key properties
of nanomaterials depend upon shape and facets, in addition to the core size,*® we
investigated select samples with HRTEM (Fig. 3.5). The nanocrystals are single crystals at
all core sizes, indicating that growth occurs epitaxially at the particle surface. At smaller
sizes, the nanocrystals appear cubic passivated by {001} facets, while at larger sizes the
[011] and [012] planes dominate the cuboctahedra. This shape change suggests that the
{001} facets are growing at a faster rate than other planes, and as a result the nanocrystals

become mostly passivated by the slower growing planes. As previously detailed,?®¢ {001}
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facets of 1n>O3 become more stable when passivated by water or hydroxide, indicating

that growth proceeds by hydroxide condensation.

e

of #5% £400

042

Figure 3.5. HRTEM and FFT images of representative nanocrystals. Smaller particles (a)
have a truncated cubic morphology and are passivated by {001} planes. The FFT on the
right displays the [010] zone axis. b. Larger particles appear octahedral. The FFT on the
right displays the [012] zone axis. All particles are single crystals. Scale bars are 5 nm.
The fact that the surface hydroxyls remain active throughout the synthesis allows easy
and logical preparation of more complex structures, specifically core/shell
nanocrystals.®"3® We examined this aspect of the growth method by producing a series of
Sn-doped In203z (ITO) nanocrystals with a shell of In,O3 (ITO/In2O3 core/shell
nanocrystals). To produce doped nanocrystals using more traditional methods (i.e. thermal
decomposition or hot-injection), the reactivity of the host and dopant precursor must be
determined empirically and carefully balanced to control dopant density.>® Our slow-

injection approach using metal oleates as precursors allows effective incorporation of

dopants that is easily controlled by simply varying their feed ratios.
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An ITO core was synthesized by slow addition of a mixture of indium and tin precursors
into oleyl alcohol. At the end of this addition, the core reached 6.3 nm, and additional
indium oleate was added to grow the shell. No purification was necessary before shell
growth. SAXS and TEM data on core/shell particles of varying shell thickness are

presented in Fig. 3.6.

Particle Total precursor added (mmol) Particle size (nm) %Polydispersity TEM image

ITO core 05 6.3 15.7 a
ITO/INOscore/shell 1.0 74 125 b
ITO/INO5core/shell 20 : 10.6 c

I core/shell

4.0 12.0

Figure 3.6. SAXS data from ITO/In2O3 core/shell nanocrystals, with corresponding TEM
images. The table displays the particle size and size dispersion from SAXS. By TEM, all
nanocrystal sizes have a sub-10% size distribution. The slightly higher percent
polydispersity found by SAXS is likely the result of differing degrees of shape anisotropy
in the sample. Because SAXS is a scattering based method of analysis, small shape
anisotropies can contribute to a larger modeled polydispersity. Dopant-induced shape
modulation is commonly reported in literature, and anisotropies could be caused from
dopant-induced crystallographic disorder or changes in ligand bonding. All scale bars are
20 nm.

X-ray photoelectron spectroscopy (XPS) was used to monitor shell growth and radial
distribution of the tin atoms. Fig. 3.7a shows decreasing Sn 3d peaks as more indium
precursor is added to the nanocrystals. The sampling depth (3A) for the In and Sn 3d XPS
peaks was calculated to be ~5 nm within the nanocrystal core.*® Additional attenuation of
these signals occurs in the ligand shell. As the In2O3 shell thickness increases from 0.6 —

3.3 nm, the intensity of the Sn 3d peaks steadily decrease, suggesting that the dopant (tin)
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is being confined to the nanocrystal core as the In2.Os3 shell is grown. For the 12.8 nm
ITO/In203 nanocrystals (Figs. 3.6d and 3.7, green trace) no Sn 3d peaks are present in the
XPS spectrum, indicating the nanocrystal does not contain tin in the shell of the material.
If tin were re-distributing itself in the nanocrystal homogeneously, one would expect a little
over 1 at. % tin present, which is easily detectable in this measurement. Two other features
of the XPS spectra support these conclusions. First, the In 3d peaks narrow as In.Os is
grown, suggesting that undoped In2O3 dominates the signal produced in the outer portions
of the nanocrystals. Second, the systematic decreases in the baseline intensity at binding
energies > 455 eV (attributed to inelastic scattering of In 3d photoelectrons) suggests that
the depth sampled contains higher concentrations of indium sampled as the shell thickness

increases.*!
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Figure. 3.7. XPS and NIR absorbance of ITO/In,O3 core/shell nanocrystals with varying
thickness of In203. (a) The XPS spectra show a decreasing intensity of the Sn 3d peaks of
the core, decreasing intensity of the inelastic binding region, and a smaller width of the In
3d peaks consistent with thicker In2O3 shells. (b) Near-infrared (NIR) spectra of ITO and
core/shell nanocrystals display LSPR peaks that are shifted to longer wavelength as the
concentration of tin in the crystal decreases, indicating a decreasing free electron
concentration in the crystal.

We measured the near-infrared absorbance spectra of the core/shell nanocrystals to
assess the role of dopant distribution on the optoelectronic properties of the nanocrystals.
Heterovalently doped metal oxide nanocrystals have been identified as important non-
noble metal plasmonic materials, which have been an area of recent active research.*?-
The localized surface plasmon resonance (LSPR) of these materials can be tuned based on
the free electron concentrations. In Fig. 3.7b, we find the LSPR red-shift with increasing
shell (In203) thickness, as would be expected with decreasing Sn-dopant concentration.
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The wavelength of the LSPR can be tuned over a range of more than 1,000 nm simply by
increasing the thickness of the oxide shell. If InoO3z were not growing on the existing
crystals and instead were nucleating independently, one would not observe the same red-
shift of the LSPR, but would instead observe a superposition of ITO and In203 spectra.*®
This synthetic method has the potential to yield more information regarding the LSPR
response to the dopant distribution within a nanocrystal as well as the degree of LSPR
modulation.*®

In an effort to evaluate the ease with which dopants can be intentionally placed in
different radial positions in a nanocrystal, we aimed to synthesize In.03/ITO/In203
core/shell/shell nanocrystals. First, 8.9 nm In,O3 nanocrystals were synthesized as
described above. The reaction mixture was then stirred at synthesis temperature for three
hours. SAXS analysis of aliquots taken over this time show no further growth or
aggregation (Fig. A6). Next, a 90:10 In/Sn oleate mixture was slowly added to the reaction
mixture, and the particles were grown to reach 10.4 nm. Finally, additional indium oleate
was slowly injected to reach a final diameter of 13.6 nm (see Fig. A7 for TEM images).
XPS spectra of aliquots taken for the In»Os core, In2O3/ITO core/shell, and
In203/ITO/In203 core/shell/shell nanocrystals are shown in Fig. 3.8. The Sn 3d peaks
grow in upon addition of the ITO shell, and decrease after the In,O3 shell is added. The
increase in the inelastic scattering of the In 3d photoelectrons increases upon ITO shell
addition and decreases when the In.Os3 shell is added, as expected if the dopant atoms are

localized in the inner shell.
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Figure. 3.8. XPS of In203 core, In203/ITO core/shell, and In203/ITO/In203
core/shell/shell nanocrystals. The core nanocrystals shows no presence of Sn 3d peaks (the
peak at 494 in the spectrum of the core is a Na Auger peak from the mica substrate), while
the core/shell and core/shell/shell nanocrystals show the presence of Sn. The decrease in
the amplitude of the Sn 3d peaks and the decrease in inelastic scattering are both consistent
with the core/shell/shell structure with the tin localized in the inner shell. Inset: zoomed-
in view of the Sn 3d peaks between 510 and 470 eV.

Conclusion

We have demonstrated sub-nanometer control of core size and dopant distribution in
indium oxide and tin-doped indium oxide nanocrystals via a slow-injection synthetic
method. Rapid esterification, rather than thermal decomposition, produces reactive species
that condense with active hydroxyl groups on the nanocrystal surface leading to
continuous, controlled growth. The reactivity of the surface hydroxyl groups is important
because if they become passivated, nucleation of new nanocrystals occurs rather than the
growth of the existing cores. The method possesses several of the beneficial attributes of
living growth processes common in polymer chemistry: (i) the number of growing
nanocrystals remains constant, (ii) the size distribution of the nanocrystal cores remains

low throughout the process, (iii) the molecular weight of the nanocrystal core scales
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linearly with the amount of precursor added and (iv) the growth can be stopped and
restarted making it convenient to grow shells of differing compositions.

This approach allows the synthesis of rationally-designed core/shell materials with
predictable dopant densities and desired shell and core sizes. We utilized this method to
synthesize ITO/In,O3 core/shell nanocrystals, as well as In203/ITO/In2O3 core/shell/shell
nanocrystals. The similar reactivities of the matrix and dopant precursors under
esterification conditions means that dopant concentration is easily controlled through the
ratio of precursors used. Under the conditions employed for synthesis, dopants don’t
redistribute throughout the nanocrystals. Convenient access to semiconductor nanocrystals
with deliberately controlled radial distributions of dopant ions will permit studies to probe
how such distributions influence the optical and electronic properties of these materials.

Slow-injection syntheses that produce reactive species through controlled reactions,
(such as the esterification process described here), hold promise to produce a wide range
of mixed metal oxide and doped metal oxide nanocrystals with desired dimensions and
composition profiles. Chemistries that generate a reactive nanocrystal surface and produce
controlled mixtures of reactive species that condense with the surface groups would, more
generally, allow more controlled syntheses of nanocrystals with specific overall or local
compositions. Such methods would serve as a springboard for the development of other

types of nanomaterials, in addition to oxide nanocrystals.
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Materials and Methods
Materials

Indium(l11) acetate (99.99%), oleic acid (90% technical grade), tin(IV) acetate, and
trimethoxy(octadecyl)silane (90% technical grade) were purchased from Sigma-Aldrich
and used as received. Oleyl alcohol (80-85% technical grade) was purchased from Alfa
Aesar and used as received. A flow meter purchased from Cole-Parmer was used to
monitor nitrogen flow (model 03216-10).
Characterization of Indium Oxide Nanocrystals

Small-angle X-ray scattering (SAXS) analysis was done on a lab-scale SAXS (SAXSess,
Anton Paar, Austria). The system was attached to an X-ray generator equipped with a X-
ray tube (Cu Ka X-rays with wavelength A = 0.154 nm) operating at 40 kV and 50 mA.
The scattered X-ray intensities were measured with a charge-coupled device (CCD)
detector (Roper Scientific, Germany). The raw data was processed with SAXSquant
software (version 2.0). Scattering curves were averaged over 50 individual curves for
various acquisition times (2-40s). Curve fitting was done using Irena macros for IGOR
(V. 6.3).%® Select samples were analyzed with a NIST SANS data reduction software.*’ The
SAXS was calibrated to absolute intensity using 18.2 MQ water as a standard, and all data
was normalized to the same exposure time. The number of scatterers were calculated
dividing the volume fraction by the volume of one particle. We were concerned that a
SAXS model generated from a spherical form factor might produce inaccuracies because
particle shapes ranged from truncated cubic to cuboctahedral. However, generated SAXS

patterns will be directly proportional to a nanocrystals’ core volume, and when the
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appropriate form factor is used to for analysis, we find negligible (< 5%) differences in the
modeled volume.

Transmission electron microscopy (TEM) images and electron diffraction patterns were
collected on 400 mesh Cu grids (Ted Pella, Redding, CA) using a Tecnai Spirit TEM (FElI,
Hillsboro, OR) operating at 120 kV equipped with a Bruker EDS detector. HRTEM images
were collected on a 300 kV Cs image corrected FEI Titan (S)TEM. Samples were prepared
by drop-casting a toluene solution directly onto a copper grid, or by dipping the grid into a
dilute solution of particles. Images were analyzed using ImageJ software, and following
procedures outlined in literature.*® Over 300 nanoparticles were measured for each data
point.

X-ray photoelectron spectroscopy (XPS) was acquired using a Thermo Scientific
ESCALAB 250 X-ray photoelectron spectrometer using monochromatic Al Ko X-ray
source at 20 kV. 20 scans were collected on each sample over a binding energy of 436-
523 eV to observe the In and Sn 3d peaks. Samples were prepared by drop-casting a hexane
solution of nanocrystals on mica substrates.

NIR absorbance measurements were collected on a PerkinElmer Lambda 1050
UV/Vis/NIR spectrometer. Samples were prepared at concentrations of 0.5 mg/mL in

carbon tetrachloride.
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Synthesis of Indium Oxide Nanocrystals

Indium(l111) acetate (2.198 g, 7.5 mmol) was added to 15 mL oleic acid and kept at 150
°C for several hours under N> to produce an indium oleate solution with a concentration of
0.5 mmol indium/mL oleic acid. The indium oleate solution obtained was then added
dropwise to 13.0 mL of oleyl alcohol heated to 290 °C in a 100.0 mL three-neck flask. The
metal oleate solution was added using a 20 mL syringe and syringe pump at a rate of 0.35
mL/min. During addition, N2 was flowing through the flask at a rate of 130 cc/min. All
three necks of the flask were capped with septa, and three 16-gauge purge needles were
placed in one of the necks to prevent pressure buildup. A small amount of kKimwipe® was
placed in the purge needles to prevent solvent loss.

For the synthesis of larger nanocrystals, the presence of more than 13.0 mL oleyl alcohol
was necessary to continue esterification and growth the nanocrystals. After the addition of
10 mL indium oleate solution, the syringe of indium oleate was removed and 10 mL of
oleyl alcohol was added dropwise at a rate of 0.2 mL/min. Once the alcohol was added,
additional metal oleate precursor was added at 0.35 mL/min. The cycle continued once
more (see supplementary information Figure 3.2) for the synthesis of 22 nm particles.

