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DISSERTATION ABSTRACT 
 
Tawney Ann Knecht 
 
Doctor of Philosophy 
 
Department of Chemistry 
 
June 2022 
 
Title: Examination of Metal Oxide Nanocrystal Formation, Growth and Applications using 

a Continuous Growth Synthesis 

 
Metal oxide nanomaterials can serve as high-performance materials in many 

applications, but only if their nanoscale structure can be controlled through synthesis. 

Metal oxide nanocrystals with the necessary structural attributes (size, shape, crystallinity, 

dopant identity and concentration, defect structure, architecture, etc.) to enhance these 

applications have been produced, but little is known about growth processes that lead to 

those structures. Research on the nanocrystal growth process is necessary to gain the level 

of synthetic control required to predictably engineer the desirable attributes of 

nanocrystals. 

The research described in this dissertation utilizes a continuous addition synthesis 

that enables fine control over the nanocrystal growth process in examining the influence of 

precursor oxidation state, reaction atmosphere, precursor ligation, and reagent identity are 

investigated. In the case of cerium oxide, it was found that precursor oxidation state does 

not significantly influence the growth of cerium oxide nanocrystals. Instead, we find that 

reaction atmosphere (N2 vs air) drastically influences the nanocrystal structure, which in 

turn influences the growth, with nanoribbons or plates forming under N2, and nanocubes 

forming under air. We also found that acetate from the precursor starting material were 
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responsible for nanoribbon formation. For tin-doped indium oxide (ITO), it was found that 

changing the primary reagent from oleyl alcohol to oleylamine drastically influenced the 

nanocrystal growth by influencing the number of nanocrystals formed in the earliest stages 

of nanocrystal formation and growth.  

Towards utilizing ITO nanocrystals in applications, we investigate their use as 

plasmonic filters and as electrocatalysts. We find that we can sculpt the absorption 

spectrum of solution-processed ITO nanocrystal films, enabling the fabrication of tunable 

IR filters. We also find that ITO nanocrystals are unstable and restructure to an indium/tin 

metal alloy under electrochemically reducing potentials required for CO2 reduction. 

This dissertation includes previously published and unpublished co-authored 

material. 
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CHAPTER I 

INTRODUCTION 

I am the primary and sole author to the writing of this chapter. 

Dissertation Introduction 

Nanomaterials have garnered interest over the last several decades as materials that 

will solve some of the world’s most challenging issues, and are used in drug delivery,1-4 

sensing,5-8 cancer treatment,1, 4, 9-11 water purification,12-14 electronics,15-19 photovoltaics,7, 

17, 20-21 energy storage devices,7, 22-24 and more. This special class of materials consists of 

materials that have one dimension below 100 nm in size, and can be any material including 

carbon-based materials,25-27 metals,7, 28-29 and metal chalcogenides,5, 8, 11, 16, 30 to name a 

few. These can include one-dimensional wires,31-33 two-dimensional sheets or films,8, 11, 28, 

34-37 and three-dimensional nanoparticles from simple geometries like spheres38-39 and 

cubes,40-43 to more complex geometries like branched shapes44 or flowers.45-46  

The reason nanomaterials are a special class of materials worth studying is because 

they exhibit size- and shape-dependent properties that are different than their bulk 

counterparts.47-48 For example, while bulk gold has a golden yellow color, nanogold can be 

pink, purple, or red (depending on the particle size and shape) and was used, likely 

unknowingly, to make red glass since the Middle Ages.47 Another common example is 
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quantum dots, which are nanomaterials that exhibit size-dependent photoluminescent 

properties, appearing as different colors when excited depending on their size.49-51 Due to 

these size-dependent optical properties, quantum dots have been adopted into technologies 

such as LEDs and quantum dot displays,49, 52-53 solar cells,54-55 imaging in cell biology,51 

and more. 

Because these properties are size- and shape-dependent, there has been a push to 

develop reliable processes to fabricate or synthesize nanomaterials of predictable 

compositions, size, and shape. There are two main approaches to nanomaterials fabrication: 

top-down or bottom up.56 Top-down approaches start with bulk materials that are further 

broken down or structured on the nanoscale. Some examples of these processes include 

mechanical milling and various lithography and selective etching methods.56 The 

advantage of mechanical milling is that the process is simple, but it often leads to a range 

of sizes of material, and the process is not predictable nor controllable. Lithography and 

etching techniques have been widely used in the electronics industry to fabricate nanoscale 

electronic circuitry; however, these methods are not broadly applicable to all materials.  

Bottom-up approaches are ones in which nanomaterials are synthesized from 

smaller building blocks such as atoms, molecular precursors, or clusters, and they offer 

several advantages.56 These techniques include atomic layer and chemical vapor 

deposition, as well as solid, liquid, and gas phase syntheses. Each of these techniques has 

advantages and drawbacks. This dissertation will focus on the liquid phase synthesis of 

colloidal nanocrystals because such syntheses offer many handles (such as temperature, 

solvent choice, precursor choice, reagent choice, concentrations, etc.) that can be 

manipulated to tune nanoscale structure. 
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The nanoscience community has made strides towards developing liquid phase 

syntheses, both aqueous and organic, that have enabled access to nearly every material and 

nanostructure one could think of. Many studies have been published on size- and shape-

dependent properties of various nanomaterials. However, size and shape are not the only 

structural attributes of a nanocrystal that affect properties. Properties can also be influenced 

by the degree of crystallinity, what crystal phases are present, defects such as twinning57-

58 or oxygen vacancies,59-61 and in the case of multi-component nanocrystals, phase 

segregation62-63 and/or location of dopant within the nanocrystal.64-65  

Figure 1.1. Illustration depicting the different nanocrystal structural attributes that can 

impact nanocrystal properties. 

All of these attributes can have profound effects on nanocrystal properties but are 

often difficult to detect and characterize. Thus, many studies on nanocrystals of similar 

size, composition, and morphology report a wide variety of properties. For example, 

Lounis et al. measured the conductivity of two different nanocrystal films made from tin-

doped indium oxide (ITO) nanocrystals of the same size and shape, but made from different 

precursors, and there was an order of magnitude difference in conductivity between the 

two films.65 This was due to the location of Sn dopants within the ITO nanocrystals being 

different between the two sets of nanocrystals.65 Spinel iron oxide is another commonly 

used example, where a variety of saturation magnetizations are reported for nanocrystals 
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of the same size and morphology.66 This is often due to unintended structural defects and 

varying thicknesses of a non-magnetic shell within the nanocrystals, both of which are 

dependent upon the synthetic conditions.66-67 These discrepancies within the literature 

make it difficult to establish any accurate structure-property relationships. 

All nanocrystal structural attributes are the product of the synthetic conditions used 

to produce the nanocrystals. Unfortunately, many solution syntheses of nanocrystals are 

developed through trial and error, often changing multiple synthetic parameters between 

reports, making it difficult to understand the effect various synthetic conditions are having 

on nanocrystal properties (this will be discussed in further detail later in this chapter). To 

better understand how synthetic conditions impact nanocrystal properties, it is imperative 

that we understand the nanocrystal growth process.      

Mechanisms of Nanoparticle Nucleation and Growth in Solution 

The formation of nanocrystals in solution is thought to happen in two stages: 

nucleation and growth.68-69 Nucleation is the formation of the first nanocrystals,70 and 

growth happens when solution monomer continues to react with the nanocrystal surfaces, 

causing them to grow.71 There are several theories have been put forth outlining various 

mechanisms of nanocrystal nucleation and growth. Though none of them are broadly 

applicable to every nanocrystal synthesis, there are many important and useful concepts 

that have come from those efforts. 
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Classical Nucleation and Growth 

The theory of classical nucleation and growth stemmed from work by La Mer and 

coworkers68-69 and is applicable in many nanoparticle systems. In this theory, molecular 

precursors convert to reactive monomer species (M). Monomer concentration rapidly 

increases over a brief period, briefly reaches a concentration above the saturation 

concentration (MSat), and then a short burst nucleation occurs with the formation of a finite 

number of nanoparticles of a critical radius.68 The critical radius (which happens at 

[M]Critical) is the smallest radius at which a nanoparticle does not redissolve.68 At this point,

growth ensues when solution monomers react with the growing nanoparticles, decreasing 

the solution monomer concentration below the saturation point, preventing the nucleation 

of new particles.68 Growth will continue until the monomer concentration reaches the 

saturation concentration (MSat).68 If monomer concentration falls below the saturation 

concentration of the solvent, then nanoparticles will redissolve, reforming solution 

monomer species.68 Smaller particles will often dissolve first due to their high surface 

energy, and resulting monomer is then allowed to react with larger particles.68 This process 

of smaller nanoparticles dissolving and then monomer regrowing onto larger nanoparticles 

is called Ostwald ripening and is typically used to describe how nanoparticles can become 

more uniform and monodisperse over time.68 A schematic depiction of classical nucleation 

and growth theory is shown in Figure 1.2 below.  
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Figure 1.2 Schematic depiction of classical nucleation of growth, showing how the 

concentration of monomer ([M]) over time impacts nanoparticle formation and growth. 

The classical nucleation and growth model has been very useful in describing the 

formation of nanoparticles and the separation of nucleation and growth, and it is applicable 

in many nanoparticle systems.71 However, there are some assumptions that are made that 

are not appropriate in all systems.67 For example, one assumption of this theory is that 

growth is independent of the material properties, but in instances where size influences 

nanoparticle reactivity, this is not the case.67 Another assumption is that there is a single 

surface energy for the growing nanocrystals, but in addition to size, different exposed 

crystallographic facets have different surface energies, and thus classical nucleation and 

growth cannot always describe the formation of anisotropic nanoparticles.72 Further, this 

theory does not take into account different chemistries that can happen both in solution and 

at the surface of the nanocrystals. Thus, classical nucleation and growth does not 

adequately describe all nanoparticle growth and does not allow for the predictability 

required to be able to intuitively design new nanomaterials. 
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Continuous Nucleation 

Continuous nucleation is another mechanism of nucleation that was first described 

by Finke and Watzky.69 This is a two-step mechanism whereby nucleation and growth 

happen simultaneously. Nucleation happens continuously where monomer forms 

nanocrystals, and then surface growth happens autocatalytically. This theory is useful in 

putting forth the notion that both the nature of the monomer as well as the nanoparticles in 

solution affect each other, though still falls short by not considering the specific chemistries 

of the monomer or nucleation and surface growth reactions.   

Nonclassical Nucleation and Growth 

Nonclassical nucleation and growth encompasses other mechanisms that do not fall 

into the classical or continuous nucleation and growth models.68-69, 73 These mechanisms 

can include the formation of clusters, nanoparticle coalescence where nanoparticles react 

with one another to form larger structures, or intraparticle growth in which diffusion of 

monomer species along the surface of a nanoparticle leads to a morphology change over 

time. These processes often driven by high surface energies, which are lowered upon 

coalescence or rearrangement.  