To gain insight into the growth mechanism during the synthesis, 0.1 mL aliquots were
taken from the reaction solution using a dry 1.0 mL glass syringe. Collection of the aliquot
out of the hot reaction vessel rapidly cooled the solution and quenched particle growth.
The nanocrystals were precipitated with 12 mL ethanol. The solid was collected by
centrifugation at 7300 rpm and washed once more with 12 mL ethanol. After collection,

the final nanocrystals were dissolved in toluene.
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Termination of Surface Hydroxyl Groups with a Trialkoxysilane During In2Oz Growth

In,03 nanocrystals were synthesized at 290 °C as described above to produce
nanocrystals that are 10.4 nm by SAXS. At this point, the reaction mixture was cooled to
room temperature. After the nanocrystals had settled to the bottom of the flask, ~8 mLs of
the supernatant (oleyl alcohol and ester) were decanted. This reduces the amount of oleyl
alcohol that is available to react with the silane reagent. The remaining nanocrystals were
heated to 150 °C. 8 mLs of trimethoxy(octadecyl)silane was added dropwise (0.2 mL/min),
and the reaction was then left at 150 °C for one hour. Next, the flask was cooled to room
temperature and the original decanted solution was added back to the flask. The contents
of the flask were then re-heated to 290 °C. An aliquot was taken at this point for analysis.

To investigate the effects of the silane treatment, an additional 0.5 mmol metal precursor
was added to the nanocrystals under synthesis conditions. A second aliquot was taken at
this point (Fig. 3.4b).

As a control to evaluate the growth in the absence of silane, the same experimental
procedure described above was performed without addition of
trimethoxy(octadecyl)silane. That product is shown in Fig. 3.4c.

Each aliquot was precipitated with 12 mL ethanol. The solid was collected by
centrifugation at 7300 rpm and washed once more with 12 mL ethanol. Final nanocrystals
were dispersed in hexanes for SAXS analysis and deposited on a TEM grid for imaging.
Synthesis of ITO/In.O3 Core/shell nanocrystal

The synthesis is very similar to that described above, using the same reaction temperature
and nitrogen flow rate. Indium oleate precursor was previously prepared by mixing indium

acetate and oleic acid as described above. In a different vial, a 10% Sn-doped indium
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oleate solution (ITO precursor) was prepared by mixing tin(IV) acetate and indium(l11I)
acetate in a 1:9 molar ratio. Oleic acid was added to yield a final solution with a
concentration of 0.5 mmol/mL oleic acid. Both precursor solutions were left at 150 °C for
several hour under No.

The ITO precursor solution was first added dropwise into 13.0 mL of oleyl alcohol at
290 °C using a 20.0 mL syringe and syringe pump at a rate of 0.35 mL/min. An aliquot of
the solution was collected at this point.

After growth of the ITO cores, the ITO precursor syringe was removed from the syringe
pump and replaced with a syringe filled with the indium oleate precursor. As described
above, the precursor was added to the flask using a 20.0 mL syringe and syringe pump at
a rate of 0.35 mL/min. Aliquots were taken after the addition of 0.5, 1.0, and 2.0 mmol of
indium precursor was added. All aliquots were precipitated twice with 12 mL ethanol,
collected by centrifugation, and dissolved in hexanes.

Synthesis of In203/ITO/In203 core/shell nanocrystals.

The synthesis is very similar to that described above, using the same reaction temperature
and nitrogen flow rate. Indium oleate precursor was previously prepared by mixing indium
acetate and oleic acid as described above. In a different vial, a 10% Sn-doped indium
oleate solution (ITO precursor) was prepared by mixing tin(I\V) acetate and indium(l11I)
acetate in a 1:9 molar ratio. Oleic acid was added to yield a final solution with a
concentration of 0.5 mmol/mL oleic acid. Both precursor solutions were left at 150 °C for
several hour under No.

The indium precursor solution was first added dropwise into 13.0 mL of oleyl alcohol at

290 °C using a 20.0 mL syringe and syringe pump at a rate of 0.35 mL/min to grow 8.9 nm
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indium oxide nanocrystals. The nanocrystals were then left in the reaction solution at 290
°C for three hours (SAXS data shown in Fig. A6). After three hours, the ITO precursor was
added dropwise into the reaction solution at a rate of .35 mL/min, until the nanocrystals
reached 10.4 nm. An aliquot was taken after this addition for TEM and XPS analysis.
Subsequently, the same indium oleate precursor described above was slowly added (0.35
mL/min) into the reaction solution to yield nanocrystals with a final core size of 13.6 nm.
XPS spectra from these particles are shown in Fig. 3.8, TEM images of the In.O3 core,
In203/ITO core/shell, and In203/1TO/In2O3 core/shell/shell nanocrystals can be found in
Fig. A7.
Bridge to Chapter IV

Chapter I11 showcased the fine core size control possible via the slow addition of
metal carboxylates into oleyl alcohol. Chapter IV highlights how utilization of the slow
addition approach results in fine control of core composition. Many exciting properties
that arise in semiconducting and oxide nanocrystals are due to the incorporation of
dopant cations into specific crystal structures, as demonstrated above with ITO
nanocrystals. While doping methods are now well developed for bulk structures,
incorporating dopants into nanocrystals is much more challenging. Often, syntheses for
doped structures must be optimized by careful selection of host and dopant precursors
and reaction conditions to form a doped product. Syntheses are rarely applicable for a
large variety of dopants, and thus rigorous optimization is required for each new desired
composition. Further, nominal dopant concentrations in precursors do not end up in the
final isolated nanocrystal, a measure of “doping efficacy,” making the production of

precision nanomaterials extremely difficult. Even if a doped nanostructure is produced,
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uncontrollable and subtle structural differences in the particle, like the radial location of
dopants, may have unintentional and detrimental consequences.

In chapter 1V we show that using the slow addition, living approach allows dopant
incorporation for a wide variety of transition-metal dopants at large, near
thermodynamically allowed dopant concentrations (as high as 20 atomic %), and with
extremely high doping efficacy (> 90% for most guest cations). Further, because the
method utilizes the layer-by-layer growth of oxide nanomaterials with controlled
composition in each layer, incorporated dopant cations are homogeneously distributed
throughout the nanocrystal. The chapter demonstrates that living approaches can provide
access to novel doped nanocrystals wherein the electronic, catalytic, magnetic, and
optoelectronic properties can be controlled with unprecedented precision simply by the
precursor feed ratios, and with little-to-no precursor optimization. This greatly decreases
the synthetic burden required to produce doped compositions, and will pave the way for

future discovery and optimization of dopant-induced properties.
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CHAPTER IV

TRANSITION METAL-DOPED METAL OXIDE NANOCRYSTALS: EFFICIENT

SUBSTITUTIONAL DOPING THROUGH A CONTINUOUS GROWTH PROCESS

This chapter was previously published as Jansons, A. W.; Koskela, K. M.; Crockett, B.
M.; Hutchison, J. E. Transition Metal-Doped Metal Oxide Nanocrystals: Efficient
Substitutional Doping Through a Continuous Growth Process. Chem. Mater. 2017, 29

(19), 8167-8176. Copyright 2017 American Chemical Society

Introduction
The intentional introduction of defects into host structures is the foundation for useful
properties that are utilized today in many important applications. This approach has long
been used in bulk materials to alter the electronic, magnetic, and physical structure of
semiconductors,>? and is essential to the modern microelectronics industry. Similarly in
nanocrystals, the introduction of defects through dopant incorporation imparts interesting
properties that we are beginning to understand and harness in applications.®® Exciting
recent discoveries of magnetic,’~*2 luminescent, > catalytic,??2* and optoelectronic?>3t
properties of nanocrystals have been investigated as a result of nanocrystal doping. These
properties can be further enhanced if advanced synthetic strategies are developed.3?33
While many synthetic approaches for the production of doped oxide nanocrystals
have been established,®*~*® several challenges remain. Producing doped nanocrystals with

precise control of nanocrystal size, composition, and internal structure remains a large
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barrier to broader adoption and further technological advancement.* Doped nanocrystals
are notorious for “self-purification,” i.e., the exclusion of dopants from the host lattice—
an argument that is often justified by considering the thermodynamics of impurity
formation.*®#” Thermodynamics are also cited when considering that dopant incorporation
levels in nanocrystals have traditionally been well below the solid solubility limits found
in bulk analogs and rarely contain > 10 atomic % dopant. The argument falls short however,
when considering that kinetics rather than thermodynamics controls this process at the
nanoscale.*®49 It is widely believed that substitutional doping can only be obtained if
dopants can find their way onto the surface of the nanocrystal for long enough that they
become surrounded by host monomer overgrowth.*48°051  Thys, consideration of the
nanocrystal surface chemistry—including size, shape, ligands, and functional groups—
becomes extremely important for effective dopant incorporation.

In the many cases where Kinetics controls the efficacy of dopant incorporation,
considering both host and dopant precursor reactivity is critical for doped product
formation.®® If a balance between reaction rates is not met and the host precursor forms
reactive monomer faster than dopant precursor, then dopant incorporation could be low or
absent. Conversely, if dopant precursor formation kinetics are faster than the host, new
crystal phases are produced that contain primarily the dopant element. Even if conditions
are favorable for uniform doping at nucleation, dopant incorporation is known to be
dependent on specific crystal facets and/or ligand environment,*® which may not be
constant as crystal growth continues.  Therefore, the majority of doped-nanocrystal

synthetic methods attempt to obtain this balance through careful, and often tedious, trial
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and error selection of precursors and synthetic conditions in order to match precursor
reactivity rates and subsequently form a substitutionally-doped nanocrystal.

Production of a doped structure, however, is not the final measure of success.
Different synthetic methods can produce equivalent composition yet yield nanocrystals
with undesirable variations in radial dopant locations. These small structural differences
may drastically affect properties.®>>® In addition, some synthetic methods give rise to
large variations in the number of dopants per nanocrystal within an ensemble, beyond that
predicted by Poisson statistics.>* Here again, variations in composition can drastically
influence the desired properties.® Besides composition and structure, control of
nanocrystal size becomes an additional challenge because the properties of nanomaterials
are size dependent. Synthetic approaches are usually developed to control size or produce
a desired composition but generally not both. This is because the introduction of dopants
disrupts the thermodynamics of nucleation,® making it difficult to control both dopant
incorporation and size with desired precision.

Exploration of new synthetic approaches to doped nanocrystals to complement
rapid-injection or thermal decomposition reactions may be valuable given the significant
challenges in producing and controlling the composition, structure, and size. Rather than
precipitation reactions, which trap dopants in a crystalline matrix, we hypothesized that the
use of reactive surface functional groups could facilitate the incorporation of transition
metal dopants into a host oxide lattice. An ideal synthetic method would allow the layer-
by-layer growth of nanomaterials with precise control over the composition in each layer,
thus allowing enhanced control over both overall nanocrystal composition and radial

structure. Ideally, such a method would be amenable to a wide variety of dopants, and
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would facilitate the predictable incorporation of dopants at levels near thermodynamically-
predicted solid solubilities.

A number of authors have highlighted the need to carefully choose the right precursors
(often a metal alkylcarboxylate) to effectively form the desired doped product.4?:50%
Without the appropriate precursors, host and dopant precursors reactivities may not be
sufficiently matched. We thought that using a slower, layer-by-layer nanocrystal growth
process would facilitate more even incorporation of dopant atoms while preventing
coalescence or ripening.®®>" Thus, carefully choosing metal precursors may not be
necessary, and for this reason we chose to simply use metal oleates for both host and dopant
precursors. Further, the slow addition of precursor allows particle growth to occur with
constant concentration of dopant in each added layer, ensuring that dopant atoms are
homogeneously distributed radially throughout the structure.

Herein we report the synthesis of substitutionally doped Mn, Fe, Co, Cu, and Zn-doped
In2O3 nanocrystals at 5, 10, and 20 atomic percent. We find that dopant incorporation
efficacy is nearly quantitative, which allows the logical preparation of highly-doped
nanocrystaline structures. With the exception of the Cu-doped nanocrystals, which we
found to temporarily incorporate into the oxide lattice before surface segregation, the
dopant cations are homogeneously-distributed throughout the nanocrystal without surface
or core localization. As a wide bandgap oxide, In2O3z allows ligand field transitions to be
observed in visible energies, allowing one to probe the optical properties resulting from
doping. The observed electronic transitions of first row transition metal dopants in the
In2O3 structure indicate that dopants lie in octahedral geometries, which is consistent with

substitutional incorporation of the cations. The slow, controlled growth of oxide
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nanocrystals made possible by this synthetic method makes it possible to precisely control
the internal nanocrystal structure and composition.
Results and Discussion
An alternative approach to traditional thermal decomposition reactions are the use

of so called nonaqueous sol-gel reactions to synthesize doped oxide
nanocrystals,2:3537:404150.55,5859 Thege reactions rely on predictable principles from organic
chemistry to arrive at reactive monomer.®® Using an esterification-based mechanism, we
recently showed that a variety of binary oxide nanocrystals, including In203, y-Fe203,
Mn304, CoO, and ZnO, could be obtained through the slow addition of metal carboxylate
into long-chain alcohol at elevated temperatures.®® Particle growth is facilitated by the
production of reactive metal hydroxyl groups, which subsequently condense with
hydroxyls on the particle surface. Because the method relies on metal-catalyzed
esterification and not thermal decomposition, we thought this approach could be used to
precisely control dopant incorporation into oxide nanocrystals simply by tuning precursor
molar ratios. Further, we hypothesized that we may be able to access dopant concentrations
higher than those typically reported for semiconducting nanocrystals, owing to the kinetic
control provided by the living growth process. If this growth process supports continuous
growth by both matrix and dopant precursors, we would expect dopant incorporation
efficacies near 100%, well beyond those typically found for the production of doped oxide
nanocrystals.

Previous studies using the slow-addition of metal carboxylates into oleyl alcohol had
shown that the method is amenable to the production of Sn-doped In,O3z (ITO)

nanocrystals with very high dopant efficacies, and produced nanocrystal product in high
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yield.>3°6%° Because Sn and In are similar in size and reactivity, synthesizing 1TO with
controlled composition was interesting, but not surprising. We sought to investigate the
incorporation of transition metal cations to determine how differing sizes of cations
influence their incorporation into the oxide lattice..

Using In2O3 as a model oxide system, we synthesized Mn: In203, Fe: In203, Co: In203,
Cu: In203, and Zn: In20O3 nanocrystals at nominal dopant concentrations of 5, 10, and 20
atomic %. Indium oxide was chosen as an appropriate model system because of its
importance as a transparent electrode,®® its emergence as a model system for the study of
unique optoelectronic properties including near-IR localized surface plasmon resonances
(LSPRs),%2 and its role as a host material for dilute magnetic oxides.®® During synthesis,
we kept the total metal content in the precursor at one mmol as a convenient point of
comparison.  Synthesizing larger particle sizes with sub-nanometer precision and
producing larger quantities of product is possible simply by adding more precursor.>3
The transition metal dopants used have a range in effective ionic radii from 69 pm (for
octahedrally coordinated Fe3*) to 88 pm (for Zn?*),%* allowing us to probe the influence of
cation size on dopant incorporation efficacy. The radius of In®* in the In2O3 host matrix is
94 pm.®

After the addition of the metal oleate precursor, nanocrystals were purified by multiple
precipitations with an anti-solvent (ethanol) and collected by centrifugation. No size
selection processes were used. Size, size dispersion, and shape were determined by small-
angle X-ray scattering (SAXS) and transmission electron microscopy (TEM). Figure 4.1
displays TEM images of the doped nanocrystals at each dopant concentration. SAXS

results (Table 4.1) corroborate nanocrystal size and size dispersion data from TEM. Several
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anticipated outcomes become apparent from these data. First, the presence of a dopant
cation influences the mean size of nanocrystal produced based upon the addition of one
mmol of total metal (host + dopant) precursor. Compared to undoped In.O3 nanocrystals,
the addition of dopant cations produce a smaller mean size of nanocrystals, with higher
dopant concentration in the precursor leading to a further decrease in the mean size of the
product. The influence of dopant cations on the driving force for homogeneous nucleation
has been discussed, and a similar trend in mean size with the presence of dopants has
been observed.®® As expected, more dopant cations on the surface of the nanocrystal leads
to a slower initial growth rate of the initial formed nuclei allowing new nucleation to occur.
Previous authors have similarly attributed the change in doped nanocrystal size to a
thermodynamic barrier of growth onto doped nanocrystals because surface dopants modify
the surface energy of the nanocrystal.®>% Eventually, with the accumulation of more
monomer and now more nuclei in solution, growth can continue on the doped particles.
Increasing the dopant content in the precursor also increases the shape anisotropy of the
formed nanocrystals, which is reflected in the polydispersity measurements by SAXS
shown in Table 4.1. Since only metal oleates and oleyl alcohol are present in each of the
reaction mixtures, we can confirm that shape changes are only due to the dopant cations
and not additional coordinating reagents or changes in reaction conditions. Nanocrystal
shape changes with dopant addition are well documented in literature,?”#-5067 and it is
possible that dopants may alter the ligand-metal binding energies as well alter the surface
energies of specific crystallographic facets, leading to anisotropic growth. Unraveling the
precise mechanism with which the dopants lead to the varying morphologies is beyond the

scope of this work. However, it is worth pointing out that while some dopants, like Fe,
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seem to only slightly change the particle morphology, other dopants, like Mn and Co,

drastically alter size and shape of the formed nanocrystals at higher concentration.

Figure 4.1. TEM images taken of doped In.Oz nanocrystals at varying molar dopant
ratios. Scale bars are 20 nm. The nominal dopant percent in the precursor increases from
left to right, 5% dopant on the left, 10% center, and 20% right. Panel a) displays Mn:
In203, b) Fe: In203, ¢) Co: In203, d) Cu: In203, and €) Zn: In2.03
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Table 4.1. Doped nanocrystal size and size dispersion from SAXS.

Dopant ';SE”;?LSSE%T Size (nm) % Polydispersity

”Tgfg?d 0 8.2 10.7
Mn 5 7.3 12.0
Mn 10 6.3 17.5
Mn 20 5.0 27.1
Fe 5 7.4 12.3
Fe 10 7.1 12.2
Fe 20 6.0 14.8
Co 5 7.2 10.1
Co 10 6.6 325
Co 20 4.8 41.5
Cu 5 7.9 9.9
Cu 10 7.9 10.6
Cu 20 7.2 14.5
Zn 5 7.5 16.1
Zn 10 6.1 14.1
Zn 20 5.8 14.6

The compositions of the nanocrystals were determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES). After purification, the nanocrystals were
dissolved in nitric acid and diluted for elemental analysis. Table 4.2 compares the precise
nominal dopant concentration in the added precursor with the dopant concentration found
in the purified nanocrystals. As displayed, most dopants incorporate with > 90% efficacy,
even at dopant concentrations as high as 20%. Interestingly, in many of the higher doped
samples, efficacies surpass 100%, indicating that indium monomer is disproportionally
excluded from the growing nanocrystals. For the Cu: In2O3 nanocrystals, the efficacy of
incorporation of the dopant is much lower compared to the other dopants. We will discuss

the copper samples separately later in this discussion.
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Table 4.2. Dopant concentrations in purified nanocrystals compared to the precursor

composition, and the resulting dopant incorporation efficacy.

Precise nominal Nanocrystal dopant Dopant

Dopant conc(':céﬁ?rr:tion co_ncentration incgrporation

(atomic %) (atomic %, ICP-OES)* efficacy (%)
Mn 4.9 4.8 98
Mn 9.8 9.0 92
Mn 20.2 21.3 105
Fe 51 4.9 96
Fe 9.9 9.1 92
Fe 19.8 20.4 103
Co 54 4.9 91
Co 104 10.1 97
Co 20.3 20.8 102
Cu 5.2 4.8 92
Cu 10.9 7.3 67
Cu 204 15.6 76
Zn 6.0 5.9 98
Zn 12.3 115 93
Zn 20.5 19.9 97

*Concentrations determined by ICP-OES have standard deviations of < 0.05 atomic %
We also utilized X-ray photoelectron spectroscopy (XPS) on selected doped samples to
complement the measurements carried out with ICP-OES (see Figure B1 for example XPS
spectra). XPS vyields elemental information from the surface of the nanocrystals. At the
binding energies investigated, XPS samples a depth of ~3 nm in 1n203.% This sampling
depth does not take into account the organic ligand shell, but scattering of signal due to the
organic ligands is less than the inorganic core. Using XPS, along with complementary
elemental analysis by ICP-OES, allows one to probe the radial distribution of dopant atoms
in the nanocrystal, which is a small yet extremely important detail that is often overlooked
in the characterization of doped nanocrystals. We integrated the In 3ds;2 peaks and the

transition metal dopant 2ps/»> peaks to assess the dopant concentration near the nanocrystal
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surface. The fact that the values for dopant concentration found near the surface (by XPS)
match those found for bulk measurements (by ICP-OES) (Table 4.3) suggests that dopants
are homogeneously distributed throughout the nanocrystal, and not surface segregated. We
could not obtain accurate elemental information by XPS from the Fe: In.O3 samples, as
the Fe 2p peaks, which have the highest sensitivity factor, are buried by a large In 3p loss
feature. The Fe 3p peaks do not have a sensitivity factor high enough to accurately quantify
Fe content on the surface. In some cases where the nanocrystals are small (< 6 nm), it may
be possible that XPS is sampling more than half the nanocrystal. In this case, the
combination of ICP-OES and XPS might not appropriately assess the radial dopant position
and both techniques would yield similar compositions. While this is a possibility for some
of the nanocrystals investigated in Table 4.3, it is apparent from the data for the largest
nanocrystals that dopants are not segregating at the surface or forming amorphous clusters
on the surface, as this scenario would lead to stronger dopant signal.

Table 4.3. Comparison of dopant concentrations in the purified nanocrystals by ICP-OES

and XPS.
Nominal dopant Dopant Dopant
Dopant concentration atomic % atomic %

(atomic %) (ICP-OES) (XPS)*

Mn 9.8 9.0 9.6

Co 10.4 10.1 11.2

Zn 6.0 5.9 5.1

Zn 12.3 115 11.7

Zn 20.5 19.9 20.1

*Concentrations determined by XPS have a standard deviation of < 0.2 atomic %
In order to confirm that the dopant atoms are substitutionally incorporating into the In2O3
lattice, we studied structural changes of the nanocrystals with X-ray diffraction (XRD).

For all dopant cations at all concentrations investigated we found no evidence of secondary
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phases or crystalline phases other than cubic bixbyite In,O3s (Figure 4.2). This finding
contrasts with previous reports that identified the corundum-type crystal structure for
doped In203 nanocrystals at certain dopant concentrations or crystal sizes.®’® Further
inspection of the XRD patterns in Figure 4.2 reveals small shifts and changes in intensity
for the diffraction peaks as the dopant concentration is increased. These variations are
most evident in the (222), (400), and (440) reflections. The influence on the other
diffraction peaks are harder to discern given the broadening due to small crystallite size.
Increased broadening at higher dopant concentrations is the result of smaller crystallite
sizes, confirmed by SAXS and TEM data (Figure 4.1 & Table 4.1).

Using Rietveld analysis’ (Figure B2), we extracted the cubic lattice constant a for each
of the doped nanocrystal samples. Figure 4.3 plots the extracted lattice constants as a
function of dopant concentration found by ICP-OES. The lattice constant of the undoped
In203 nanocrystals matches that of bulk In2Os, both 10.117 A (JCPDS no. 06-0416). As
displayed in Figure 4.3, the lattice constant decreases for all samples with incorporated
dopant, and further decreases with additional dopant presence, as expected by Vegard’s
law.”? Furthermore, the difference in slopes for each dopant qualitatively matches the
expected trend when comparing octahedrally coordinated ionic radii of the specific cations
used as precursors. From the literature,® we find the trend in octahedrally coordinated ionic
radii of cations: Fe** (69 pm) < Co 2* (79 pm) < Mn?* (81 pm) < Zn?* (88 pm) < In®* (94
pm). It has previously been shown in oxide nanocrystals that a decreasing crystallite size
leads to an increase in the crystalline lattice constant.”® The fact that we observe a

decreased lattice constant (Figure 4.3) despite the decreasing crystallite size for doped
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products (Figure 4.1 and Table 4.1) strongly suggests that the cations are substitutionally

doping for In®" cations.
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Figure 4.2. X-ray diffraction patterns of bulk (black, bottom trace), undoped (grey trace),

and Mn, Fe, Co, and Zn doped indium oxide nanocrystals at 5, 10, and 20% dopant
concentrations. The peak present at 43.5 © in some samples is due to the silicon substrate.
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Figure 4.3. Lattice constants extracted through Reitveld analysis for doped and undoped
nanocrystals plotted as a function of dopant concentration from ICP-OES. Predics
decreases in lattice constant as a function of increased dopant incorporation suggest
substitutional doping in the oxide nanocrystals.

Further evidence of substitutional doping can be found from electronic absorption
spectroscopy. Figure 4.4 displays the absorbance spectra for the 10% doped nanocrystals
at two concentrations. Spectra collected at low concentration (~0.05 mg/mL) make it
possible to observe the band-edge absorption. Spectra collected at higher concentration
(~10 mg/mL) can be used to identify ligand field transitions of the octahedrally coordinated
metal centers. In the bixbyite structure, In®" resides in two distinct six-coordinated sites
within the lattice, the b and d sites.3®*"%7* Dopants with cation radii smaller than In®* are
thought to reside in the distorted octahedral d sites, with C2 point group symmetry.”%"™ A
solution of Mn: In2O3 nanocrystals suspended in hexanes at room temperature (Figure
4.4b) gives rise to a pink/red color, which, at first appearance, is characteristic of
octahedrally coordinated Mn?* complexes.’® However, it is more likely these transitions
arise from spin-allowed °Egq = 5Ty transitions of Mn**, as previously reported and

discussed from a separate synthesis of Mn: In,Os nanocrystals by Radovanovic et al.”® The

electronic spectra reported in their study qualitatively match the spectrum in Figure 4.4b.
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They assigned this transition to a d* ion in a rhombic environment (which, as they point
out, is structurally similar to the d site of a bixbyite lattice). In this environment, T»>gand
Eg terms split further into A and B terms.”%’® Given these considerations and previously
discussed spectra,’® we can assign the peaks at ~18,000 cm™, ~20,000 cm, and ~22,000
cm™ to the °Bg = %Ay, °By = °Bg, and °By > °Aq transitions, respectively. Figure 4.3f
shows solutions of the 5, 10, and 20% Mn: In2O3 nanocrystals at the same concentration
by mass (5 mg/mL), displaying the increasing intensity of the absorbance for the charge
transfer and d-d transitions as the dopant concentration is increased.