While each of these models put forth useful concepts, they still fail to understand 

the individual chemistries happening in each system and fail to provide a model that allows 

for the predictive formation of nanoparticles. Other nucleation models that are seldom 

discussed take into account the chemistry of the monomer and nanocrystal material. These 

models describe the reaction of monomer units to form liquid-like phases, amorphous 

phases, or oligomer units that can polymerize or crosslink, which may then crystallize at 



8 

sufficiently high temperatures. While these models are vague and generally poorly 

understood, they provide a useful framework for thinking about additional pathways to 

nucleation beyond traditional classical or non-classical nucleation models that account for 

system-dependent parameters such as the chemical properties of the monomer and 

intermediates, and material properties of the nanoparticles formed in solution. A depiction 

of various nucleation pathways74 is shown in Figure 1.3 below. 

Figure 1.3. Illustration inspired by reference [74] depicting different nucleation pathways 

from monomer species. 

Nanoparticle syntheses are often developed inefficiently through trial and error, and 

the myriad of different synthetic conditions makes it impossible to understand how each of 

the synthetic parameters affects nanomaterials properties. To try to understand these, it is 

important to first understand the common types of reactions that are used to form 

nanoparticles. 
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Overview of Solution Phase Syntheses of Metal Oxide Nanoparticles 

Metal oxide nanocrystals are a particularly interesting class of nanomaterials due 

to their ubiquity and unique properties, which have enabled their use in almost every 

application imaginable, including biomedical applications,75 sensing,16, 76-77 energy 

storage,7, 22-23 optoelectronics,64, 78 and beyond. This dissertation focuses on solution 

methods to synthesize metal oxide nanocrystals due to the level of control afforded by 

solution-based syntheses, as well as the ease with which one can change various parameters 

within the syntheses.67 Solution methods can be divided into two categories: aqueous and 

nonaqueous routes. The most common aqueous based syntheses are coprecipitation79-80 and 

hydrothermal38, 81-82 syntheses. Both of these form metal oxides through hydrolysis 

reactions. In coprecipitation syntheses, a precipitating agent, typically an aqueous base, is 

slowly added to a metal salt solution, either under ambient conditions or at slightly elevated 

temperatures. Size and morphology are typically controlled by varying the rate of addition 

of the precipitating agent, concentration of base or metal salt, or by varying the pH of the 

solution. Hydrothermal syntheses involve mixing metal salts and other additives such as 

stabilizing ligands in water, sealing the reaction mixture in an autoclave, and heating to 

high temperatures (and pressures).38, 41, 81-83 In these syntheses, size and morphology are 

controlled by varying the temperature, reaction time, metal concentration, or type and 

concentration of additives used.  

Aqueous routes are typically the most straightforward and cost-effective strategies 

to form metal oxide nanocrystals.56 However, there are significant drawbacks. The 

formation of nanoparticles through hydrolysis reactions occurs rapidly, making it nearly 

impossible to separate nucleation from growth of nanoparticles, which is advantageous for 
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controlling size and morphology. Rapid hydrolysis also reduces the selectivity of the 

products formed in the reaction, which often results in polydisperse nanoparticles.67, 84 

Further, some reports have shown that polycrystalline shells can be formed on the surface 

of nanoparticles using these syntheses,66-67 further complicating efforts to understand 

structure-property relationships.  

Nonaqueous routes utilize knowledge from organic reactions to more slowly and 

controllably form nanoparticles. There are two primary nonaqueous reaction routes: 

thermal decomposition71 and nonaqueous sol-gel reactions.85-86 Thermal decomposition 

involves heating a metal complex (such as a metal carboxylate) to a temperature (often 

above 300 °C) at which the precursor complex decomposes, forming M and MO radical 

species, which react with each other to form M–O–M bonds, resulting in metal oxide 

nanocrystals. Nonaqueous sol-gel reactions occur through the formation of M–OH species, 

that condense with each other to form M–O–M bonds. Each of these two syntheses will be 

discussed in detail below. 

Thermal decomposition syntheses are the most widely studied nonaqueous route to 

metal oxide nanocrystals and have led to some of the most uniform nanocrystals in the 

literature.71, 87 However, because the reaction involves the formation of radical species that 

quickly and indiscriminately react with each other, it is difficult to control the specific 

chemistry happening in the reaction. As a result, thermal decomposition syntheses can lead 

to the formation of defects within the nanocrystals,66 imparting unintentional and 

uncontrollable properties. Further, because these syntheses often occur at high 

temperatures, often under a N2 atmosphere, this can result in a highly reducing 
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environment, leading to more reduced phases of metal oxide nanocrystals than may be 

desired, or even leading to the formation of metal nanocrystals.84  

Nonaqueous sol-gel routes, on the other hand, allow for higher selectivity of the 

chemical reactions taking place to form nanocrystals.85-86 These reactions typically involve 

mixing a metal precursor (metal halides, acetates, acetylacetonates, carboxylates, etc.) in a 

solvent (alcohols, amines, ethers, ketones, etc.), which react to form M–OH species, which 

condense with each other to form M–O–M bonds. Such reactions can occur through alkyl 

halide elimination, ether elimination, aldol-like condensation, ester elimination, or amide 

elimination,85-86 as illustrated in Scheme 1.1. 

Scheme 1.1. Depiction of various nonaqueous sol-gel routes to form M–O–M bonds. 
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The primary benefit of nonaqueous sol-gel routes is that the reactions can take place 

at temperatures lower than the thermal decomposition temperature of the precursor 
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complex,88 which enables selective control over the reaction chemistry, and therefore more 

controllable and predictable nanocrystals. It also allows for the exploration of the effect on 

temperature on nanocrystal syntheses, which may impact whether a synthesis is kinetically 

vs thermodynamically controlled.72 

Common Techniques for Nonaqueous Syntheses of Metal Oxide Nanocrystals 

There are several different methods with which one could produce metal oxide 

nanocrystals via either thermal decomposition or nonaqueous sol-gel chemical routes. The 

most common and simple is the heat-up method, in which a metal precursor, stabilizing 

ligand, and solvent are simply heated to the desired reaction temperature at a controlled 

rate, and held at this temperature for a specific amount of time.71, 89 The size of nanocrystals 

is determined by the number of nanocrystals formed during nucleation and can be tuned by 

varying the temperature ramp rate, the temperature, precursor concentration, and 

stabilizing ligand identity and concentration.71, 89  

While research has come a long way in the development of these heat-up syntheses, 

there remain many drawbacks to this method. The synthetic parameters of interest (reaction 

temperature, precursor concentration, ligand concentration and identity) are often 

developed through trial and error, without much understanding of how each of the 

parameters impact nanocrystal growth and resulting properties. Further, nanocrystal 

growth is highly sensitive to the flux of monomer species (derived from the precursor 

complex) to the surface of the growing crystals,90 and this is difficult to control in heat-up 

syntheses, leading to syntheses that are difficult to reproduce.91 Monomer flux is often 

controlled by changing the temperature and precursor concentration. However, once the 

temperature at which the reaction takes place is reached, the concentration of precursor, 
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and therefore monomer, rapidly changes, making it difficult to understand how 

concentration impacts nanocrystal growth. Additionally, changing the reaction temperature 

might require one to change the reaction solvent. This is especially true of reactions that 

are carried out under reflux, where the reaction temperature is set by the boiling point of 

the solvent.87 Because two parameters (temperature and solvent) must be changed at once, 

it is impossible to systematically understand the effect of each parameter on the growth 

process and resulting nanocrystal properties. 

Another common synthetic procedure is the hot-injection method.92-93 The hot-

injection method typically involves rapidly injecting a solution by hand containing the 

metal precursor into a hot solution containing solvent and/or stabilizing ligands. The 

primary benefit of the hot-injection method is that it introduces a high level of 

supersaturation from the start of the synthetic procedure, which enables faster nucleation 

and narrower size dispersities of nanocrystals.93 Like heat-up methods, hot-injection 

methods have been developed for many different materials of different sizes and shapes, 

but still suffer significant drawbacks. Again, the concentration of precursor is difficult to 

control given that nucleation may begin before all of the precursor is injected, the injection 

rate is not constant given that it is usually done by hand, and once nucleation starts the 

concentration of precursor is rapidly and dynamically changing. Further, the rapid injection 

of a lower temperature precursor into a hot solution drastically and unpredictably changes 

the reaction temperature, which is known to affect nanocrystal growth processes. 

The last method that will be discussed is the slow injection approach, which 

circumvents many of the drawbacks of heat-up and hot-injection methods.66, 88, 94-95 This 

approach involves slowly injecting a solution containing precursor into a hot solvent using 
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a syringe pump. Stabilizing ligands can be in either the precursor solution or in the solvent. 

The injection rate is easily controlled by the syringe pump, which injects precursor at a 

slow enough rate such that the temperature change of the reaction solution is negligible. If 

the formation of monomer species from the precursor complex is sufficiently fast, then the 

flux of monomer to the nanocrystal surface is controlled by the injection rate. Another 

primary advantage of slow injection syntheses is that the size of the nanocrystals is not 

determined by the nucleation event, which is highly sensitive and difficult to control, but 

by the amount of precursor added, which is far more controllable. Since the reaction 

happens more slowly, and because the final size of the nanocrystals is determined by the 

amount of precursor injected, nanocrystal formation can be examined during the course of 

the reaction by taking aliquots at various time points during the injection.  

Slow Injection Esterification Synthesis 

The Hutchison lab has developed a nanocrystal synthesis that combines the slow 

injection approach with ester elimination chemistry that has led to a number of size-

tunable, uniform metal oxide nanocrystals.66, 78, 88, 95-96 In a typical synthesis, a precursor 

solution is made by heating a metal acetate or metal acetylacetonate in excess oleic acid 

(stabilizing ligand), which forms a metal oleate and expels acetic acid or acetylacetone. 

This solution of metal oleate and excess oleic acid is slowly injected via syringe pump into 

oleyl alcohol, typically between 230 and 290 °C. The metal oleate reacts with the oleyl 

alcohol, forming an ester (oleyl oleate) and a metal hydroxy species. Oleyl alcohol acts as 

both a solvent and a reagent, and because it is in high excess it drives the esterification 

reaction forward. The reactive metal hydroxy species then condense with each other, 
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forming M–O–M bonds and eliminating water, and eventually nucleating nanocrystals. 

While the formation of water is typically detrimental to nanocrystal syntheses, because the 

precursor is slowly injected, water is rapidly removed before it has a chance to build up in 

solution. The hydroxylated surface of the nanocrystals remains reactive, enabling further 

reaction between the nanocrystals and solution monomer, allowing for slow, controlled, 

continuous growth of the nanocrystals. This process is shown in Scheme 1.2. 

Scheme 1.2. Depiction of steps involved in the slow injection esterification synthesis 

developed by the Hutchison lab. 
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The slow injection synthesis developed by the Hutchison lab has been shown to 

produce a number of uniform metal oxide nanocrystals, including indium oxide (In2O3), 

cobalt oxide (CoO), manganese oxide (Mn3O4), zinc oxide (ZnO), and iron oxide (γ-Fe2O3 

and Fe3O4).88 Of the metal oxides explored by this synthesis, growth processes of indium 

oxide64, 78, 90, 95, 97 and iron oxide66-67, 84 have been studied the most. For both of these metal 
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oxides, the volume of precursors increases linearly with the amount of precursor added, 

which indicates a living growth mechanism and enables sub-nanometer size control of a 

wide range of sizes (6-22 nm for In2O3, 6-18 nm for Fe3O4).96 Indium oxide was found to 

be able to homogeneously incorporate a number of dopants with high efficacy,78 and iron 

oxide was found to have superior magnetic properties compared to most reports in the 

literature due to the existence of fewer defects (a thinner non-magnetic shell) in the 

nanocrystals.66 

An advantage of this slow addition synthesis is that each parameter (temperature, 

precursor identity and amount injected, and injection rate) can be systematically and 

independently varied, enabling more controlled studies of the nanocrystal growth process. 