Octahedrally coordinated Fe®" cations generally exhibit much weaker d-d
transitions than other d° systems, and therefore are not expected to appear in the absorbance
spectrum shown in Figure 4.4c.”® A previously reported synthesis and characterization of
Fe: In203 nanocrystals assigns a similar peak at ~21,000 cm™ to ligand-to-metal charge
transfer transitions.”” Elsewhere, Fe-doped In,O3z nanocrystals produced by a colloidal
synthesis’® were reported to have a color that qualitatively matches that of the solution in
Figure 4.3c; however, no electronic absorbance data were reported. The absorbance
spectrum of Co: In2Os s displayed in Figure 4.4d. The broad absorption is similarly likely
due to ligand-to-metal charge transfer. Comparing the spectrum in Figure 4.4d to
previously reported Co?* pseudooctahedral complexes,”® a possible *Tig 2>%T14(P)
transition may be present at ~18,000 cm™. Co: In2Osthin films showed similar absorption
features, though their origin was not discussed.”® As expected, undoped In,O3 (Figure 4.4a)
and Zn: In20s (Figure 4.4e) do not give rise to any d-d transitions in the visible region (Zn?*

is a d*® metal center).
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Figure 4.4. Electronic absorbance spectra collected on solutions of nanocrystals in
hexanes at room temperature along with pictures of the solutions. Inset plots display
spectra from dilute solutions (~0.05 mg/mL) of the nanocrystals that can be used to obtain
band gap energy estimates. a) undoped In,O3 nanocrystals, b) Mn: In20g, ¢) Fe: In203, d)
Co: In203, and e) Zn: In203. f) absorbance spectra from solutions of 5, 10, and 20 atomic
% doped Mn: In2Oz nanocrystals, all at constant concentration (5 mg/mL). The inset shows
pictures of all three solutions, increasing in dopant concentration from left to right.

Band gap energies of doped and undoped InO3 are estimated from absorption
onsets from dilute solutions of nanocrystals shown in Figure 4.4. For undoped In203,
absorbance onset occurs at ~29,500 cm™, corresponding to a band gap ~ 3.66 eV. Bixbyite
In,03 is commonly reported as having a bandgap between 3.5-3.7 eV.8% All doped samples
display a slightly red-shifted absorbance onset of ~29,000 cm™ (~3.60 eV). The slight
decrease in bandgap with doping has been attributed to donor states which arise within the
band, likely from charge compensating oxygen vacancies.”® The presence of dopant
cations likely lowers the energy of vacancy formation.8! A qualitative measure of oxygen
vacancy content can be assessed by examining the near-infrared/infrared localized surface
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plasmon resonance (LSPR) absorbance of the nanocrystals, which arise in oxide
nanocrystals due to free carriers formed via doping, or in this case, oxygen
vacancies.?>31:8283  The peak of the LSPR is directly proportional to the free electron
content of the nanocrystals.®* IR spectra (Figure B3) of undoped In2O3 displays a weak
LSPR absorbance ~1,400 cm™, while the doped samples display a broader, more intense
absorption centered at energies > 4,000 cm™. The shift in the LSPR to higher energy
indicates a higher free electron concentration in the doped samples, a direct result of the
larger concentration of vacancy defects. Fitting of the O1s XPS spectra (Figure B1) for 5
and 20% Zn: In,O3 samples results in a more prominent peak at 529.7 eV, suggesting a
higher degree of oxygen deficient/defective oxide sites that increase as the dopant
concentration increases. Notably, these defects have been shown to enhance some
favorable properties, including sensitivity to oxidizing or reducing gases when these
materials are used as the active component in gas sensors.8>-8’

As shown in Figure 4.1, the synthetic method also produced Cu: In.Oz nanocrystals.
Copper ions have traditionally been difficult to dope within intrinsically n-type oxides,&8°
and indium oxide has recently been shown to be an effective diffusion barrier to copper.®
The fact that we were able to incorporate copper highlights the kinetic control possible
with the slow addition method. After isolation of the Cu doped nanocrystals, however, we
noticed some gradual changes in the properties of the material. Immediately after
purification and dispersion of the synthesized nanocrystals in hexanes the color of the
solution appeared dark red. One day after leaving the solution at room temperature, the
solution color changed from red to a blue/grey, and gradually (over several days to ~ a

week), changed to dark green (Figure 4.5a). The absorbance spectrum (Figure 4.5b)
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initially displayed a single absorbance band at ~17,530 cm that gradually shifts to lower
energies as the solution color gradually turns green. Because the intensity of the peak in
the spectra gradually decreases over time, a spectrum from a concentrated sample after two
weeks is shown in the inset of Figure 4.5b, more clearly displaying the red-shifted peak at
~16,430 cm™®. XRD patterns from the copper-doped samples (Figure 4.5c) display peaks
consistent with the bixbyite In,Os pattern. However, the peak intensities are irregular and
accurate Rietveld refinements were difficult to obtain without significantly altering the
occupancy of the unit cell. This is especially noticeable in the pattern two days after
synthesis (Figure 4.5c, blue trace) that displays a (440) peak at 51°that is large relative to
the (222) peak at 30°. A new pattern acquired on the same sample two weeks later shows
expected relative intensities of the (222) and (440) peaks; however, refinements still
resulted in a poor fit. From Braggs law, a qualitative understanding of the change in lattice
constant can be found from the peak centers of the (222) and (440) peaks. Both peaks
initially display peak centers shifted to higher 2-theta relative to undoped In2Os, consistent
with a lattice contraction. Over time the peak centers shift to slightly smaller 2-theta,
indicating a subsequent lattice expansion.

To account for the observed changes, we performed XPS on a sample immediately
after synthesis and two days after synthesis. As displayed in Figure 4.5d, the surface of
the freshly made nanocrystal displays almost no copper present, while two days later
copper appears on the nanocrystal surface. No change in nanocrystal size or size dispersion
was found via SAXS during this period. Taken collectively, the data suggest that the
electronic and structural changes are due to copper ions diffusing from the center of the

crystal to the surface. Copper is likely substitutionally doped for indium cations during
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synthesis, given the lattice contraction in the XRD pattern, though the irregularities in the
pattern suggest that the unit cell is not contracting symmetrically. Subsequent lattice
expansion and appearance of copper in the XPS spectrum indicates that copper diffused
through interstitial sites to the particle surface. Electronic absorbance spectra are consistent
with a change in the coordination of the Cu?* ions,®! though the precise coordination is very
difficult to accurately identify. Cu?*is well known to take many distorted octahedral
coordinations, and it is often difficult to assign to a specific stereochemistry based on the
absorption energy.’®% To the best of our knowledge, very few reports of copper doped
bixbyite structures have been published.®® Copper diffusion has long been studied in bulk

semiconductors, much less, however, in oxide nanomaterials.
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Figure 4.5. Characterization of Cu: In2Os nanocrystals. a) Pictures of the purified
nanocrystals dispersed in hexanes. From left to right, the nanocrystals the same day of
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synthesis, two days after synthesis, and two weeks after synthesis. The final vial shows a
concentrated solution of the nanocrystals two weeks after synthesis. The optical
absorbance spectra of these solutions are shown in b). Panel ¢) XRD spectra of the doped
nanocrystals two days (blue) and two weeks (green) after synthesis. The spectra of bulk
In203 and undoped In,O3 are shown for reference. d) XPS spectra of the Cu 2p region
immediately (red) and two days (blue) after synthesis. The spectra indicate copper is
diffusing towards the nanocrystal surface.
Conclusion

Precise control of doped nanocrystal composition and structure is critical to the
development and understanding of their important optical, magnetic, catalytic, and
optoelectronic properties. Herein we synthesized substitutionally-doped Mn: In,Os, Fe:
In203, Co: In203, Cu: In.03, and Zn: In203 nanocrystals with dopant concentrations as high
as 20%. Nanocrystal dopant concentration was controlled simply by the precursor feed
ratio, allowing the logical preparation of compositions without the need for tedious trial
and error. Dopant incorporation efficacy exceeded 90% for all dopants except for copper,
which ranged from 67-92%, depending upon the feed ratio. Empirically selecting metal
precursors was not necessary, and metal oleates of both host and dopant cations were used
as metal precursors. This is made possible because the synthetic approach relies on the
metal-catalyzed esterification of metal carboxylates, not thermal decomposition, and
growth proceeds in a highly controlled, slow manner. The slow-growth approach allows
concentration of both host and dopant cation to be constant over time, ensuring that dopant
cations are homogeneously distributed throughout the nanocrystal. That copper could be
incorporated into the In2O3 lattice, despite its propensity to segregate to the nanocrystal
surface, demonstrates the level of kinetic control of dopant incorporation offered by the

living growth synthesis. Wide band-gap oxides, like In203, allow ligand-field transitions

from dopant cations to be easily observed. We utilized these optical features, elemental
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composition analysis by ICP-OES and XPS, and XRD analysis, to confirm that dopants
were substitutionally doping for In®* cations.

The slow-addition approach allows the layer-by-layer growth of nanocrystals, resulting
in precise control of composition as crystal growth continues and enhanced size control of
doped and undoped structures.>® This opens up the possibility for the logical synthesis of
graded nanostructures and the radial localization of dopants to specific locations within the
nanocrystal. Additionally, co-doping or adding multiple dopants into the same nanocrystal,
within the same or different radial location, open up a new range of property exploration
and optimization. The synthetic approach should be amenable to other transition metal
dopants (and matrix oxides), beyond those we report here, at large dopant concentrations
and with high, near 100% efficacy. The ability to prepare highly-doped nanoscale
structures without rigorous optimization will not only decrease the time and resources for
the production of materials but also aid in understanding and utilizing properties found
from new structures.

Methods and Materials
Materials

Indium(l11) acetate (99.99%), manganese(ll) acetate (98%), copper(ll) acetate (98%),
iron(I11) acetylacetonate, zinc(ll) acetate, oleic acid (90% technical grade), were purchased
from Sigma Aldrich and used as received. Oleyl alcohol (80—85% technical grade) was
purchased from Alfa Aesar and used as received. A flow meter Cole-Parmer (model
03216—10) was used to monitor nitrogen flow.

Characterization of Transition Metal Doped Indium Oxide Nanocrystals
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Small angle X-ray scattering (SAXS) analysis was done on a lab-scale SAXS (SAXSess,
Anton Paar, Austria). The system was attached to an X-ray generator equipped with a X-
ray tube (Cu Ka X-rays with wavelength A = 0.154 nm) operating at 40 kV and 50 mA.
The raw data was processed with SAXSquant software (version 2.0), and scattering curves
were averaged over 50 individual acquisitions for various acquisition times (.5-10s). Curve
fitting was done using Irena macros for IGOR (V. 6.3).%

Transmission electron microscopy (TEM) images and electron diffraction patterns were
collected on 400 mesh Cu grids (Ted Pella, Redding, CA) using a Tecnai Spirit TEM (FEl,
Hillsboro, OR) operating at 120 kV. Samples were prepared by dipping the grid into a
dilute solution of particles. Images were analyzed using ImageJ software.®

Elemental compositions of the nanocrystal cores were determined using a Teledyne
Leeman Labs (Hudson, NH) Prodigy High Dispersion Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES). Nanocrystals were dried and digested in stock nitric
acid for at least 48 hrs before being diluted for analysis. Surface composition by X-ray
photoelectron spectroscopy (XPS) was acquired using a Thermo Scientific ESCALAB 250
X-ray photoelectron spectrometer. Samples were prepared by drop-casting a hexane
solution of nanocrystals on mica substrates.

X-ray diffraction (XRD) was carried out on a Rigaku Smartlab instrument using Bragg
Brentano geometry and Cu Ka radiation. A step size of 0.01° and collection speed of 0.1
degrees/min was utilized over a range of 20-70 20. Rietveld refinement was conducted on

the collected patterns using Fullprof Suite.”
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Optical absorbance data was collected with a Perkin Elmer (Waltham, MA) Lambda
1050 UV/Vis/INIR Spectrometer. Samples were dispersed in hexanes and data were
collected at room temperature.

Fourier-transform infrared (FTIR) spectra on the nanocrystals were obtained using a
Thermo Fisher Nicolet 6700 spectrometer. Samples were deposited form a hexanes
solution and pressed into a KBr pellet.

Synthesis of Transition Metal Doped Indium Oxide Nanocrystals

Samples were prepared as described previously.®® One mmol metal carboxylate
solutions were prepared by mixing indium(l11) acetate and the appropriate metal dopant
salt with 2 mL of oleic acid in a 20 mL glass scintillation vial. The vial was then heated to
150°C in an oil bath under N2 for at least one hour to generate a metal-oleate precursor
solution. For the Fe doped precursor, the solution was allowed to sit at 190°C for at least
an hour. The as-prepared precursor solution was added dropwise (0.35 mL/min) to a three-
neck 100 mL flask containing 13 mL of oleyl alcohol heated to 290°C. The precursor
solution was added using a syringe pump fitted with a 20 mL syringe. During addition, N>
was flowing through the flask at a rate of 120-130 cc/min. All three necks of the flask were
capped with septa, and three 16-gauge purge needles were placed in one of the necks with
a small amount of Kimwipe in the purge needles to prevent water reintroduction into the
flask.