For example, former members of the Hutchison lab were able to examine the role of 

injection rate (and thus monomer flux) on the growth of indium oxide nanocrystals at a 

constant temperature, a study not previously possible with other synthetic methods.90 In 

this study, it was determined that higher monomer flux led to increasingly branched 

nanocrystals as a result of limited surface diffusion that occurs when adsorbed monomer is 

sterically hindered from diffusing in the presence of high monomer concentration. The 

effect of reaction temperature independent of injection rate was also examined. From this 

study, we learned that more uniform nanocrystals were achievable by using a relatively 

slower injection rate and higher reaction temperature, and that larger nanocrystals form at 

higher temperatures as the result of initially forming fewer nanocrystals.90  

Another systematic study that was enabled was the examination of the role of iron 

precursor oxidation state and ligation on the morphology of iron oxide nanocrystals.84 In 

this study, Plummer and Hutchison were able to determine that a deficiency of Fe(II) 
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species led to twinning crystal defects, leading to triangular and other anisotropic shapes. 

The Fe(II) deficiency was determined to occur both as a result of the precursor starting 

material (iron(III) acetylacetonate as opposed to iron(II) acetate), and as a result of 

remaining acetylacetonate ligands, which limited the amount of Fe(III) species that could 

be reduced to Fe(II). This study showed that beyond temperature and injection rate, the 

precursor oxidation state and coordinating ligand were vitally important in determining the 

resulting nanocrystals.84 

These studies highlight how the Hutchison lab has been able to utilize the slow 

injection synthesis. Not only is it a means to uniform, size-tunable metal oxide nanocrystals 

with few defects, but the unique attributes of the synthesis enable close examination of the 

growth process itself. This is enabled by the ability to systematically tune one parameter at 

a time, as well as take aliquots of the reaction mixture throughout the precursor addition, 

allowing one to examine the growth at specific time points. This dissertation leverages 

these attributes of the slow injection synthesis to further examine the growth process by 

varying parameters not previously explored. 

Extending the Slow Injection Esterification Synthesis to Other Materials 

While the slow injection esterification synthesis has been adapted to several 

different metal oxides, we have found it challenging to extend it to certain materials. For 

example, attempts have been made to produce aluminum oxide, titanium dioxide, tin oxide, 

and zirconium oxide without success. This could be due to a number of different factors. 

Precursor reactivity, for example, could lead to insufficient esterification or condensation, 
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inhibiting the formation or growth of nanocrystals. In these cases, it is possible that the use 

of different reagents or a higher temperature is required. 

Despite these initial challenges, it is likely that the slow injection synthesis can be 

extended to many other materials if the right parameters are used. To be able to predict 

these parameters, we need to further understand what additional parameters can be tuned 

beyond temperature and injection rate. This dissertation explores several different aspects 

of nanocrystal growth for two different metal oxide systems: cerium oxide98 and Sn-doped 

indium oxide (ITO). Cerium oxide was chosen as a system to study because the slow 

injection synthesis had not previously been expanded to cerium oxide, and because cerium 

can be present as Ce3+ and Ce4+, both in molecules and as different oxide materials, 

allowing us to study the role of precursor oxidation state and reducing vs oxidizing reaction 

environment on the growth and composition of cerium oxide nanocrystals.98 ITO was 

chosen as an additional system to study the role of reagent choice (oleyl alcohol vs 

oleylamine) on nanocrystal growth. The ITO system was chosen because indium oxide was 

the most well-studied system regarding metal oxides that could be synthesized by our slow 

injection synthesis, In3+ is redox stable, and because ITO is of technological interest as a 

plasmonic and electrocatalytic material.  

ITO Nanocrystals as Plasmonic Materials 

When doped at sufficiently high levels with aliovalent atoms such as Sn, In2O3 

exhibits interesting plasmonic behavior.64 Plasmonic nanocrystals are nanocrystals whose 

electrons interact with incident light of a particular energy, resulting in the absorbance of 
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light at that energy. This energy is dependent upon the number of free electrons in the 

crystal lattice, which is directly related to the concentration of dopants within the crystal.64 

Plasmonic nanocrystals have potential applications in sensing,99-101 

telecommunications,102-103 spectroscopy,104-105 smart windows,106-108 and biomedicine,109-

110 if the energy of the localized surface plasmon resonance (LSPR) can be appropriately 

tuned. Plasmonic metal oxide nanocrystals are especially promising for this since their 

LSPR can be tuned through composition (i.e. dopant identity, concentration, and radial 

placement),64 whereas the LSPR in metal nanocrystals is fixed.  

The slow injection esterification synthesis has been used to gain greater synthetic 

control over doped indium oxide nanocrystals, and have allowed for exquisite control over 

the concentration of tin introduced into the lattice, which is tuned by altering the ratio of 

Sn and In oleate in the precursor.95-96 Further, it has allowed for precise radial placement 

of tin dopants within the nanocrystal (either surface segregated or core segregated) by 

alternating between pure a In oleate precursor and mixed In/Sn oleate precursors.64 This 

has enabled unprecedented tuning of ITO plasmonic behavior while utilizing a single 

synthetic procedure, providing predictable control over structure and properties. 

Beyond engineering the nanocrystals themselves, the plasmonic response of 

nanocrystal thin films can be altered based upon the processing method used to fabricate 

the films.102 Chapter IV in this dissertation describes in detail how solution processing of 

different batches of nanocrystals (with varying compositions) is used to sculpt the 

plasmonic response, which is useful in applications that may need absorption over a broad 

range of wavelengths or multiple selective wavelengths, as is the case for 

telecommunications and smart windows applications. 
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ITO Nanocrystals as Electrocatalysts for the Electrochemical Reduction of CO2 

 Indium- and tin-based oxides have been explored as promising electrocatalysts for 

the electrochemical transformation of CO2 into formate, which may be a promising way to 

utilize captured CO2.111 This transformation requires highly reducing electrochemical 

conditions, which is known to reduce the oxides to their metal forms. Despite this reduction 

of the electrocatalysts, several studies have reported that a metastable oxide persists on the 

metals under reducing conditions that is thought to be important for the electrocatalytic 

reduction of CO2.112-115  

Since these findings, efforts have been put forth to understand the role of nanoscale 

structure such as size and morphology on the electrocatalytic performance of these indium- 

and tin-based oxide catalysts.114 For example, there have been claims that there is size-

dependent reactivity of indium oxide-derived CO2 reduction electrocatalysts.116 Due to the 

level of size and compositional control we have been able to demonstrate for indium oxide 

and ITO nanocrystals, we explored whether the slow injection synthetic platform could be 

applied to ITO nanocrystal electrocatalyst films to evaluate the effect of nanoscale structure 

on the activity and selectivity.111   

However, a recent study from Pardo et al. showed that tin-doped indium oxide films 

undergo dynamic structural rearrangement during the electrochemically reducing 

conditions necessary for CO2 reduction.117 This raises questions about the stability of 

indium- and tin-based catalysts under operating conditions, and how the structures of the 

catalysts are contributing to the overpotential necessary to drive the reaction, or the 

observed CO2 reduction products. While many studies have examined the structural 

rearrangement of metal-based CO2 reduction electrocatalysts,118-119 few reports have 
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examined the structural evolution of indium- and tin-based electrocatalysts. Chapter V of 

this dissertation explores the stability and evolution of nanoscale and microscale structure 

of ITO nanocrystal films under CO2 reduction electrochemical conditions.  

Dissertation Overview 

This dissertation will expand the utility of the slow injection nanocrystal synthesis 

and explore how parameters such as temperature, solvent identity, and reaction atmosphere 

impact nanocrystal growth. It also examines applicability of ITO nanocrystals in plasmonic 

and electrocatalytic applications. In Chapter II, the slow injection synthesis is expanded to 

a new metal oxide, cerium oxide, and the growth process is carefully examined, allowing 

the understanding of synthetic parameters on nanocrystal growth. Chapter III examines the 

growth of indium oxide in oleylamine, which occurs through amide-elimination instead of 

ester-elimination. Chapters IV and V explore the use of solution-processed ITO 

nanocrystals in band-stop filter and electrocatalytic applications.  

Cerium oxide nanocrystals have size- and shape-dependent properties that are 

potentially useful in a variety of applications if these structural attributes can be controlled 

through synthesis. Various syntheses have been developed in attempts to access different 

sizes and shapes, but little is known about selecting reaction conditions to predictably 

control the growth, and therefore properties, of the nanocrystals.  In Chapter II we 

investigate the role of cerium precursor oxidation state, reaction atmosphere, and acetic 

acid ligation on the size and shape of cerium oxide nanocrystals. A continuous addition 

synthesis allowed us to vary individual reaction parameters to better understand how each 
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affects growth and morphology. Under N2 the synthesis leads to either irregular shapes or 

nanoribbons, whereas the same synthesis under air leads to size-tunable nanocubes. To 

determine whether air might be oxidizing the cerium precursor and changing its reactivity, 

we synthesized Ce(III) and Ce(IV)-rich oleate precursors and found that the oxidation state 

of the precursor has little effect on the resulting nanocrystals. In fact, we found that Ce(IV) 

oleate is readily reduced to Ce(III) at 230 °C in the reaction medium. The significant role 

of air during synthesis therefore suggests that oxygen is altering the surface reactivity of 

the nanocrystals, as opposed to the precursor. We investigated the origin of nanoribbon 

formation and found that the presence of acetate ligands is responsible for nanoribbon 

formation in syntheses under N2, with more acetate leading to longer nanoribbons. These 

insights were used to identify conditions to predictably grow various sizes and shapes of 

nanocubes and nanoribbons. The findings elucidate the effects that various synthetic 

parameters can have on cerium oxide nanocrystal synthesis and suggest that redox 

reactivity may influence growth and properties in other syntheses where changes in 

oxidation state occur for the precursor or the nanocrystal surface. This chapter was 

previously published as Knecht, T. A.; Hutchison, J. E. Reaction Atmospheres and Surface 

Ligation Control Surface Reactivity and Morphology of Cerium Oxide Nanocrystals 

During Continuous Addition Synthesis. Inorg. Chem. 2022, 61, (11), 4690–4704. 

Copyright 2022 American Chemical Society. I performed all experiments in this work, and 

wrote the manuscript with editorial assistance from James Hutchison. 

The rate at which precursor is converted to reactive monomer species is an 

important parameter in nanocrystal synthesis that can have profound effects on the size, 

shape, and other properties of nanocrystals. Control over the precursor conversion rate is 



23 

therefore essential if we are to reliably synthesize nanocrystals with predictable properties. 

Many researchers have tried to control the precursor conversion rate by varying the reaction 

temperature, temperature ramp rate, or by modulating the precursor reactivity. However, 

varying the temperature could also vary the chemical reactions taking place, making it 

difficult to interpret how precursor conversion rate influences nanocrystal properties. An 

alternative approach to influencing the precursor conversion rate is to add reagents that 

either speed up or slow down that conversion rate. Reagent-driven nanocrystal syntheses 

provide an opportunity to study the impact of precursor conversion rate on nanocrystal 

formation and growth. The continuous addition synthesis developed by the Hutchison lab 

is a highly controlled reagent-driven synthesis that allows us to examine the rate of 

precursor conversion more closely, specifically by altering the primary reagent used: oleyl 

alcohol or oleylamine. To form reactive monomer species, the oleylamine reacts with the 

metal carboxylate precursor through amidation, while oleyl alcohol reacts with the metal 

carboxylate precursor through esterification. We show that the amidation reaction occurs 

more rapidly than esterification, resulting in faster precursor conversion rate, allowing us 

to study that effect on ITO nanocrystal formation and growth. We find that the growth rate 

of ITO nanocrystals can be tuned by controlling the number of nanocrystals that are 

formed, with increasing oleylamine content (and thus increasing precursor conversion rate) 

leading to fewer, larger nanocrystals. These results highlight how the earliest nanocrystal 

formation stages can be tuned, offering yet another handle with which we can tune 

nanocrystal size. Portions of this chapter may appear in a forthcoming publication 

coauthored by myself, Brandon M. Crockett, and James E. Hutchison. I performed all 
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experiments and writing in this work, Brandon M. Crockett provided insightful discussion, 

and James E. Hutchison provided editorial assistance to the writing of this chapter. 

Plasmonic band-stop filters with tunable optical absorbance in the near- and mid-

IR are important for wireless communications, bioimaging, and filtering applications. 

However, their design is constrained by the limited tunability of individual components 

and complex fabrication techniques. In Chapter IV, we demonstrate a method to overcome 

these limitations that employs mixtures of nanocrystals to predictably sculpt the combined 

localized surface plasmon resonance (LSPR) for band-stop filters.  The additive nature of 

the LSPR optical absorbances of tin-doped In2O3 (ITO) nanocrystals was used to control 

the combined absorbance in a nanocrystal thin film.  The optical properties of the 

nanocrystals were modulated via a low-temperature esterification synthesis and an 

inexpensive solution-processing fabrication method, spin-coating, was used to produce the 

films. Because of the additive nature of the LSPR absorbance of the nanocrystals, the 

absorption of the films can be easily predicted and designed by summing the spectra of the 

individual components over the range of 6,000 – 1,000 cm-1. By design and synthesis of 

individual nanocrystals with tailored optical properties, and selecting the right 

combinations of nanocrystals to incorporate into films, both wide and narrow band-stop 

filters were easily constructed. This chapter was previously published as Krivina, R. A.; 

Knecht, T. A.; Crockett, B. M.; Boettcher, S. W.; Hutchison, J. E. Sculpting Optical 

Properties of Thin Film IR Filters Through Nanocrystal Synthesis and Additive, Solution 

Processing. Chem. Mater. 2020. 32 (19), 8683–8693. Copyright 2020 American Chemical 

Society. Raina Krivina and I performed all experiments under the guidance of James 
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Hutchison. Raina Krivina and I wrote the manuscript with editorial assistance from James 

Hutchison and Shannon Boettcher. 

The electrochemical reduction of CO2 into fuels using renewable electricity 

presents an opportunity to utilize captured CO2. Electrocatalyst development has been the 

primary focus of research in this area. This is especially true at the nanoscale, where 

researchers have focused on understanding nanostructure-property relationships. However, 

electrocatalyst structure may evolve during operation.  Indium- and tin-based oxides have 

been widely studied as electrocatalysts for CO2 reduction to formate, but evolution of these 

catalysts during operation is not well-characterized. In Chapter V, we report the evolution 

of nanoscale structure of tin-doped indium oxide nanocrystals under CO2 reduction 

conditions. We show that sparse monolayer nanocrystal films desorb from the electrode 

upon charging, but thicker nanocrystal films remain, likely due to increased number of 

physical contacts. Upon applying a cathodic voltage of -1.0 V vs RHE or greater, the 

original 10-nm diameter nanocrystals are no longer visible, and instead form a larger 

microstructural network. Elemental analysis suggests the network is an oxygen-deficient 

indium-tin metal alloy. We hypothesize that this morphological evolution is the result of 

nanocrystal sintering due to oxide reduction. These data provide insights into the 

morphological evolution tin-doped indium oxide nanocrystal electrocatalysts under 

reducing conditions and highlight the importance of post-electrochemical structural 

characterization of electrocatalysts. This chapter was previously published as Knecht, T. 

A.; Boettcher, S. W.; Hutchison, J. E. Electrochemistry-Induced Restructuring of Tin-

Doped Indium Oxide Nanocrystal Films of Relevance to CO2 Reduction. J. Electrochem. 

Soc. 2021, 168, 126521. Copyright 2021 The Electrochemical Society. I performed all 
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experimental work and writing under the guidance of James Hutchison and Shannon 

Boettcher. 

Chapter VI of this dissertation will detail conclusions and future directions for the 

work in this dissertation. I am the sole author to the writing of this chapter. 
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CHAPTER II 

REACTION ATMOSPHERE AND SURFACE LIGATION CONTROL SURFACE 

REACTIVITY AND MORPHOLOGY OF CERIUM OXIDE NANOCRYSTALS 

DURING CONTINUOUS ADDITION SYNTHESIS 

This chapter was previously published as Knecht, T. A.; Hutchison, J. E. Reaction 

Atmosphere and Surface Ligation Control Surface Reactivity and Morphology of Cerium 

Oxide Nanocrystals During Continuous Addition Synthesis. Inorg. Chem. 2022, 61, 4690–

4704. Copyright 2022 American Chemical Society. 

Introduction 

Inorganic nanomaterials have been studied widely because of their interesting and 

useful properties that are influenced by their size, shape and atomic-level surface 

structure.1-4 Understanding the interplay between the nanoscale structural dimensions and 

the surface chemistry is essential to control nanocrystal properties and growth 

mechanisms.3, 5-6 Cerium oxide nanocrystals provide a compelling example – their 

reactivity is dominated by surface oxygen vacancy defects, the presence of which are 

influenced by size and shape.2, 7-15 The size and shape are, in turn, significantly influenced 

by the growth processes.16-17 It has become clear that atomic structure of the nanocrystal 

surfaces influence the growth process, too.3 Further understanding of this interplay between 
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size, nanocrystal surface chemistry and growth is therefore needed in order to design 

nanocrystals with the properties of interest. Here, we investigate cerium oxide nanocrystal 

synthesis under continuous growth conditions as a means to understand the influence of 

key reaction conditions on the nanocrystal growth process and resulting nanocrystal 

morphology. 

Cerium oxide nanomaterials are attractive catalysts for a number of reactions 

including alcohol oxidation,18-22 CO oxidation,23-26 and CO2 reduction.11, 27-30  The 

enhanced catalytic activity for these materials is influenced by the presence of oxygen 

vacancies, which are believed to depend upon nanocrystal size and morphology.31-33 

Vacancy formation is often attributed to the facile redox chemistry between Ce4+ and Ce3+, 

particularly at the surface, where reduction of two Ce4+ atoms to Ce3+ results in the 

formation of an anionic oxygen vacancy.12, 14, 34-38 Oxygen vacancy concentration is 

dependent upon the crystallographic facet exposed.2, 39 Further, many studies have claimed 

that surface oxygen vacancy (and thus Ce3+) content increases with decreasing nanocrystal 

size due to higher surface area and nanoscale strain.32 Thus, understanding the size- and 

shape-dependent properties of nanoscale cerium oxide is critical for tailoring these 

materials towards desired applications. 

Interest in harnessing the surface-dependent catalytic properties in cerium oxide 

nanocrystal materials has spurred development of syntheses with precise control over size 

and morphology. A number of synthetic techniques have been developed for cerium oxide 

nanomaterials, leading to the formation of a number of sizes and morphologies (cubes,16, 

40-42 octopods,43 wires,44-46 tubes,35 rods,8, 40-41, 44, 47-52 and more53-55). Although 

precipitation and hydrothermal methods have been widely used, thermal decomposition 
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syntheses in organic media are often advantageous compared to aqueous routes because 

they typically lead to more uniform nanocrystals.4 Syntheses in organic media typically 

involve heating a metal precursor in a mix of solvent (often oleylamine and/or 1-

octadecene) and stabilizing ligand (such as oleic acid) to reflux.32, 56-58  Several syntheses 

in organic media have been developed to access different cerium oxide nanocrystal sizes 

and morphologies. Yu et al.55, Lee et al.32, and Krishnan et al.59-60 have shown a wide 

variety of nanocrystal sizes (3-10 nm) and morphologies (nanowires, spheres, tadpoles, 

butterflies, rods, square plates, and more) via thermal decomposition of various Ce 

precursors under varying reaction conditions. While these studies have produced a variety 

of cerium oxide nanostructures, the wide range of synthetic parameters and different 

reaction pathways and make it difficult to predictably control other sizes and morphologies 

of cerium oxide nanocrystals.  Further, the thermal decomposition of the precursor 

generates a number of species, including M and MO radical species that are known to 

introduce defects into the nanocrystal structure.4, 58 

The synthetic conditions influence the concentration of oxygen vacancies, as well 

as the size and morphology. For instance, Taniguchi et al. found that the choice of cerium 

precursor influenced both surface oxygen vacancy content and morphology.16  They 

proposed that the use of a Ce(III) precursor (compared to starting with a Ce(IV) precursor) 

led to higher surface Ce(III) content, which induced oriented attachment between 

nanocrystals due to the higher surface reactivity of the Ce(III). Further, the presence of 

different counter anions in the precursor starting material has been shown to influence 

growth and resulting Ce(III) content.2, 41 The reaction atmosphere can also alter cerium 

oxide formation. Lin et al. found that an air (oxidizing) atmosphere promoted the growth 
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of crystalline cerium oxide nanocrystals, whereas performing a synthesis under Ar led to 

amorphous particles.50 While these studies showed how different synthetic parameters 

influence the nanocrystal properties, the influence of the nanocrystal structure itself on the 

growth process remains largely unknown.  

Atomic-scale surface structure has been shown to be an important parameter in 

controlling the nanocrystal growth process in other inorganic oxides.3-4 For example, 

Cooper et al. found that spinel iron oxide nanocrystals had a size-dependent growth rate, 

with smaller sizes growing faster than larger sizes of nanocrystals.3 This was attributed to 

the presence of tetrahedral iron vacancies present in nanocrystals below 6 nm. Given the 

surface-dependent reactivity in cerium oxide nanocrystals, it is likely that the surface also 

influences nanocrystal growth, too. 