After synthesis, the nanocrystal solution was allowed to sit at reaction temperature
for 5 minutes under N2 flow, after which the solution cooled to room temperature. To
isolate the nanocrystals, 30 mL of ethanol was added to precipitate the nanocrystals. The

nanocrystals were isolated by centrifugation at 7300 rpm for 10 minutes. The product was
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washed twice more with ethanol and collected by centrifugation. The washed nanocrystals
were then dispersed in hexanes. The solution of nanocrystals was then centrifuged at 7000
rpm for one minute to remove any insoluble material. After purification, typical yield of
doped nanocrystal was > 100 mg (~90% yield).
Bridge to Chapter V

The similar reactivities of the host and dopant precursors under esterification
conditions, shown in chapter IV, leads to dopant concentrations easily controlled through
the ratio of precursors used. The slow, layer by layer growth method not only allows for
homogeneously distributed dopants, but also the ability to synthesize doped/undoped and
undoped/doped core/shell nanocrystals where the radial position of the dopant can be
altered. The dramatic improvement in synthetic control over dopant placement makes it
possible to systematically investigate the influence of dopant concentration and radial
distribution on the LSPR, revealing a strong dependence of LSPR energies, dopant
activations and LSPR quality factors upon dopant location, which are discussed in
chapter V. The study demonstrates the first example of LSPR tailoring through precise
radial dopant placement, and investigates the resulting optical properties from these

architectures.
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CHAPTER V

RADIAL DOPANT PLACEMENT FOR TUNING PLASMONIC PROPERTIES IN

METAL OXIDE NANOCRYSTALS

This chapter was previously published as Crockett, B. M.; Jansons, A. W.; Koskela, K.
M.; Johnson, D. W.; Hutchison, J. E. Radial Dopant Placement for Tuning Plasmonic
Properties in Metal Oxide Nanocrystals. ACS Nano 2017, 11 (8), 7719-7728. Copyright

2017 American Chemical Society.

Introduction

The unique properties of plasmonic nanomaterials allow their use in a variety of
applications, such as spectroscopy,'? chemical sensing,®™ transparent conducting films,®’
and as biomedical agents.®° Recently, non-noble metal nanomaterials that display
localized surface plasmon resonances (LSPRs) in the infrared (IR) and near-IR (NIR)
region of the electromagnetic spectrum have been investigated, and their use explored as
active components in a variety of the above applications.!* ™ Several types of extrinsically-
doped oxide nanocrystals that display tunable LSPRs have been reported, including Sn-
doped In203 (ITO),6-2° Ce-doped 1n203,* In or Al-doped ZnO,%?%* In and F/In co-doped
Cd0,%2>% and Nb-doped TiO.2" In these cases, the LSPR arises when dopant atoms and
crystalline defects contribute free electrons into the conduction band that collectively

oscillate when excited by their resonance frequency. In the case of metal oxides, the energy
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of the LSPR can be tailored through changes in aliovalent dopant concentration or dopant
identity.l4‘16'26'28'29

Recent reports suggest that the radial distribution of dopants in metal oxide nanocrystals
may contribute to large variations in the plasmonic properties of these materials,
specifically damping (which correlates to the LSPR linewidth)'*3® and dopant activation
(the number of free electrons per dopant cation).! Three example dopant architectures are
shown in Figure 5.1. Using ITO nanocrystals as a model system, Lounis et al. observed
that the LSPR energy and shape depend upon the radial dopant distribution of Sn.3! The
authors suggest that mitigating dopant heterogeneity and size effects, as well as deliberate
radial placement of dopant atoms would be a powerful strategy for designing plasmonic
nanocrystal properties. Such an approach however, is difficult to impossible to achieve
given the current state of colloidal nanocrystal syntheses. In order to gain access to such
level of LSPR control, a synthetic approach is required that allows for sub-nanometer size
and composition control during the growth phase, which would permit the logical
production of advanced structures, including doped/undoped or undoped/doped core/shell

architectures.

Figure 5.1. Schematic cross-section representations for three dopant distributions of Sn
in an In,O3 nanocrystal. Sn localized in the core (left), Sn homogeneously doped
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(middle), and Sn localized towards the surface (right). Oxygen, indium, and tin atoms are
red, white, and blue spheres respectively. Schematics were generated in CrystalMaker
using a bixbyite In,Os lattice.

Recently, we reported a synthesis for both binary and doped metal oxide nanocrystals
based upon esterification of metal oleates in long-chain alcohol solution that has the
potential for deliberate and precise radial control over dopant placement.®-3* During slow
addition of a metal carboxylate into long-chain alcohol at elevated temperatures (> 200
°C), metal oxide particles nucleate and then grow continuously without coalescence,
ripening, or forming additional particles. The synthesis proceeds with > 90 % yield and
can provide gram-scale material > This approach proceeds through a living or continuous
growth mechanism, where the nucleated particles continue to grow upon the addition of
more precursor. New metal oxide compositions can be added as a shell on the core matrix
in a predictable fashion. Thus, this approach should permit the precise placement of
dopants within a particle due to the layer-by-layer growth process.

Herein we utilize this approach to synthesize Sn-doped In,Os nanocrystals with
deliberate radial dopant placement and investigate the resulting LSPR spectra. We
demonstrate that it is possible to precisely control the radial placement of dopants,
maintaining uniform size dispersions and controlled core dimensions. We observe
decreases in LSPR damping with dopant-segregated regions in the core or the shell with
respect to homogeneously-doped nanocrystals. We confirm the presence of inactive Sn
dopants on the nanocrystal surface, and observe their activation upon the addition of a sub-
nanometer thick undoped In2O3 shell. Finally we show it is possible predictively design
LSPR shape and energy, independent of dopant concentration, through control over core

or shell dopant placement.
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Results and Discussion
Synthesis of Core/shell Nanocrystals with Varying Radial Dopant Placement

Two series of core/shell nanocrystals (In2O3/ITO core/shell, ITO/In203 core/shell) were
synthesized through a one-pot, controlled, slow addition approach. Each series was
synthesized (Scheme 5.1) by a two-stage approach whereby either i) an indium oleate
precursor is used to produce an In.O3 core, then subsequently, and without purification, the
mixed In/Sn precursor is slowly added to produce In203/ITO core/shell nanocrystals, or ii)
a mixture of Sn and In oleate precursors is used to produce an ITO core, then subsequently,
an indium oleate precursor is slowly added to produce ITO/In,O3 core/shell nanocrystals.
Shell thicknesses were varied in each series to investigate the influence of dopant
placement on the LSPR. Aliquots were taken and purified for analysis after the formation

of the core and periodically during shell growth.

Scheme 5.1. Living growth synthesis of homogeneously doped and core/shell
nanocrystals. 1203 and ITO are represented in red and blue, respectively.

Injection 1 _ Injection 2
) In,Os precursor oleyl alcohol ITO precursor In,0,/ITO
2%~3 h =
290 °C oleyl alcohol, 290 °C core/shell
Injection 1 Injection 2
- oleyl alcohol In,O; precursor ITO/In,0,4
i) ITO precursor > core/shell
290 °C oleyl alcohol, 290 °C

ITO precursor = 9:1 In(oleate);:Sn(oleate), + excess oleic acid
In,O; precursor = In(oleate); +excess oleic acid
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The dopant locations in the nanocrystals were investigated through a combination of bulk
and surface elemental analysis. Absolute dopant concentration was determined for
nanocrystals digested in stock hydrochloric acid and analyzed using inductively coupled
plasma optical emission spectroscopy (ICP-OES). The concentrations of surface localized
Sn were investigated using X-ray photoelectron spectroscopy (XPS). XPS probes only the
surface atomic structure (the sampling depth was calculated to be ~ 5 nm for the In and Sn
3d photoelectrons)® and has been previously shown to be a powerful technique in
elucidating nanocrystal dopant distributions.??3! Relative surface Sn concentrations were
quantified by integrating the In and Sn 3ds, peaks in the XPS spectra. Only minor
attenuation of the signal is expected from the ligand shell, and this should be similar for
both the indium and tin signals. Elemental analysis results are shown in Figures C1 and
C2, and were used to confirm that Sn dopants were either located in the core or shell of the
nanocrystals for the ITO/In203 and In203/ITO core/shell series respectively.

Figure 5.2 displays TEM micrographs of the initial core and final core/shell samples for
the In203/ITO core/shell and ITO/In2O3 series. The nanocrystals are uniformly-sized single
crystals that pack readily into extended arrays. HRTEM was performed on the largest
IN203/ITO and ITO/IN203 core/shell particles (Figure C3). The analysis does not reveal the
presence of any apparent structural defects of the crystalline particles at the core/shell
interfaces, suggesting that the shells are epitaxially grown onto the core of the nanocrystals.
Shell growth was monitored via SAXS (Figures C1 and C2). The final (largest) shell
thicknesses were 4.1 and 4.0 nm for the In2O3/ITO and ITO/In2O3 series, respectively.

SAXS and TEM analysis confirmed that there was no new nucleation upon shell precursor
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injection. The NIR absorbance spectra were measured from 3,100 to 11,000 cm™ (3225 to
909nm), and plotted for the In,03/ITO and ITO/In,O3 core/shell series in Figures 5.2e and
5.2f, respectively. The initial absorbance spectrum of the In,O3/ITO core/shell series in
Figure 5.2e (black spectrum) displays no LSPR absorbance in the NIR and only displays

ligand C-H stretches, as expected for an undoped nanocrystal.
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Figure 5.2. Core/shell schematics, TEM micrographs, and NIR spectra of In,O3/ITO
(left) and ITO/In203 (right) core/shell nanocrystals. TEM images and respective
core/shell schematics of the initial core and final core/shell samples, with sizes reported
from SAXS: In203 core (a); In203/ITO core/shell (b); ITO core (c); ITO/In203 core/shell
(d). Core/shell schematics represent In,Os and ITO in red and blue respectively. Scale
bars are 50 nm. Normalized LSPR spectra for In2Os/ITO series during ITO shell growth
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(e), and ITO/In,O3 series during In203 shell growth (f). Normalized LSPR spectra of the
ITO core and first ITO/In.Oz core/shell nanocrystal to show the initial blue-shift in the
LSPR as a result of shell growth (f, inset). NIR spectra of In.O3/ITO core/shell sample
(red) and homogeneously-doped ITO (black), with Sn concentrations of 9.71 and 9.98
atomic %, respectively (g), NIR spectra of ITO/In,Oz core/shell sample (red) and
homogeneously-doped ITO (black), with Sn concentrations of 7.36 and 7.17%
respectively (h).

The LSPR spectra for the In,O3/ITO core/shell nanocrystals are shown in Figure 5.2e.
The shift in the LSPRmax to higher energies with more incorporated Sn is consistent with

that predicted by Eq. 1. The response of the LSPR should be proportional to the bulk plasma

frequency (wp), described by

wy = (1)

where N is the free carrier concentration, e is the elementary charge, m” is the effective
mass, and &o is the permittivity of free space. As more Sn is incorporated into the lattice,
the free carrier concentration is expected to increase, until a saturation point is reached at
very high concentrations'® (> 15 % Sn). For the 1TO/In,O3 core/shell nanocrystals (Figure
5.2f), the LSPRmax decreases as the dimensions of the In,Os shell are increased, consistent
with a dilution of free electrons due to the addition of the undoped shell.

Upon closer inspection of the spectra for the 1TO/In2O3 core/shell nanocrystals (Figure
5.2f, inset), there is a blue-shift from 5436 to 5629 cm™ upon initial In,O3 shell growth
before the peak maxima shift to longer wavelength as the shell thickens. The blue shift is
accompanied by a 25% decrease in linewidth (1992 cm™ to 1548 cm™Y). To further explore
the influence of thin shells of indium oxide on the ITO cores, we grew a series of sub-

nanometer InoO3 shells on ITO (Figure C4). Although one would expect that the addition
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of an undoped, In203 shell would effectively dilute the Sn concentration in the nanocrystal,
and therefore should shift the LSPR to lower energy according to equation (1), these
experiments (Figure C4) confirmed our initial observation that thin In2Os shells lead to an
initial blue-shift of the LSPR suggesting an effective increase in free electron concentration
in the material. This observation provides further evidence to hypotheses that the ITO
surface contains localized Sn surface trap states that contribute to a reduced dopant
activation in 1TO,**3 which can be activated by a sub-monolayer In.Os shell. Surface trap
states are well known in the QD literature®-3° and can arise from a combination of ligand-
surface interactions, dangling bonds, and surface site defects.

To further explore the influence of dopant placement on the LSPR, samples with the
same dopant concentration, but different radial placement of the dopant atoms, were
synthesized and examined. Figure 5.2g compares the LSPR response of an In,O3/ITO
core/shell sample with a homogeneously-doped ITO nanocrystal sample, containing 9.71
and 9.98 atomic % Sn, respectively. Structural characterization, including ICP-OES and
XPS analysis for both samples are shown in supporting information (Table C1). The
LSPRmax for the In203/ITO core/shell sample is red-shifted by approximately 381 cm™ and
linewidth is decreased by approximately 439 cm™ (17%), relative to the homogeneously-
doped sample. The red-shift is likely due to the slightly lower Sn concentration in the
core/shell sample. A similar decrease in linewidth has been previously observed for
surface-segregated ITO nanocrystals.®! In that case, the authors suggest that narrowing of
the linewidth results from less dopant-based scattering in the Sn-depleted core.