Studying the impact of nanocrystal surfaces on growth is challenging when using 

thermal decomposition syntheses: growth happens quickly, making it difficult to monitor 

the reaction over time. Further, it is often the case that multiple parameters must be changed 

simultaneously to control the size or morphology of particles. Size and shape are also often 

controlled by altering the precursor starting concentration. However, the precursor 

concentration fluctuates once growth begins, making it difficult to fully understand or 

control the nanocrystal growth mechanism. A continuous addition synthesis, wherein a 

precursor is continuously introduced into the reaction medium, could provide an alternative 

route that enables more precise control over reaction conditions and makes it easier to study 

the influence of changes in reaction conditions.61 
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Our group has developed a low-temperature continuous addition strategy to 

synthesize a number of metal oxide nanocrystals.5, 62-63 This synthesis is performed at 

temperatures below thermal decomposition, which has enabled studies of the nanocrystal 

growth process in ways that are not possible in traditional heat-up methods.6, 58, 64-65 

Reaction parameters such as temperature, solvent, and precursor composition also remain 

constant throughout the synthesis, and the reaction mixture can be sampled throughout the 

reaction to easily monitor growth.4 Combined, these attributes provide an opportunity to 

study the role of each synthetic parameter individually, as well as monitor the reaction over 

time to better understand the growth process.    

Herein we utilize a continuous addition synthesis to investigate cerium oxide 

nanocrystal growth under controlled conditions that allow us to understand the influence 

of reaction atmosphere, precursor oxidation state, and a small molecule additive (acetic 

acid) on the morphologies. Our findings suggest that these reaction parameters influence 

the surface reactivity of the nanocrystals, which in turn influences nanocrystal growth. We 

further use these findings to predictably produce specific cerium oxide morphologies 

(cubes and ribbons) and sizes. 

Experimental 

Materials 

Cerium(III) acetate sesquihydrate (99.99%), cerium(IV) ammonium nitrate 

(99.5%), and oleyl alcohol (85%) were purchased from Alfa Aesar. Cerium(III) nitrate 

hexahydrate (99%), oleic acid (90%), and 1-octadecene (90%) were purchased from 
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Sigma-Aldrich. Sodium oleate (> 97%) was purchased from TCI America. Hexanes 

(99.9%), toluene (99.9%), acetone (99.5%), and ethanol (200 proof) were acquired from 

Fisher Chemical. All chemicals were used as received. 

Synthesis of precursors 

Initial syntheses of cerium(III) oleate by ligand exchange were conducted using 

cerium(III) acetate hydrate as the source of cerium. Cerium(III) acetate hydrate and oleic 

acid were mixed in a glass scintillation vial in a ratio of 2 mL oleic acid per mmol of cerium 

(~6 equivalents of oleic acid). This mixture was magnetically stirred in an oil bath at 150 

°C for 1 h under the flow of N2. This precursor was used without further purification. 

Cerium(III) oleate used for thermogravimetric analysis (TGA) was synthesized using the 

same procedure except a stoichiometric amount of oleic acid (3 mmol oleic acid per mmol 

cerium(III) acetate hydrate) was used. 

Synthesis of cerium(IV) oleate by salt exchange was developed in an analogous 

manner as a previous literature report for synthesizing Ce(III) oleate.66 The synthesis was 

conducted using cerium(IV) ammonium nitrate (CAN) and sodium oleate. 10.97 (10 mmol) 

of CAN and 24.33 (40 mmol) of sodium oleate were mixed in 100 mL hexanes, 50 mL 

18.2 MΩ H2O, and 50 mL ethanol. This mixture was stirred at room temperature under 

atmospheric conditions overnight. The hexanes layer was then separated using a separatory 

funnel and washed with nanopure H2O three times. The gelatinous cerium(IV) oleate 

product was then further purified by precipitation with ethanol and centrifuged at 7000 

RPM for 5 min. The supernatant was decanted, the product redispersed in a small volume 

of hexanes, precipitated with acetone, and centrifuged again. This was repeated for a total 

of three washes in acetone. This procedure was developed with the intent of thoroughly 
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removing any nitrate contaminants, and to recover a solid final product. The final product 

was a waxy dark brown solid. Yield of the Ce(IV)-rich oleate was ~ 25%. The low yield 

was due to the difficulty associated with recovering pure, solid product from the initial 

gelatinous material. For use in subsequent nanoparticle syntheses, excess oleic acid was 

added such that the total ratio of oleic acid to cerium was 6:1 (assuming that there were 

already four oleate ligands per cerium). An equal volume of 1-octadecene was also added 

so that the solution was not too viscous to pass through an 18-gauge needle. This solution 

was stirred at 150 °C under flowing N2 for 1 h prior to nanoparticle syntheses to ensure the 

solution was sufficiently mixed and free of water. 

Synthesis of cerium(III) oleate by salt exchange was conducted using the same 

procedure as for the Ce(IV)-rich oleate, except 8.68 g (10 mmol) of Ce(NO3)3·6H2O and 

18.17 g (30 mmol) of sodium oleate were used as the starting materials. Like the Ce(IV)-

rich oleate, the initial Ce(III) oleate product made by salt exchange was a gelatinous 

material. After purification, the final product was a light brown powder. Yield was ~ 26%. 

For subsequent use in nanoparticle syntheses, excess oleic acid was added such that the 

total oleic acid/oleate content per cerium was 6:1, and this was calculated assuming there 

were three oleate ligands per cerium in the purified product. An equal volume of 1-

octadecene was added to the precursor so that nanoparticle syntheses using this precursor 

would be comparable to syntheses conducted using the Ce(IV)-rich oleate. 

Synthesis of nanoparticles 

In a 50 mL three-neck round-bottom flask, 18 mL of oleyl alcohol was heated to 

the desired reaction temperature (230, 260, 290, or 315 °C) using a heating mantle and 

Glas-Col DigiTrol II temperature controller. The three necks were capped with rubber 
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septa. The desired reaction atmosphere (N2 or air) was flowed through a desiccant and then 

through the headspace at a rate of ~120 mL min–1 before exiting out of an 18-gauge purge 

needle. In a separate single-neck 50 mL round-bottom flask, a separate solution of oleyl 

alcohol (which was to be injected alongside the cerium oleate precursor) was heated to 150 

°C under N2 for 1 h to remove any water. For nanoparticle syntheses conducted under N2, 

all oleyl alcohol was sparged with N2 for 30 min prior to heating to remove dissolved 

oxygen.  

The desired precursor was then loaded into a BD plastic syringe equipped with a 6-

inch 18-gauge needle. An equal volume of the oleyl alcohol heated to 150 °C was loaded 

into a separate identical syringe and needle. These two syringes were then assembled into 

a KD Scientific syringe pump and the solutions were injected into the three-neck reaction 

flask at a specific rate. An injection rate of 0.06 mL min–1 was used for syntheses conducted 

using cerium(III) oleate made by acetate ligand exchange. Because 1-octadecene was used 

to dilute the cerium(III) and cerium(IV) oleate precursors that were made through salt 

exchange, an injection rate of 0.12 mL min–1 was used for nanoparticle syntheses using 

these precursors in order to keep the overall monomer flux the same. The total injection 

time for a typical 2 mmol synthesis using Ce(III) oleate is 67 min, with the final reaction 

volume being 26 mL. After the injection, nanocrystals were purified by centrifugation in 

acetone three times (7000 RPM for 5 min). Yields were calculated for syntheses with the 

Ce(III) oleate precursor to be 87% under air, and 60% under N2. 
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Characterization of precursors and nanoparticles 

Thermogravimetric analysis (TGA) of the cerium oleate precursors was conducted 

on a TA Instruments Q500 TGA. Temperature was ramped from 25 to 600 °C at a rate of 

5 °C min–1 under N2. To prepare the TGA samples of the precursors, the precursors were 

precipitated with acetone and separated by centrifugation (7000 RPM for 5 min). 

Fourier transform infrared (FTIR) characterization of the precursors and 

nanoparticle reaction aliquots was performed using a Nicolet 6700 FTIR spectrometer with 

an attenuated total reflectance (ATR) accessory from Thermo Fisher.  

X-ray photoelectron spectroscopy (XPS) measurements were performed on a

Thermo Scientific ESCALAB 250 spectrometer. Peak binding energies were referenced to 

the C 1s hydrocarbon peak at 284.8 eV. Samples of the Ce(III) and Ce(IV)-rich oleate 

precursors were prepared by dispersing the purified solid products in hexanes, drop-casting 

onto a conductive carbon substrate, and allowing the hexanes to evaporate in air. 

Nanoparticle samples were prepared by drop-casting solutions of nanoparticles in toluene 

onto conductive carbon substrates and allowing the toluene to evaporate in air. 

For X-ray diffraction (XRD) characterization, samples were prepared by drop-

casting a concentrated (~100 mg mL–1) solution of nanoparticles onto a (100) Si wafer. 

Measurements were conducted with a Rigaku Smartlab diffractometer using Bragg–

Brentano geometry and Cu Kα radiation. Data were collected from 20 to 65° 2θ with a 

0.01° step size at a rate of 0.15° min–1. 

For transmission electron microscopy (TEM) characterization of the nanoparticles, 

400 mesh carbon-coated copper grids (Ted Pella) were dipped into dilute (~0.5 mg mL–1) 
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solutions of nanoparticles in toluene. An FEI Tecnai Spirit TEM was used to acquire 

standard-resolution images, and a Titan 80-300 electron microscope was used to acquire 

high-resolution images. 

Results and Discussion 

Design and evaluation of initial synthesis conditions 

We have previously shown that the slow injection of a metal oleate precursor to hot 

(> 200 °C) oleyl alcohol results in monodisperse nanocrystals for a number of metal 

oxides.4-5, 62-63 The proposed mechanism for this reaction is detailed in Figure 2.1. In this 

synthesis, the metal oleate undergoes esterification with the oleyl alcohol, leading to 

reactive metal-hydroxy monomer species.62-63 These species then condense with each other 

to form M–O–M bonds, creating nanocrystals.62-63 The surface of the nanocrystals remains 

reactive, allowing solution monomer to be added continually to the surface.62-63   

Figure 2.1. Continuous growth synthesis of metal oxide nanoparticles. The illustration 

shows the reaction setup. The mechanism of nanoparticle formation and growth is depicted 

next to the illustration.  
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To establish an initial set of reaction conditions to synthesize cerium oxide 

nanocrystals, several factors had to be considered. The first is the composition and 

preparation of the metal precursor. In the preparation of other metal oxides, we prepared 

precursors by mixing a metal acetate or metal acetylacetonate in 6 equivalents of oleic acid 

and heating while stirring under flowing N2 at 150 °C for 1 h. The acetate or acetylacetonate 

ligands were replaced by oleate ligands, expelling acetic acid and acetylacetone in the 

process. This produces a mixture of metal oleate and excess oleic acid. This method offers 

a couple of advantages over traditional salt exchange methods used to produce metal 

oleates wherein a metal salt is mixed with sodium oleate.66 One advantage is that acetic 

acid and acetylacetone are relatively volatile and evaporate out of the precursor mixture 

upon heating, negating the need for any further purification.62 Another advantage is that 

the mixtures are free of contaminating anions that have been shown to impact nanocrystal 

synthesis.41  

We decided to use Ce(III) acetate as a starting material because Ce(IV) compounds 

typically exist as inorganic salts. Upon exchanging 2 mmol of Ce(III) acetate in 12 mmol 

of oleic acid, Ce(III) acetate (a white solid) dissolved, producing an oily, yellow solution, 

consistent with other reported Ce(III) oleate syntheses.66-67 FTIR analysis of the solution 

(Figure A1) revealed metal–carboxylate bonds around between 1400 and 1600 cm–1, 

suggesting successful synthesis of Ce(III) oleate.68-71  

We then needed to determine an appropriate reaction temperature for the synthesis 

at which thermal decomposition of the precursor is not a competitive reaction pathway. To 

do this, we took TGA of the metal oleate precursor (Figure A2) to determine at what 
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temperature thermal decomposition takes place. We removed the excess oleic acid by 

precipitating the precursor in acetone and separating by centrifugation. This process 

resulted in a waxy yellow-brown solid. TGA of this precursor is shown in Figure A2 and 

indicates that thermal decomposition of Ce(III) oleate occurs at temperatures above ~320 

°C. Although the TGA experiment was conducted under N2, the thermal decomposition 

temperature under air has been reported to be similar.60, 67, 72 We thus chose to investigate 

a range of reaction temperatures below 320 °C. 