A comparison of the LSPR spectra for an ITO/In,O3 core/shell sample and a

homogeneously-doped ITO sample of the approximately the same Sn concentration (7.36
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and 7.17 atomic %, respectively) is shown in Figure 5.2h. Structural and compositional
characterization for both samples is shown in Table C2. Just as in the previous case, the
LSPR linewidth in the core/shell sample is narrower (by 26%, 1629 versus 2201 cm™)
compared to the homogeneously-doped sample. In this case; however, the LSPRmax of the
core/shell sample is blue-shifted relative the homogeneously-doped sample by 145 cm™.
The observed effects likely arise from the dopant-free shell, which aids in reducing
damping and a slight increase in dopant concentration (vide infra).
Extraction of Optical Constants for Core/Shell Nanocrystals

The NIR optical responses observed in ITO nanocrystals can be interpreted semi-
quantitatively through their dielectric function described by the free electron

approximation of the Drude equation

2

Wp
(w? +iwl) @

enc(w) = & —

where & is the high frequency dielectric constant of ITO (taken as 4), wp is the bulk
plasma frequency of the free carriers, and I is the free carrier damping. Using the Drude
equation, the LSPR absorption cross-section (oa) of the nanocrystals can be modeled from

the quasi-static approximation of Mie theory

(3)
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where em is the dielectric constant of the medium (2.238 for CCls), k = /&, w/c, and

R is the nanocrystal radius. The absorbance of the NC solution can then be calculated with
the Beer-Lambert law

_ NoylL 4
~ log(10) (4)

where N is the nanocrystal number density (#particles/cm), and L is the pathlength of
the cuvette. LSPR spectra from Figure 5.2 were modeled in order to extract wp and I'. This
simple Drude model has been used extensively to model LSPR spectra of semiconducting
and oxide nanocrystals.141>4042  Example modeled spectra, along with a comparison to
the observed spectra, are shown in Figure C5. Figure 5.3a shows wp and I" as a function of
shell thickness for both the In,Os/ITO and the ITO/In2Os core/shell nanocrystals

represented in Figures 5.2e and 5.2f.
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Figure 5.3. Extracted parameters from the spectra in Figure 5.2 as a function of shell
thickness and absolute Sn concentration (measured by ICP-OES). Black and red symbols
represent 1TO/In2O3 and In203/ITO core/shell nanocrystals respectively. wp (top, solid
symbols) and I" values (bottom, open symbols) plotted versus shell thickness (a). Ne values
plotted against absolute Sn concentration (b). The core/shell schematics are placed for
reference, with In.O3 and ITO represented in red and blue respectively.

As expected by equation 1, mp increases with increasing shell thickness for the In,03/1TO

electron scattering during LSPR excitation. As the main scattering mechanism in ITO is



electron-ionized impurity scattering,**** this decrease in I' is most likely due to the
undoped In2O3 core providing an impurity-free zone for conduction band electrons to
oscillate upon excitation. At greater shell thicknesses, the In203/ITO core/shell
nanocrystals display in increase in I', most likely from the nanocrystals being > 90% ITO
by volume and exhibiting damping closer to homogeneous ITO (see I" for ITO core, shell
thickness = 0 nm, in Figure 5.3a).

For the ITO/IN203 core/shell nanocrystals, @p increases during the first nanometer of
shell growth, indicating and increase in Ne (Figure C4). A significant decrease in damping,
I', is also observed upon initial shell growth. Near the maximum shell thicknesses, I"
increases, likely due to the cubic-shape of the nanocrystals (Figure 5.2d) giving rise to
additional shape-dependent plasmonic modes in the LSPR spectrum.?*® The decrease in
damping exhibited by both core/shell nanocrystals provides strong evidence that the
undoped In203 region is the main factor in decreasing impurity scattering, independent of
dopant concentration (as shown by Figures 5.2g and 5.2h). However the undoped In203
region located in the shell seems to reduce damping the most, likely due to reduced surface
scattering, lack of Sn surface trap states, in addition to the impurity-free zone that both
core/shell nanocrystals possess.

For both core/shell nancorystals, Ne values were calculated from the extracted mp values
using equation 1, and plotted in Figure 5.3b versus absolute Sn% as measured by ICP-OES.
The 1TO/In,03 core/shell nanocrystals display an increasing Ne initially in agreement with
the observed blue-shift from Figure 5.2f, and a gradual decrease in Ne as the Sn is diluted
from the In2O3 shell. Conversely, the In203/ITO core/shell nanocrystals display an increase

in Ne with increasing shell thickness. Comparing the two series, the ITO/In203 core/shell
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series utilizes nearly an order of magnitude less absolute dopant % for an equivalent LSPR
energy than the In,03/ITO core/shell series (0.78% Sn for Ne of 0.42 x 10%'cm™ versus
6.43% Sn for Ne of 0.43 x 10?’cm™ respectively). Because the nanocrystal diameters are
several orders of magnitude smaller than the wavelength of absorbing light, size effects on
the LSPR are negligible and can effectively be ignored,***® indicating that only dopant
concentration and radial location (core versus shell) is contributing to the LSPR spectra.
As aliovalent doping leads to scattering-based damping in metal oxides, any opportunity

to reduce dopant concentration is an opportunity to improve material performance.

Investigating the Impact of Radial Dopant Placement on LSPR Energy and Damping
Currently two of the biggest challenges in plasmonic metal-oxide nanocrystal synthesis
are increasing dopant activation (i.e., maximizing the number of free electrons contributed
per dopant atom) and mitigating plasmonic damping. Common causes of reduced dopant
activation include dopant-induced defects (such as Sn-oxo complexes and the formation of
tin oxide phases)**® and inactive surface sites®**%° (arising from crystal defects*®* and
ligand-metal binding®?). Thus, in attempts to achieve high dopant activation at large dopant
concentrations, these increases in dopant levels may yield more defects and reduce
activation. Plasmonic damping generally arises from a combination of ionized impurity
scattering (from the dopant atoms themselves), surface scattering, and scattering from
charge compensation defects (such as oxygen vacancies).***® lonized impurity and charge
compensation defect scattering are generally reduced by a decrease in Sn concentration. It
is therefore synthetically challenging to mitigate damping when higher dopant densities are

needed to achieve desired carrier concentrations.
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To explore how the radial placement of dopants can be used as a strategy to enhance
dopant activation and reduce plasmon damping, we synthesized and investigated the
optical properties of two core/shell series of Sn-doped In203 nanocrystals. The Doping
Series allows for the investigation of architecture on LSPR energies and dopant activations
by keeping the absolute doping levels constant. This is accomplished by adapting the
synthetic strategy in Scheme 5.1 so that nanocrystal samples in the Doping Series would
be of approximately equal doping concentration and diameter. This ensures that the
observed changes to the LSPR and observed dopant activation would be due solely to the
radial dopant location. Because the plasmon energy depends on damping (Egs. 2-4), a
series of nanocrystals were produced with the same LSPRmax to isolate the effects of radial
dopant placement on damping. Thus, the Damping Series allows for a convenient
comparison of structural effects on damping by holding LSPR energy equivalent across
different nanocrystal structures. To this end, two core/shell samples, one from Figure 5.2e
and one from Figure 5.2f in Section I, were selected that have the same LSPR energies. A
homogeneously-doped sample was designed and synthesized to have the same LSPR

energy for comparison to the other two samples.
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Figure 5.4. ITO nanocrystals for the Doping (left) and Damping (right) Series. Doping
Series (left): TEM micrographs of homogeneously doped ITO nanocrystals (a), ITO/In203
core/shell nanocrystals (b), and In.O3/ITO core/shell nanocrystals (c). Scale bars are 50
nm. Normalized LSPR absorption spectra (d). Inset: photograph of the purified
nanocrystal solutions in hexanes, immediately following synthesis, spectra presented left
to right correspond to solution presented left to right. Damping Series (right): TEM
micrographs of homogeneously doped ITO nanocrystals (e), 1TO/In.O3 core/shell
nanocrystals (f), and In2Os/ITO core/shell nanocrystals (g). Scale bars are 50 nm.
Normalized LSPR absorption spectra (h).

Figure 5.4 displays TEM micrographs for the nanocrystals from both Doping and
Damping Series. Samples in the Doping Series are approximately equal size as measured
by SAXS (Table 5.1), with the In2O3/ITO sample measured to be slightly larger (~ 2 nm
larger in diameter), likely due to differences in nucleation without the initial presence of
dopant cations. Samples in the Damping Series have different sizes, as well as shape, by

SAXS (Table 5.2) and TEM. These size and shape discrepancies are expected given the

varying Sn concentrations and core/shell architectures required to produce an LSPR with
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the same energy. The dopant distributions were investigated via ICP-OES and XPS in the
same fashion described previously. The overall tin content of samples in the Doping Series
(Table 5.1) is essentially the same (within 0.5 atomic % Sn) as measured by ICP-OES.
Results of the surface analysis by XPS (Table 5.1) are in agreement with the specific
architecture described, and confirm the anticipated Sn localization in each sample. The
Damping Series contains a range Sn doping percentages from 3.26 to 9.71 total metal %.

Table 5.1. Doping Series: nanocrystal size, absolute and surface Sn concentrations, and
extracted parameters from Drude modeling of the LSPR spectra in Figure 5.4d.

Structure Size +/-16  Core size Sn % Sn % ®p Ne r
(SAXS,nm) (SAXS,nm) (ICP-OES) (XPS) (cm?) (10%cm?3®) (cm?)
ITO 10.7+/- 1.6 N/A 417 +/-0.05 45+/-0.2 12750 0.73 1850
homogeneous
ITO/In,0; 10.2+/-12 7.0+/-1.0 3.63+/-0.08 25+/-0.2 15280 1.05 1650
core/shell
N0s/ITO |16,/ 16 111+/-14 384+-006 56+-01 7500 025 3100
core/shell

Table 5.2. Damping Series: nanocrystal size, absolute and surface Sn concentrations, and
extracted parameters from Drude modeling of the LSPR spectra in Figure 5.4h.

Structure Size +/-16  Core size Sn % Sn % ®p Ne r
(SAXS, nm) (SAXS,nm) (ICP-OES) (XPS) (cm?t)  (10%*¢cm?) (cm?)
ITO 7.3+/-1.1 N/A 717 +/-0.05 7.7+/-0.2 14250 0.91 2500
homogeneous
ITO/I;05 7.9+/-09 53+/-23 3.26+/-0.07 35+/-0.2 14300 0.92 1600
core/shell
In,05/1TO 144 +/-22 6.3+/-0.8 9.71+/-0.04 10.3+/-0.2 14300 0.92 2050
core/shell
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The NIR absorbance spectra were measured and plotted for the Doping Series in Figure
5.4d. The colors of the as-synthesized nanocrystal solutions dispersed in hexanes (Figure
5.4d inset) are strikingly different, ranging from yellow to blue, despite the nanocrystal
containing the same concentration of dopant. Upon inspection of the NIR spectra (Figure
5.4d) we observe the ITO/In203 core/shell nanocrystals to have the highest LSPR energy
(of 5020 cm't), compared to 4220 cm™ and 3030 cm™ for the homogeneously-doped and
In203/ITO nanocrystals, respectively. To further investigate the LSPR, we modeled all
three spectra with the Drude formula., with the extracted values in Table 5.1.

The 1TO/In20O3 core/shell sample exhibits an Ne value four times greater than the
In203/1TO core/shell sample, with damping reduced by 50%. The extracted damping from
the In.03/ITO sample is much larger, either because of the cubic nature of the nanocrystal
and/or detector cutoffs that do not allow the full LSPR to be observed and modeled. The
ITO/IN203 core/shell sample also yields an Ne value 25% larger, and damping value that is
11% reduced with respect to the homogeneous sample. The Ne value (1.05 10%cm) for
the 1ITO/In20O3 core/shell nanocrystals is unusually high given the doping level (3.26% Sn).
In previously reported ITO nanocrystal samples, significantly higher doping levels (5 - 7%
Sn) were required in order to attain an analogous free carrier concentration, depending
upon the reaction chemistry used to synthesize the nanocrystals.3 Combined, these results
indicate that having a dopant-free shell (i.e., ITO/In2Os core/shell) increases dopant
activation more than the other two architectures.

The NIR absorbance spectra were measured and plotted for the Damping Series in Figure
5.4h. LSPR linewidth (which is an indication of the overall damping in the nanocrystal)

has been shown to be a defining feature for device performance and design,*3%°-°3 from
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sensing, thin film conductivity,®! and selective electromagnetic radiation filtering.>-®
From the spectra in Figure 5.4h, it is readily apparent that linewidth can be tuned with
radial dopant placement, with linewidths measured to be 1552, 2101, and 2358 cm for the
ITO/In203 core/shell, 1n,O3/ITO core/shell, and ITO homogeneous nanocrystals
respectively. As measured by ICP-OES, the Sn % required to produce an LSPR of ~4870
cm* for the ITO/In203 core/shell sample is only 3.55 %, compared to 7.20 % and 9.71 %
for the homogeneously doped ITO and In2O3/ITO core/shell nanocrystals respectively.
This activation trend is in agreement with our findings from the Doping Series, with Sn
being most activated when there is an In2Oz shell (ITO/In.O3 core/shell).

To compare damping and carrier concentration values between the samples, Drude
modeling was performed on the LSPR spectra from Figure 5.4h for the Damping Series,
and the extracted values shown in Table 5.2. Both core/shell nanocrystals display
dramatically reduced damping values with respect to the homogeneous sample, with a 36%
and 18% damping reduction for the ITO/In203 and In203/ITO nanocrystals, respectively.
The In203/ITO core/shell sample is particularly interesting, because the nanocrystals
contain much more overall Sn relative to the homogeneously-doped sample (Table 5.2),
however In.O3/ITO core/shell nanocrystals display less plasmonic damping. This suggests
that the dopant-depleted core is aiding in reducing the damping regardless of the excess Sn
present. Across the three samples the 1TO/In2O3 core/shell sample produces the lowest
damping value of 1600 cm™ due to (i) reduced impurity scattering from fewer dopant
cations present (Table 5.2) and (ii) the dopant-depleted shell. Plasmon damping values
have been reported with wide ranges®® as high as 5000-8000 cm™, from nanocrystals

synthesized with a combination of carboxylates and amines,*® and with much lower values
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of 900 — 1500 cm™ from nanocrystals synthesized from a mixture of metal acetonates,
chlorides and oleyl amine.!® While it may be tempting to draw direct comparisons from
values in this study to other values reported for ITO nanocrystals in the literature, the
chemistries used to synthesize the nanocrystals can influence the properties beyond the
effects due to doping. The range of ITO syntheses rely on different solvents, surfactants,
metal precursors, temperatures, and counter anions, all of which will contribute to the
defect chemistry in the nanocrystals that is then manifested spectrally in sometimes
unpredictable ways. The approach presented here allows for direct comparison between
nanocrystals synthesized with varying levels and placements of dopants because the
nanocrystals are all synthesized from the same precursor material, using the same
surfactants, under the same reaction conditions.
Conclusion

The synthetic method described here offers the opportunity for precise radial dopant
positioning within an oxide nanocrystal matrix. Dopants can be positioned with sub-
nanometer precision into the host nanocrystal via the slow injection of metal precursors,
with no purification required in between precursor additions. We utilized Sn-doped In203
(ITO) as a model system to evaluate the influence of radial dopant position on resulting
properties, in this case the LSPR response. The core/shell nanostructure architectures were
confirmed through bulk and surface elemental analysis.

Radial dopant placement has a profound influence on the LSPR energy, free electron
concentration, and damping. Inactive Sn surface sites could be activated upon the addition
of athin (<0.5 nm) In203 shell. In both types of core/shell nanocrystals, damping decreased

relative to homogeneously-doped nanocrystals, due to the dopant-free region. 1TO/In203
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core/shell nanocrystals have the lowest damping, due to the dopant-free region at the
surface, which reduces surface and impurity scattering, while increasing activation. This
undoped region is crucial to realizing the theoretical minimum damping in metal-oxide
nanocrystals, which has been a challenge in material development.

The ability to precisely control the radial placement of dopants creates opportunities in
structure/property design and optimization. We foresee this approach ultimately being
widely applicable to other metal oxide nanocrystal systems, whose properties are inhibited
by dopant-scattering and localized-surface defects. Studies involving a combination of
ultrafast optical spectroscopy and rigorous computational modeling will aid in developing
a more comprehensive understanding of the underlying electronic structure of these
materials and prove useful in tapping the nearly infinite compositions made possible
through the control of dopant placement in these materials. This same approach should also
be useful in modifying catalytic, magnetic, and electronic properties of nanocrystal
extending beyond In2O3 systems.

Materials and methods.

Indium(l11) acetate (99.99%), oleic acid (90% technical grade), and tin(I\VV) acetate were
purchased from Sigma-Aldrich and used as received. Oleyl alcohol (80-85% technical
grade) was purchased from Alfa Aesar and used as received. A flow meter purchased from
Cole-Parmer was used to monitor nitrogen flow (model 03216-10).

Synthesis of Homogeneously-doped and Core/Shell Nanocrystals

All syntheses were carried out similar to those described in literature with modifications

to control the placement of dopant atoms into the nanocrystal matrix.3%33

Synthesis of In.O3/ITO Core/shell Nanocrystals (Figures 5.2, C1, C3)
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Two precursor solutions were prepared in separate vials. In one vial, indium(ll1) was
mixed with of oleic acid (in a 1:6 molar ratio) to yield an undoped indium oleate precursor
solution. In a separate vial, tin(IVV) acetate and indium(lll) acetate (in a 1:9 Sn:In ratio)
were mixed with oleic acid (in a 1:6 metal to acid molar ratio) to yield a 10% Sn doped
ITO precursor solution. Both precursors were left at 150 °C under N2 for several hours.
Indium oxide nanocrystals cores were synthesized by first adding the indium oleate
precursor solution at a rate of 0.35 mL/min via syringe pump to 13.0 mL of oleyl alcohol
at 290 °C. A 6.3 nm In2O3 core was grown in this manner, and a small aliquot was pulled
out of the reaction flask using a 1.0 mL syringe. After the addition of the undoped
precursor, a 10% ITO precursor solution was added to the reaction solution in the same
manner described above. During the dropwise addition of the ITO precursor, small aliquots
were taken out of the reaction vessel for analysis. Nanocrystals were isolated by
precipitating with ~12 mL of ethanol. The solid was collected by centrifugation at 7000
rpm for 10 min. The solid was then washed and centrifuged once more with ethanol.
Elemental analysis along with size and size dispersion analysis by SAXS from these
particles can be found in Figure CL1.

Synthesis of ITO/In,O3 Core/shell Nanocrystals (Figures 5.2, C2, C3)

For the synthesis of the ITO/In,Oscore/shell nanocrystals, a 10% Sn ITO precursor
solution was added to oleyl alcohol in the same manner described above. A 5.3 nm ITO
core was grown in this manner, and a small aliquot was pulled out of the reaction flask
using a 1.0 mL syringe. After the addition of the ITO precursor, an indium precursor
solution was added to the reaction solution in the same manner described above. During

the dropwise addition of the indium precursor, small aliquots were taken out of the reaction
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vessel for analysis. Aliquots were purified and analyzed as stated above.  Elemental
analysis along with size and size dispersion analysis by SAXS from these particles can be
found in Figure C2.

Synthesis of Homogeneously-doped ITO Nanocrystals (Figure 5.2, Tables C1 and C2):
An ITO metal oleate precursor was prepared by mixing indium(lll) acetate and tin(IV)
acetate (in the proper molar ratio for the desired Sn doping level) in oleic acid (1:6 metal
to acid molar ratio) in a scintillation vial. The solution was stirred at 150 °C under N2 for
several hours. Nanoparticles were formed by adding the precursor at a rate of 0.35 mL/min,
using a syringe pump, to 13.0 mL of oleyl alcohol in a 100 mL three-neck flask at 290 °C.
The three-neck flask was sealed with septa, however N> was allowed to flow over the
solution at a rate of ~130 cc/min and exit out each of several purge needles. Aliquots were
purified and analyzed as stated above.

Synthesis for Activation of Sn surfaces on an ITO Nanocrystal (Figure C4)

A 10% ITO precursor solution was added to oleyl alcohol in the same manner described
above to yield a 6.9 nm ITO nanocrystal. An aliquot was taken at this point for analysis.
Next, 20 drops of an undoped, indium oleate precursor was added to the reaction vessel.
Another aliquot was taken at this point. Ten more drops of the indium oleate was added to
the reaction vessel, another aliquot was taken, and finally ten more drops of undoped
precursor was added to the vessel. Aliquots were purified and analyzed as stated above.
Size and size dispersions from this synthesis can be found in Figure C4.

Synthesis of Doping Series: Homogeneously-doped and Core/shell Nanocrystals

Synthesis of the Homogeneously-doped ITO nanocrystals (Figure 5.4, Table 5.1)
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A 3.3 % ITO metal oleate precursor was prepared by mixing indium(l11) acetate (846
mg, 2.90 mmol) and tin(I1V) acetate (35 mg, 0.10 mmol) in 6 mL of oleic acid in a
scintillation vial. The solution was stirred at 150 °C under N2 for several hours.
Nanoparticles were formed by adding the precursor at a rate of 0.35 mL/min, using a
syringe pump, to 13.0 mL of oleyl alcohol in a 100 mL three-neck flask at 290 °C. The
three-neck flask was sealed with septa, however N2 was allowed to flow over the solution
at a rate of ~130 cc/min and exit out each of several purge needles. Aliquots were purified
and analyzed as stated above. After collection, the final nanocrystals (350 mg, > 90%
yield; yield for the nanocrystal core was calculated from the inorganic core mass
(determined using Thermal Gravimetric Analysis from the mass isolated and the mass
percent remaining after heating to 600 °C) and the theoretical maximum yield from the
metal salts to form the metal oxide.

Synthesis of the ITO/In203 Core/shell Nanocrystals (Figure 5.4, Table 5.1)

Core/shell nanocrystals were prepared using the same method described above for
homogeneously doped nanocrystals using different precursor solutions. Two precursor
solutions were prepared in separate vials. In one vial, indium(lll) acetate (584 mg, 2.00
mmol) was mixed with 4.0 mL of oleic acid to yield an undoped indium oleate precursor
solution. In a separate vial, tin(1V) acetate (35 mg, 0.10 mmol) and indium(lll) acetate
(263 mg, 0.901 mmol) were mixed with 2.0 mL of oleic acid to yield a 10% doped ITO
precursor solution. Both precursors were left at 150 °C under N. for several hours.
Nanocrystals were synthesized by first adding the ITO precursor solution at a rate of 0.35
mL/min via syringe pump to 13.0 mL of oleyl alcohol at 290 °C. After the addition of the

2.0 mL precursor, the ITO precursor was removed from the syringe pump and replaced
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with the indium oleate precursor. The indium oleate precursor was added via syringe pump
to the reaction solution at the same addition rate. Aliquots were purified and analyzed as
stated above, and yield determination of the nanocrystal products were carried as described
above for homogeneously doped nanocrystals (355 mg, > 90% yield).

Synthesis of In.O3/ITO Core/shell Nanocrystals (Figure 5.4, Table 5.1)

10% ITO and indium oleate precursors were prepared in separate vials as described
above. Nanocrystals were synthesized by first adding the undoped indium oleate precursor
at a rate of 0.35 mL/min to 13.0 mL of oleyl alcohol at 290 °C the flask, then adding the
ITO precursor. Precursors were added via a syringe pump and the nanocrystals were
isolated and purified as described above (340 mg, > 90% yield.

Characterization of Indium Oxide and Sn-doped Indium Oxide Nanocrystals.

Optical measurements were carried out on a PerkinElmer (Waltham, MA) Lambda 1050
UV/Vis/NIR Spectrometer. Spectra were collected in CCls using only one detector (PbS)
in order to remove most detector artifacts. Samples were diluted to a concentration of ~0.5
mg/mL. Spectra were sampled from 1000 — 3300 nm with a scan resolution of 1 nm.

Elemental compositions of the nanocrystal cores were determined using a Teledyne
Leeman Labs (Hudson, NH) Prodigy High Dispersion Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES). Nanocrystals were dried and digested in stock HCI for
at least 48 hrs before being diluted for analysis.

Elemental composition for the surface of the nanoparticles was determined using a
Thermo Scientific ESCALAB 250 X-ray Photoelectron Spectrometer (XPS). Samples

were prepared by drop casting a hexanes solution onto mica substrates. Surface tin content

100



was determined by integrating the tin 3ds,2 peaks and comparing those intensities to those
of the indium 3ds/; peaks.

Transmission electron microscopy (TEM) micrographs were collected using a FEI
Tecnai Spirit TEM (Hillsboro, OR) operating at 120 kV. HRTEM images (Figure C1)
were collected on a 300 kV Cs image corrected FEI Titan (S)TEM. Nanocrystals were
imaged on Ted Pella (Redding, CA) lacey carbon grids supported by a copper grid.
Samples were prepared by dropping a sample dissolved in hexanes onto the water surface
in a small vial, allowing the hexanes to dissolve, and dipping a grid through the layer of
particles.

Small-angle X-ray scattering (SAXS) analysis was done on a lab-scale SAXS (SAXSess,
Anton Paar, Austria). The system was attached to an X-ray generator equipped with an X-
ray tube (Cu Ko, wavelength A = 0.154 nm) operating at 40 kV and 50 mA. The scattered
X-ray intensities were measured with a charge-coupled device detector (Roper Scientific,
Germany). The raw data was processed with SAXSquant software (version 2.0).
Scattering curves were averaged over 50 individual curves for various acquisition times
(0.25-15s). Curve fitting was done using Irena macros for IGOR (V. 6.3.7.2).%"

Drude modeling was performed in MatLab. Models were fitted manually to simulated
spectra through a combination of Equations 1-4. Models were allowed to optimize to a
least-squared fit, with extracted value errors of 25 cm™. This approach has been used
extensively to model LSPR spectra of metal oxide, and metal chalcogenide nanocrystals.*>

42

Bridge to Chapter VI

101



The following concluding chapter offers concluding remarks regarding living

nanocrystal growth, with an eye toward future opportunities.
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CHAPTER VI

CONCLUSION

Portions of this chapter were reprinted with permission from Jansons, A. W.; Plummer,
L. K.; Hutchison, J. E. Living Nanocrystals. Chem. Mater. 2017, 29 (13), 5415-5425.

Copyright 2017 American Chemical Society.

Concluding Remarks

Nanocrystals and nanoparticles offer advantages in both application assembly and
performance, and promise to improve the lives of humanity in the coming years. Though
colloidal nanomaterials synthesis has advanced tremendously over the past four decades,
our ability to produce precision materials, tailored for specific use or property
exploration, remains limited. Just as polymer chemists lacked the synthetic ability to test
basic structure/property theories in the early 1950s, the approaches available to
nanochemists today are limited in the size, composition, and architecture of
nanomaterials they can produce.