The last parameter we needed to consider was the injection rate for precursor 

addition. In indium oxide nanocrystal syntheses, it has been shown that a slower injection 

rate (0.1 mL min–1) leads to more uniform nanocrystals. Further, a slower injection rate 

reduces the potential for precursor buildup in solution, which could initiate the growth of 

new nanocrystal populations. We chose to use an injection rate of 0.06 mL min–1 for initial 

syntheses. 

Initial Nanocrystal Syntheses 

We performed a series of nanocrystal syntheses by injecting 2 mmol of Ce(III) 

oleate into oleyl alcohol under flowing dry N2 at 230, 260, 290, and 315 °C. During the 

course of the reaction, the reaction mixture remained yellow. After cooling to room 

temperature and exposure to air, the mixture slowly turns purple, and then eventually 

brown after sitting in ambient conditions for several days. Further discussion of reaction 

colors will follow in a later section. 

The TEM results are shown in Figure 2.2. At 230 °C, round nanoparticles < 2 nm 

in diameter can be seen. At higher temperatures, anisotropic structures were formed. The 
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low contrast of the nanoribbons by TEM suggests that the structures are thin along the z-

axis (tape-like), similar to 0.5-1 nm two-dimensional CeO2 nanosheets reported in the 

literature.73-75 The nanoribbons appear to increase in both length and width as temperature 

is increased. Additional syntheses carried out under the same conditions at 315 °C 

suggested that a variety of shapes are produced at these higher temperatures. TEM images 

(Figure A3) of the resulting nanoparticles show a mixture of irregular round plates and 

small (< 2 nm) nanoparticles.     

Figure 2.2. TEM images of nanoparticle syntheses conducted under N2 at an injection rate 

of 0.06 mL/min at temperatures of (a) 230°C, (b) 260°C, (c) 290°C, and (d) 315°C. Scale 

bars are 20 nm. 

 Because the particles did not grow upon the addition of more cerium oleate 

precursor at 230 °C, it was evident that these were not suitable conditions for a living 

growth process. In addition, the formation of ribbons and other structures at higher 
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temperatures was surprising because previous studies of indium oxide and iron oxide 

showed that nanocrystals produced by the slow injection synthesis produced spherical or 

cubic shapes.4, 63 A recent study from our lab on iron oxide nanocrystals demonstrated the 

importance of the initial precursor oxidation state on the resulting iron oxidation state in 

the nanocrystals, and resulting morphology.58 Thus, we decided to investigate the role of 

oxidation state on the morphologies produced. 

Cerium complexes can readily access 3+ and 4+ oxidation states, but solid cerium 

oxide nanocrystals are typically tetravalent Ce(IV) oxide.  In our initial trials, where we 

started with Ce(III) oleate, an oxidation step is necessary to end up with cerium(IV) oxide. 

There are several different strategies that have been used to induce oxidation in cerium 

oxide nanocrystal synthesis. Lee et al. used H2O2 as an oxidant additive in a hydrothermal 

CeO2 synthesis.33 Taniguchi et al. started with Ce(IV) ammonium nitrate as a starting 

material in a hydrothermal synthesis of CeO2.16 Finally, Lin et al. conducted syntheses 

under an air atmosphere, which resulted in more crystalline CeO2 particles than those 

formed under an Ar atmosphere.50 We considered all three of these strategies. We decided 

against adding an oxidant to the synthesis because additives can introduce unwanted or 

poorly understood side reactions, making it difficult to determine whether the resulting 

nanocrystal properties are the result of oxidation state or other effects.76 We considered 

using a Ce(IV) salt as a starting material for a Ce(IV) oleate precursor, but this requires the 

development of a precursor synthesis, as organic Ce(IV) complexes are not readily 

available,77 and we did not want to complicate the synthesis by introducing nitrate or sulfate 

anions (from Ce(IV) ammonium nitrate or Ce(IV) sulfate), which have been shown to 

influence CeO2 nanocrystal growth.2, 41 Thus, we decided to first conduct a nanocrystal 
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synthesis under a flowing air atmosphere to investigate its influence on nanoparticle 

formation and growth. 

We conducted a synthesis at 290 °C using 2 mmol of the same cerium(III) oleate 

precursor and an injection rate of 0.06 mL min–1, but instead of flowing N2 through the 

reaction flask, we flowed in dry air. Compared to the syntheses conducted under N2 where 

the solution remained yellow throughout the course of the reaction, the reaction mixture 

turned brown upon the addition of the cerium(III) oleate precursor and remained so for the 

duration of the injection.  We took small (~0.3 mL) aliquots of the reaction mixture after 

the addition of every 0.5 mmol of precursor. Figure 2.3 shows TEM images of the resulting 

purified nanoparticles. 

Figure 2.3. TEM images of cerium oxide nanocubes synthesized under air at an injection 

rate of 0.06 mL/min at a temperature of 290°C. Images show the nanocrystals formed after 

injecting (a) 0.5 mmol, (b) 1.0 mmol, (c) 1.5 mmol, and (d) 2.0 mmol of precursor. Scale 

bars are 20 nm. 
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The introduction of air altered the growth process significantly, producing 

nanocubes instead of nanoribbons. The production of CeO2 nanocubes has been seen in 

several reports where oleic acid is used as the surfactant due to the preferential binding of 

carboxylates to the (100) surfaces.2, 16, 78 Furthermore, there was a systematic increase in 

the nanoparticle diameter upon the addition of precursor, as shown in Figure 2.3. Size 

analysis of the nanocubes in the TEM images in Figure 2.3 (see Figure A4) reveal that the 

average diameters are approximately 2.0, 2.5, 3.0, and 3.6 nm after injecting 0.5, 1.0, 1.5, 

and 2.0 mmol of precursor, respectively. This behavior is more consistent with the behavior 

previously seen for indium oxide63 and iron oxide4 nanocrystals, suggesting that these 

cerium oxide nanocubes were the result of a continuous growth mechanism.3-4, 58, 61, 63 

These results confirmed that the reaction atmosphere had a significant impact on the 

resulting nanocrystal morphology. 

Investigating the Role of Precursor Oxidation State and Reaction Atmosphere on 

Nanocrystal Formation 

We characterized the nanoribbons produced under N2 at 290 °C and the nanocubes 

produced under air at 290 °C by XPS (Figure 2.4a) in order to assess the composition of 

the nanocrystals. XPS spectra were fit in accordance with previous studies.79-81 The top 

trace (nanocubes) and the bottom trace (nanoribbons) look similar, but the differences in 

peak intensities suggest that the samples have different ratios of Ce(III) and Ce(IV). The 

peaks associated with Ce(III) at ~882, 889, 900, and 907 eV are much smaller in the case 

of the nanocubes, indicating a lower concentration of Ce(III) in the nanocubes. Based on 
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the peak areas, we estimate the Ce(III) content to be ~41% in the nanocubes, and ~56% in 

the nanoribbons.  

We also characterized the nanoribbons and nanocubes by XRD (Figure 2.4b) to 

assess phase and crystallinity. The patterns for the nanocubes (top trace) are consistent with 

the fluorite structure of CeO2 (gray trace for reference). The nanoribbons may be consistent 

with either the fluorite structure of CeO2, or the bixbyite structure of Ce2O3 (see Figure A5 

for reference), however the broadness of the peaks makes this difficult to determine. The 

pattern for the nanocubes shows more narrow and distinct peaks compared to the 

nanoribbons, suggesting the nanocubes are more crystalline. Nanocubes were also 

examined by high resolution TEM (HRTEM) and found to be single crystal with the (100) 

facets exposed (Figure A6). The nanoribbons were not stable to the electron beam, thus we 

were not able to gain further crystallographic information about the nanoribbons from 

HRTEM. 

With a better understanding of the nanoparticles produced under the two different 

atmospheres, we wanted to understand why the reaction atmosphere had such a significant 

impact particle growth and the resulting nanoparticle morphology. To get at this question, 

we considered the differences that we observed between the two different reaction 

conditions. One major observation was the difference in color seen during each of the 

reactions. Under N2, the reaction mixture was yellow throughout the synthesis, turned 

purple upon exposure to air, and turned brown after several days in ambient conditions. 

Under air, the reaction mixture remained brown throughout and after the synthesis (see S7 

for photographs). Reports in the literature suggest a colorless or yellow solution is 

indicative of a Ce(OH)3 or Ce2O3 composition, purple suggests a mixed valence phase, and 
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brown is consistent with a Ce(III)-rich CeO2–x
  material.82-84 Our observations regarding the 

color changes observed, as well as the XPS and XRD data, are consistent with these 

literature reports. The XPS data suggest that the nanoribbons are predominantly a Ce(III) 

phase, likely a mix of bixbyite Ce2O3 and fluorite CeO2 based upon the XRD data. XPS 

data suggest that the nanocubes are predominantly a Ce(IV) phase. Both nanoribbons and 

nanocubes are mixed valence. While these findings are useful in determining which phases 

will be formed under the different atmospheres, we were still interested in understanding 

the role oxygen was playing in the reaction. 

In order to examine the differences in the nanoparticle syntheses under air vs N2, 

the reaction mixtures from the two syntheses were characterized using Fourier transform 

infrared (FTIR) spectroscopy. FTIR can be used to monitor the formation of ester, which 

is produced in the first step of the nanoparticle synthesis (Figure 2.1), and it can be used to 

detect the presence of the precursor metal carboxylate species.  

The FTIR spectra of the two reaction mixtures (both conducted at 290°C but under 

the different atmospheres) were identical except for the region shown in Figure 2.4c (see 

Figure A8 for full spectra). The peaks at 1739 cm–1 can be assigned to ester, which is 

formed in the first step of the synthesis when the metal-oleate precursor reacts with the 

oleyl alcohol.62 The peaks at ~1716 cm–1 can be assigned to free oleic acid.58, 62 Peaks in 

the region between ~1600 – 1500 cm–1 can be assigned to the asymmetric vibrations of the 

metal carboxylate species of the precursor and/or hydroxy monomer species.58 To enable 

accurate comparison of the relative concentrations of these species, the spectra were 

normalized to the peaks from C–H stretching at ~2970 cm–1 (see Figure A8).  
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Figure 2.4. (a) XPS Ce 3d spectra and (b) XRD diffractograms of nanocrystals produced 

from syntheses conducted under air (top) or N2 (bottom). (c) FTIR spectra of reaction 

solutions from syntheses conducted under air (red) or N2 (blue). 