Colloidal living growth approaches offer the incredible ability to quickly and
intuitively synthesize complex nanomaterial structures and compositions, so new
phenomena can be understood and harnessed. Living growth is possible when the
production and maintenance of reactive sites on the surface facilitate growth through the
controlled addition of reactive monomers. This type of growth mechanism has several

consequences; because growth occurs by monomer addition rather than heterogeneous
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nucleation, epitaxial growth of single crystal nanoparticles results. Further, continuous
growth from “living” reactive sites on the particle surface leads to nanocrystals with low
size dispersions. When monomer addition is irreversible, crystals are no longer
susceptible to ripening. At the same time, when crystals are stabilized against core fusion
or aggregation by a surface-bound surfactant, a constant number of nanocrystals persists
throughout the growth process. When a constant number of crystals is maintained for the
entire growth process, addition of more precursor leads to predictable growth. Finally,
the preservation of reactive species in a controlled, layer-by-layer growth process
provides opportunities introduce new elements, thus altering the composition and
structure of the nanocrystal with sub-nanometer precision, affording access to novel
doped and core/shell structures.
Future Opportunities

Discovery and development of new living growth methods for nanocrystals will
require greater understanding of key mechanistic aspects of these processes. Perhaps the
most important aspect for exploration is understanding the nanocrystal surface chemistry
during growth. In order to support a living growth process, there must be a complex
interplay of 1) ligand binding to promote particle stability, and 2) appropriately reactive
surface promoting epitaxial growth through monomer addition. Although some
mechanistic understanding can be inferred from particle growth studies over time, in situ
and ex situ experiments to probe the surface chemistry will be needed. Investigation into
the influence of ligand type and concentration, characterization of the structure of metal
precursor, and examination of the growth behavior during different addition rates, and at

different reaction temperatures, will be needed to advance our understanding of these
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systems. Direct characterization of the surface chemistry may be more difficult to obtain.
Studies should target the chemical makeup of the reactive nanocrystal surface, structure
of reactive monomer produced from precursors, and nuclei or clusters formed early in the
growth process through detailed, likely in situ, chemical analysis.

Many of the answers to these questions will require more advanced analytical tools
and rigorous analysis of nanocrystal growth mechanisms. Cutting-edge analytical tools
are needed to monitor nucleation and nanocrystal growth, assess atomic-scale
compositional and structural changes over time, as well as monitor functional groups
participating in living growth processes.'® We have found SAXS an invaluable tool to
quickly probe the products of new synthetic routes and monitor nanocrystal growth.
Lab-scale SAXS instruments are now more widely available and offer the capability to
quickly obtain size, size dispersion, and concentration measurements. Compared to
TEM, SAXS analysis can obtain information from a statistically significant population of
nanoparticles in a fraction of the time that image analysis takes, and it offers the added
benefit of probing nanoparticle size, shape, and structure in solution.* Of course, TEM
maintains its value in identifying shape and corroborating SAXS measurements.
Furthermore, HRTEM measurements are necessary to characterize crystallinity of
synthesized products. Atomic pair distribution function analysis (PDF) is a powerful tool
that can probe species at the atomic level, and should provide significant insights
regarding reactive monomer formation, nucleation, and growth.>~’ PDF should be
especially useful for probing the structures of very small species (e.g. monomers and
nuclei) that are not easily detected and characterized by SAXS or TEM. Towards

monitoring key functional groups in monomers and on nanocrystal surfaces, we believe
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that traditional small-molecule chemical analysis tools, including NMR, IR, and Raman
spectroscopy, together with complementary surface chemistry tools, such as XPS or ToF-
SIMS, can be used alongside more sophisticated methods to enhance our mechanistic
understanding of living growth processes.
Conclusion

Despite the challenges evident in discovering new living growth systems and
elucidating the mechanisms, the future of precision nanomaterial production through
these approaches is promising and inspiring. It appears that living growth methods are
widely applicable across the periodic table, employing single metals or several metals in
combination. From what we have seen so far, these mechanisms facilitate the convenient
and rapid assembly of new nanostructures with advantageous and appealing properties.
At the same time, these intuitive synthetic approaches produce high-performance
nanomaterials in fewer steps, in higher yields, and under greener conditions than thermal
decomposition methods. Already, the synthesis of an almost-infinite number of binary,
doped, co-doped, and core/shell oxide nanocrystal structures is possible by living growth.
Products of these syntheses promise increased performance in optical, electronic, and
catalytic application, as well as provide avenues for understanding fundamental physical
processes. With respect to the compositions and structures that can be produced via these
methods, we have only scratched the surface. We expect living approaches will make it
possible to produce shape-controlled nanostructures, ternary oxides, and other
chalcogenide nanocrystals (not limited to oxides).® Indeed, growing metal chalcogenides
may be possible by incorporating a chalcogenide source. For example, many indium

phosphide syntheses utilize the dehalosilylation of tris(trimethylsilyl)phosphine
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(P(SiMe3)3) with the similar metal precursors as the living methods we have described
above.>1® Some existing approaches to arsenide nanocrystals may in time prove to be
living mechanisms.® Development of living growth approaches to these traditionally
highly-sought materials would greatly increase the number of new structures that are
possible, while simultaneously decreasing synthetic burden. Further, the ability to easily
and predictably combine materials in unique, epitaxial heterostructured compositions will

bring about a flurry in discovery-driven science.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER I1I: CONTINUOUS GROWTH OF

METAL OXIDE NANOCRYSTALS: ENHANCED CONTROL OF NANOCRYSTAL

SIZE AND RADIAL DOPANT DISTRIBUTION
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Figure Al. Figure 3.2a from the manuscript replotted with absolute size distribution (in
nm) instead of relative size distribution shown in the manuscript.
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Figure A2. Particle size and size dispersion measured from TEM. While TEM and SAXS
yield different sizes and size dispersions for nanocrystals based on number-weighted and
volume-weighted analysis respectively, the TEM data illustrate the same trend of increasing
particle size with precursor added. Over 300 particles were measured for each data point.
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Figure A3. SAXS data from the synthesis of large In.O3 nanocrystals. In order to synthesize larger
nanocrystals, excess alcohol must be added to the reaction flask to ensure further esterification and
nanocrystal growth as metal oleate is slowly added. During this synthesis, metal oleate was first
added dropwise to the reaction flask. Precursor addition was then stopped, and oleyl alcohol was
added dropwise (alcohol addition is noted in the red transparent rectangle). This cycle was then
repeated. See methods section for specific details of synthesis. As shown in a, particle size
increases as metal oleate is added, and remains nearly constant while precursor addition stops. (b)
Number of scatterers from SAXS shows nearly constant nanocrystal concentration over time. Error
bars represent standard deviation of the measurement. If a larger excess of alcohol is added to the
reaction flask before metal precursor addition begins, smaller nanocrystals are produced compared
to the method described here. Therefore, precursor and alcohol were added in an alternating
fashion, as shown above.
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Figure A4. Multigram quantities of In,O3 nanocrystals produced. Each centrifuge
tube above contains half of the reaction solution described in Figure A2 and in
methods sections. After the synthesis, over 3.0 g of nanocrystals were recovered,
seen as the solid precipitate in the above figure.
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Figure A5. Top left: EDX spectrum of nanocrystals after treatment with
trimethoxy(octadecyl)silane. Nanocrystals (which have been twice precipitated with ethanol,
isolated by centrifugation and dispersed in hexanes) show the presence of silicon from the
coupled silane along with indium and oxygen from In,O3 nanocrystals. Copper is present

from the TEM grid. Because silicon may be present from the EDX detector, we confirmed the
presence of silicon with XPS. Right: XPS Si 2p peak from the same particles.
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Figure A6. SAXS data of In,O3 nanocrystals left under reaction conditions (290 °C)
after the injection of metal precursor. Very little change in the size or size distribution
(nm) is observed for three hours following synthesis.
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Figure A7. TEM of 8.9 nm In.O3z core (left), 10.4 nm In,O3/ITO core/shell (middle), and
13.6 nm In203/ITO/In203 core/shell/shell nanocrystals. XPS data from the nanocrystals
are displayed in Fig. 8 of the manuscript. Scale bars are 50 nm.\
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER IV: TRANSITION METAL-DOPED

METAL OXIDE NANOCRYSTALS: EFFICIENT SUBSTITUTIONAL DOPING

THROUGH A CONTINUOUS GROWTH PROCESS
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Figure B1. XPS spectra of doped In.O3 nanocrystals. Compositions shown in Table 3 of
the manuscript are calculated based on integration of the In 3ds, and dopant 2ps/. peak.

a) displays a typical C1s spectra and b) a typical In 3d spectra of the doped and undoped
nanocrystals. c¢) and d) show the Co and Mn 2p spectra from Co: InoOzand Mn: In203
respectively. e) and f) display the Zn 2p region of 5% Zn: In,Oz and 20% Zn: In,Og,
respectively. g) displays the O1s spectra from 5% Zn: In2O3, and h) 20% Zn: In.Os. The
O1s spectra shown in g and h can be fit to four peaks of the same peak shape and a width
of 1.5 eV, the peak at 529.0 eV corresponds to oxide in In2O3, the peak 0.7 eV greater
corresponds to oxygen deficient/defect oxide, the peak at 530.9 eV corresponds to
hydroxide, and the peak at 531.8 eV corresponds to adsorbed oxygen and organic oxygen
in the ligand shell.} The increase in dopant atom concentration likely leads to the
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increase in oxygen vacancy formation, which displayed in g and h. Spectra are
referenced to the C1s hydrocarbon peak at 284.5 eV.
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Figure B2. Raw XRD patterns acquired from undoped and doped In2O3 nanocrystals at
varying dopant concentrations, re-plotted from Figure 2 in the manuscript: a) Mn: In203
b) Fe: In203 ¢) Co: In203 d) Zn: In203. The peak present at 43.5 ° in some samples is due
to the silicon substrate. All acquired patterns match that of cubic In2Os3 (bulk pattern
shown in black in each plot). e) Displays a typical Rietveld refinement using Fullprof
Suite.® Background points were picked by hand, and peaks were fit using a pseudo-Voigt
profile. Once scale, zero offsets, and peak shape were refined, lattice parameters were
allowed to optimize. In XRD patterns where the substrate peak is present, an exclusion
zone in the refinement was added to prevent model optimization from 43-44 °.
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Figure B3. FTIR spectra obtained from undoped and doped In203 nanocrystals. Unlike
the undoped nanocrystals (top left), which display a weak plasmon resonance ~1400 cm’

Wavenumber (cm")

Wavenumber (cm™)

Wavenumber (cm'1)

! the doped nanocrystals display much stronger plasmon absorbances centered at
energies > 4000 cm™. The strong absorbance and the shift of the LSPR to higher
energies is an indication of an increased concentration of oxygen vacancy formation.
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER V: RADIAL DOPANT

PLACEMENT FOR TUNING PLASMONIC PROPERTIES IN METAL OXIDE

NANOCRYSTALS
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Figure C1. (Top) Elemental analysis of Sn (plotted as total metal %) via XPS and ICP-
OES versus shell thickness for In,O3/ITO core/shell series. The trend shows an
overall increase in Sn with increasing 1TO shell thickness. Additionally, measured XPS
values are larger than ICP-OES values indicating the dopants are localized in the shell.
(Bottom) Size and size dispersion from SAXS analysis for the In.O3/ITO core/shell
nanocrystal series. LSPR spectra are shown in Figure 2e in the manuscript.
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Figure C2. (Top) Elemental analysis of Sn (plotted as total metal %) via XPS and ICP-
OES versus shell thickness for ITO/ In.Ozcore/shell series. The trend shows an
overall decrease in Sn with increasing In.Os shell thickness. Additionally, XPS values
trend to zero indicating the dopants are localized in the core. (Bottom) Size and size
dispersion from SAXS analysis for the ITO/ In,Oz core/shell nanocrystal series.
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Figure C3. HRTEM images of ITO/In203 core/shell nanocrystal (a) and the In.O3/ITO
core/shell nanocrystal (b). As shown, no striking structural defects are found in the
single crystals. The FFT of the image is shown to the right of the micrographs. The
micrograph in a is looking down the [011] zone axis, and the micrograph in b is down the
[111] zone axis.
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Figure C4. (Top) NIR spectra of ITO nanocrystal core with sub-namometer shells.
(Bottom) Size and size dispersion from SAXS analysis for the ITO/In,O3 core/shell
nanocrystals with thin undoped shells.
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Table C1. Size and composition data for homogeneous ITO and In203/ITO core/shell
nanocrystals shown in Figure 5.29. Sizes and size dispersions are from SAXS analysis.
Elemental analyses are derived from XPS and ICP-OES.

Structure Size +/- 1o Core size Sn % Sn %
(SAXS,nm)  (SAXS,nm) (ICP-OES)  (XPS)
ITO 73+11 N/A 9.98+0.05 10.6+0.2
homogeneous
INOSITO | 1)/ 00  63+-08  971+006 103+0.1
core/shell

Table C2. Size and composition for homogeneous ITO and ITO/In2Oscore/shell
nanocrystals shown in Figure 5.2h. Size and size dispersion are from SAXS analysis.
Elemental analyses are derived from XPS and ICP-OES.

Structure Size +/- 1o Core size Sn % Sn %
(SAXS,nm)  (SAXS,nm) (ICP-OES) (XPS)
ITO 6.9+ 1.0 N/A 7174006  71+02
homogeneous
ITO/MNOs | 79,/ 09  53+-23 7364004 7501
core/shell
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Figure C5. Example spectra modeling with the Drude equation of ITO/In203
nanocrystals (left) and In2O3/ITO nanocrystals (right). Modeling was performed in
MatLab as described in the Experimental section of the main text.
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