The reaction mixture from the synthesis under air contains slightly more ester than 

the mixture from the synthesis carried out under N2. More striking, however, is the 

difference observed in the region between ~1600 – 1500 cm–1, where a broad peak is seen 

from the synthesis under N2, while no peak is seen from the synthesis under air. The 

presence of a peak in this region shows that precursor or monomer is building up under N2, 
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suggesting that the consumption of precursor (and nanocrystal growth) is slower under N2 

than under air. 

We formed two hypotheses about the possible effect that oxygen could be having 

on nanocrystal growth. One hypothesis is that the oxygen oxidizes the Ce(III) oleate 

precursor to Ce(IV) oleate, which then might be a better esterification or condensation 

catalyst than Ce(III) oleate, resulting in faster reaction kinetics and more crystalline 

tetravalent CeO2. Our second hypothesis was that rather than oxidizing the precursor, 

oxygen was oxidizing the nuclei/nanoparticle surfaces, which then react faster with 

solution monomer than the reduced nanoparticles. 

To test our first hypothesis, we conducted a nanoparticle synthesis using Ce(IV) 

oleate as the precursor. To synthesize Ce(IV) oleate, we mixed 10 mmol of ceric 

ammonium nitrate (CAN) with 40 mmol of sodium oleate in 100 mL of a 2:1:1 mixture of 

hexanes:water:ethanol. Many salt exchange procedures typically bring this mixture to 

reflux,58, 66 but we observed that after fewer than five minutes of stirring, the hexanes layer 

started to turn brown, suggesting the formation of a hydrophobic cerium oleate complex. 

Given this, we stirred the mixture at room temperature under atmospheric conditions 

overnight. After the reaction was complete, the hexanes layer was separated using a 

separatory funnel and washed with water three times to remove contaminant ions. The 

cerium oleate was then precipitated with ethanol (one time) and acetone (three times) and 

separated by centrifugation each time. This washing procedure was necessary to obtain a 

solid product. The resulting product was a waxy powder. 

We also synthesized Ce(III) oleate using a salt exchange method using 

Ce(NO3)3·6H2O. Because this Ce(III) starting material has the same nitrate counterion as 
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CAN, the nanoparticles produced using the resulting Ce(III) and Ce(IV) oleate precursors 

would be more comparable. This precursor made by salt exchange (SE) will be referred to 

as SE-Ce(III) oleate to distinguish it from the Ce(III) oleate made from the cerium acetate 

starting material. To make the SE-Ce(III) oleate, we used the same procedure with 10 mmol 

Ce(NO3)3·6H2O and 30 mmol sodium oleate. The initial product was gelatinous and light 

purple, but after purification with ethanol and acetone, the resulting solid was a white 

powder. 

The SE-Ce(III) and Ce(IV) oleate powders produced by salt exchange were 

characterized by XPS (Figure A9). The Ce 3d spectrum for SE-Ce(III) oleate only contains 

peaks that correspond to Ce(III) states, suggesting that it is predominantly trivalent. The 

Ce(IV) oleate spectrum contains peaks corresponding primarily to Ce(IV) states, 

suggesting that the synthesis of Ce(IV) oleate was largely successful. There are, however, 

peaks corresponding to Ce(III) (~30% of the cerium content), thus we will refer to this 

material as a Ce(IV)-rich oleate precursor. Nitrogen was not detectable in either sample 

(Figure A9), suggesting that there is no contamination from ammonium and nitrate ions 

from the CAN and Ce(NO3)3·6H2O starting materials. See the supporting information for 

further discussion on precursor characterization (Figures A10-A12). We added excess oleic 

acid to each of the SE-Ce(III) and Ce(IV) oleate powders to produce mixtures containing 

6 mmol of oleate/oleic acid per mmol of Ce, consistent with prior syntheses. After adding 

excess oleic acid, the SE-Ce(III) oleate precursor appeared yellow with the same viscosity 

as the precursor synthesized from Ce(III) acetate. The Ce(IV)-rich oleate was dark brown 

and was too viscous to pass through an 18-gauge needle. For this reason, we added an equal 

volume of 1-octadecene to the Ce(IV)-rich oleate mixture, which enabled it to pass through 
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an 18-gauge needle. 1-octadecene was chosen because it is a liquid at room temperature, 

which was necessary to get the precursor to pass through the needle for injection. One 

concern with the use of 1-octadecene is that it has been shown to polymerization during 

nanocrystal syntheses,85 however, if polymerization is occurring in our studies, it does not 

appear to affect nanocrystal morphology as shown later in the comparison of the results for 

Figure 2.3d and Figure 2.5f. For consistency and comparability, we also added an equal 

volume of 1-octadecene to the SE-Ce(III) oleate precursor.  

With these two precursors in hand, we conducted four nanoparticle syntheses at 

290 °C, examining each precursor’s reactivity under N2 and under air using 2 mmol of each 

precursor. Because we diluted the precursors with 1-octadecene, these syntheses were 

conducted at injection rates of 0.12 mL min–1 to keep the injection rate of the precursor 

consistent with initial syntheses. For all four of the syntheses with the new precursors, the 

reaction mixtures turned from yellow to brown as precursors were injected, and remained 

brown for the duration of the synthesis (see Figure A13 for a schematic of all observations 

of reaction color changes). This was unexpected for the SE-Ce(III) oleate injection under 

N2, since when the Ce(III) oleate made from Ce(III) acetate was used the reaction remained 

yellow and then turned purple upon exposure to air. This will be discussed further in a later 

section. We analyzed the final reaction mixtures using FTIR (Figure A14) and the purified 

nanoparticles using TEM (Figure 2.5a-h), XPS (Figure A15), and XRD (Figure A16). 
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Figure 2.5. TEM images of nanoparticles from syntheses using SE-Ce(III) oleate or 

Ce(IV)-rich oleate under N2 or air. The top images show nanoparticles that result from 

injecting 0.5 mmol of precursor, and the bottom images show the final nanoparticles that 

result from injecting 2.0 mmol of precursor.  

TEM images showed that the reaction atmosphere had a significant influence on 

morphology, whereas the influence of the precursor oxidation state was more subtle. Under 

N2, the SE-Ce(III) oleate resulted in a mix of irregular plates and dots, and the Ce(IV)-rich 

oleate precursor led to dots, neither of which grew upon the addition of precursor. Under 

air, the SE-Ce(III) oleate resulted in nanocubes that did grow upon the addition of 

precursor, consistent with previous results. The Ce(IV)-rich oleate also resulted in 

nanocubes under air which grew upon the addition of precursor, though these cubes were 

smaller. The FTIR spectra from the reaction mixtures (Figure A14) show a buildup of 

precursor in the case of both precursors under N2, but no buildup from either precursor 

under air. Given the strong influence of the reaction atmosphere compared to the precursor 
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oxidation state, we wondered whether either Ce(III) oleate precursor becomes fully 

oxidized or Ce(IV) oleate becomes fully reduced to Ce(III) under reaction conditions. Such 

a transformation might explain the limited influence of the initial precursor oxidation state. 

We evaluated the thermal stability of the SE-Ce(III) and Ce(IV)-rich oleate 

precursors. To do this, we annealed the SE-Ce(III) oleate precursor in air at 150 °C for 1 

h, and we annealed the Ce(IV)-rich oleate precursor in N2 at 110 °C for 1 h. We then 

purified both resulting precursors by centrifuging in acetone three times, resulting in a solid 

in both cases. XPS of the resulting solids is shown in Figure 2.6. 

Figure 2.6. XPS Ce 3d spectra of SE-Ce(III) oleate annealed in air at 150 oC (top), and of 

Ce(IV)-rich oleate annealed in N2 at 110 oC (bottom) for 1 h. Black traces represent the 

raw data, blue traces correspond to Ce3+ content, and gray traces represent the fits to the 

raw data. 
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XPS spectra were analyzed in the same manner as those in Figure 2.4. The Ce 3d 

XPS spectrum for the SE-Ce(III) oleate (top) showed only Ce(III) content, suggesting it 

had not been oxidized. Interestingly, the Ce(IV)-rich oleate also only showed Ce(III) 

content, suggesting it had been fully reduced even at 110 °C. These results suggest that the 

Ce(IV) oleate is not thermally stable, and is likely reduced to Ce(III) oleate under 

nanocrystal synthesis conditions. This is supported by other reports that have found Ce(IV) 

carboxylate complexes thermally unstable.77, 86-87 

If Ce(IV) is readily reduced to Ce(III), why are the nanocrystals formed from the 

Ce(IV)-rich oleate were smaller than the ones formed from Ce(III) oleate under air? We 

first considered that it may be due to the presence of water in the Ce(IV)-rich oleate, which 

was shown to be present in this precursor by TGA (Figure A12). To test this, we performed 

a nanocrystal synthesis at 290 °C under air with a Ce(III) oleate precursor that had added 

water. TEM images of the resulting nanocrystals (Figure A17) suggest that the presence of 

water does not lead to smaller nanocrystals.  

Another possibility is that, during the earliest stages of the reaction, the Ce(IV)-rich 

oleate precursor initiates growth of significantly more nuclei, leading to more, but smaller, 

nanocrystals as they growth through addition of Ce(III) monomer. To test this, we 

conducted a nanocrystal synthesis under air at 290 °C using 1.5 mmol of Ce(IV)-rich 

oleate, split the resulting reaction mixture in half, and added either Ce(IV)-rich oleate or 

Ce(III) oleate to each half. The results of these trials are shown in Figure 2.7. 
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Figure 2.7. TEM images of nanocrystals from two syntheses. (a) Nanocrystals resulting 

from injecting 1.5 mmol Ce(IV)-rich oleate. This reaction mixture was split in half and 

used for two separate syntheses where to one half, (b) 1.5 mmol Ce(III) oleate and (c) 2 

mmol Ce(III) oleate was added. To the other half, (d) 1.5 mmol Ce(IV)-rich oleate and (e) 

2 mmol Ce(IV)-rich oleate was added. Scale bars are 20 nm.  

Results show that the Ce(III) and Ce(IV)-rich oleate precursors add to the surface 

of the nanocrystals in the same manner, resulting in similar sizes and morphologies. The 

similarity in growth characteristics suggests that the influence of the precursor is manifest 

only in the earliest stages of the reaction.  We propose that the Ce(IV)-rich oleate initially 

forms more, and therefore smaller, nuclei, but then grow in the same manner as with the 

Ce(III) precursor. Even though Ce(IV) is reduced under the reaction conditions, we 

propose that the initial formation of nanocrystals occurs before the initial Ce(IV) oleate is 

fully reduced to Ce(III) oleate.  

From the XPS experiments it was clear that air was not affecting the nanocrystal 

morphology by oxidizing the precursor, so we hypothesized that oxygen was influencing 

reactivity by oxidizing the nanoparticle surface. To test this hypothesis, we designed an 
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experiment in which we switched from N2 to air halfway through an injection. If air 

oxidizes the surface of the growing nanocrystals, we would expect to see changes in the 

amount of precursor buildup after air is introduced and changes to the nanocrystal 

morphologies as well. We investigated this hypothesis by conducting a 3 mmol synthesis 

at 290 °C using Ce(III) oleate (made from Ce(III) acetate) in which the first 1.5 mmol of 

precursor were injected under N2, and then the atmosphere was switched to air before 

injecting the remaining 1.5 mmol of precursor. Aliquots of the reaction mixture were 

analyzed by FTIR, and the purified nanoparticles were characterized by TEM and XPS 

(Figure 2.8). 

The image in Figure 2.8a shows that under N2, nanoribbons form, as expected. After 

switching to air (Figure 2.8b), the nanoribbons become kinked. As additional precursor is 

added, the particles become more isotropic and uniform in morphology, resulting in ~3-5 

nm in diameter cubes. These cube-like structures were of similar size (~3-5 nm) as the final 

nanostructures found in Figure 2.3d. 

FTIR analysis was performed on aliquots taken during the reaction to monitor the 

formation of ester and the presence of precursor. FTIR analysis is shown in Figure 2.8e. 

The inset shows the metal carboxylate binding region. The presence of a peak in this region 

for the aliquot taken after injecting 1.5 mmol of precursor under N2 (blue trace) indicates 

the buildup of precursor, which then disappears after air is introduced and more precursor 

is added (red traces). This suggests the precursor reacts faster in the presence of air. XPS 

of the nanoparticles from each of the aliquots taken during the reaction (Figure 2.8f) 

indicate that Ce(III) it converted to Ce(IV) upon introduction of air and adding additional 

precursor.  
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Figure 2.8. Characterization from a 3 mmol nanoparticle synthesis at 290 °C where the 

first 1.50 mmol of precursor were injected under N2, and the last 1.50 mmol of precursor 

were injected under air. (a)-(d) TEM images of nanoparticles formed after injecting (a) 

1.50 mmol of precursor under N2, (b) no additional precursor, but we introduced air, (c) 

2.00 mmol, and (d) 3.00 mmol of precursor. Scale bars are 20 nm. (e) FTIR spectra of 

aliquots taken from the reaction mixture after injecting 1.50 mmol (blue), 1.75 mmol (dark 

red), 2.00 mmol (red), and 3.00 mmol (light red) of precursor. The inset shows the region 

for metal carboxylate bonds. (f) Ce 3d XPS spectra of nanoparticles formed after the 

addition 1.50 (bottom trace), 1.75, 2.00, and 3.00 mmol (top trace) of precursor. Black 

traces show the raw data, gray traces show the fits, blue traces correspond to Ce3+ and red 

traces correspond to Ce4+ content. The atomic percentage of Ce3+ to total Ce content is 

shown next to the traces on the left.  

The data shown in Figure 2.8 suggest that the consumption of precursor is 

happening faster under air than N2 (Figure 2.8e), that air is changing the morphology of 
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the ribbons (Figure 2.8b), and that air oxidizes Ce(III) to Ce(IV) in the nanocrystals (Figure 

2.8f). There are two possibilities regarding the role of air based upon these observations. 

One possibility is that air reacts with species in solution, which then alter the nanocrystal 

growth process. We considered that the oleyl alcohol might be oxidizing under air. To 

assess this, we heated oleyl alcohol to 290 °C for 2 h under air and compared the FTIR 

spectra before and after heating (Figure A18). After heating, there is an appearance of a 

peak at ~1740 cm–1 which is associated with a carbonyl, suggesting that some of the 

alcohol is oxidized to oleic acid, which might be able to etch away nanoribbons under air. 

However, the TEM images in Figure 2.8 (a-d) showing kinked nanoribbons upon the 

addition of air, and then by nanocubes upon the addition of more precursor, suggest that 

air is influencing structure of the nanocrystals themselves. Further, the lower Ce(III) 

content in the particles heated in air by XPS (Figure 2.8f) suggest that air is oxidizing the 

nanocrystals. Taken together, these data suggest that nanocrystal oxidation may be 

responsible for the observed changes in the nanocrystals formed in air vs N2 rather than the 

oxidation of the oleyl alcohol, or reactions with other species in solution.  

We hypothesize that the initial introduction of air oxidizes the nanorods via one of 

the following chemical reactions:88 

2Ce2O3 + O2 → 4CeO2 (1) 

4Ce(OH)3 + O2 → 4CeO2 + 6H2O (2) 

It is feasible that undergoing one of these reactions would cause a structural rearrangement, 

which appear to result in grain boundaries, leading to the kinked appearance of the ribbons. 

The TEM images from Figure 2.8 also suggest that adding additional precursor causes the 

ribbons to break at those boundaries. One hypothesis for this is that the nanoparticle growth 
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continues selectively at the interfaces of those boundaries. Taniguchi et al. described a 

similar phenomenon in particles that they hypothesized were rich in Ce(III) at grain 

boundaries, which they described as being more reactive.16 If this is happening with the 

nanoparticles in this study, it is possible that sites at the grain boundaries are more reactive, 

and the addition of precursor causes growth to happen at those boundaries, thus leading to 

separation of those grains. 

Taken together, our results suggest that oxygen impacts the nanocrystal 

morphology not by oxidizing the cerium oleate precursor, but by altering the reactivity of 

the nanocrystal surfaces. The morphological changes to nanoribbons upon the introduction 

of air illustrate how oxygen impacts the surface structure and reactivity.  Under all 

conditions that we tested, Ce(III) is primarily responsible for nanocrystal growth.  Even in 

the presence of air, Ce(IV) oleate is reduced via thermal decomposition reactions to Ce(III) 

species that contribute to nanocrystal growth in a similar fashion to the Ce(III) oleate 

precursor. The differences in nanocrystal sizes produced under air starting with Ce(IV) vs. 

Ce(III) are likely due to differences in nanocrystal formation rates at the earliest stages of 

the reactions when residual Ce(IV) might still be present.    

Investigating the origin of nanoribbon formation 

Now that we had a better understanding of the influence of reaction atmosphere on 

the resulting morphologies, we then wanted to understand the origin of the nanoribbon 

formation. Under N2, nanoribbons formed in some cases with the Ce(III) oleate precursor, 

but poorly defined structures formed in other cases. The TEM images in Figure 2.5 show 

that the SE-Ce(III) oleate did not lead to nanoribbon formation. Nanoribbons were only 

seen when Ce(III) oleate made from Ce(III) acetate was used. One hypothesis is that the 
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difference was due to the presence of nitrate anions in the case of the SE-Ce(III) oleate 

precursor. However, no nitrogen was detected in the SE-Ce(III) oleate precursor by XPS 

(Figure A9), suggesting this was not the case. We thus hypothesized that the presence of 

acetate may be responsible for nanoribbon formation under N2. 

To investigate the possible role of acetate on nanocrystal growth, we performed 

two experiments: 1) we synthesized nanocrystals made from Ce(III) acetate wherein the 

ligand exchange between Ce(III) acetate and oleic acid was performed for a longer period 

of time (5 h vs 1 h) at higher temperature (165 vs 150 °C) in an attempt to remove any trace 

acetate ligands, and  2) we synthesized nanocrystals using the SE-Ce(III) oleate and 

deliberately added 2 mmol of acetic acid to the precursor solution prior to injection. The 

TEM images of the nanocrystals for these two reaction conditions are shown in Figure 2.9.  

Figure 2.9a shows that irregular plates result from the synthesis conducted using the Ce(III) 

oleate exchanged in oleic acid for 5 hours. These results are similar to those from Figure 

2.5a where the SE-Ce(III) oleate was used, suggesting that the acetic acid had been 

completely removed.  The image of the nanocrystals produced using SE-Ce(III) oleate with 

added acetic acid (Figure 2.9b) shows predominately nanoribbons.  These results suggest 

that acetate is responsible for anisotropic growth and, thus, nanoribbon formation. 

Figure 2.9. TEM images of nanocrystals synthesized with (a) Ce(III) oleate made from a 

5 h ligand exchange between Ce(acetate)3 and oleic acid at 165 oC under N2, and (b) SE-

Ce(III) oleate with added acetic acid. Scale bars are 20 nm. 
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To try to understand why acetate may be leading to anisotropic growth, we turned 

to literature studies that investigated the influence of acetate in nanocrystal synthesis.89-93 

These reports suggest that there are several different effects acetate could be having in 

nanocrystal synthesis, and each will be discussed below. From these, we explored three 

hypotheses. One hypothesis is that acetate coordinates to the nanocrystal surfaces, which 

could make those surfaces more sterically accessible, leading to either oriented attachment 

with other nanocrystals, or leading to additional monomer addition along a crystal facet.91 

Another hypothesis is that the acetate could be coordinating to the precursor complex, 

altering solubility and changing kinetics of the nanocrystal growth.90 A final hypothesis we 

explored was that acetate could be acting as a reductant, which may alter the crystal phase 

of cerium oxide growing in solution.93 

Houtepen et al. concluded that the presence of acetate facilitated oriented 

attachment of nanocrystals.91 In this study, the authors investigated the role of trace acetate 

on the growth of PbSe nanocrystals and found that the presence of acetate led to branched 

nanocrystals, with the degree of branching increasing as the amount of added acetic acid 

was increased. The authors argued that the branched nanocrystals were the result of 

oriented attachment due to acetate coordinated to nanocrystal surfaces, which would make 

the nanocrystal surfaces more sterically accessible.91 

We considered whether oriented attachment was happening in our syntheses of 

CeO2 nanocrystals under N2. To test this hypothesis that acetate was leading to oriented 

attachment, we conducted an experiment wherein we annealed nanocrystals synthesized 

under air using 0.5 mmol Ce(III) oleate (TEM image in Figure 2a) in the presence of acetic 

acid and oleyl alcohol at 290 °C for 2 h. The TEM images from this experiment (Figure 
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A19) do not show any elongated structures, suggesting that oriented attachment did not 

happen in that case. We also annealed particles made by injecting 0.5 mmol Ce(III) oleate 

into oleyl alcohol under N2 for 1 h. The TEM images from this experiment (Figure A20) 

showed that nanocrystal length and width did not change during the annealing period, 

suggesting that oriented attachment did not occur. 

Another explanation for the role of acetate in nanocrystal synthesis is that acetate 

coordination could be altering the precursor complex solubility, which could alter the 

kinetics of nanocrystal growth. This was discussed by Riedinger et al. where the authors 

examined the growth of CdSe quantum dots and found that when a short-chain carboxylate 

was added, nanoplatelets were formed instead of quantum dots. This was attributed to the 

short-chain carboxylates coordinating to the precursor, leading to decreased solubility, and 

therefore phase-separated droplets of the Cd(carboxylate)2 precursor. Due to higher 

precursor concentration in these droplets, diffusion of material to the nanocrystal surface 

is fast, and growth is therefore in a “surface-limited regime” (reaction of monomer with 

the nanocrystal surface is rate-determining), as opposed to a “diffusion-limited regime” 

(diffusion of material to the nanocrystal is rate-determining). The authors then describe a 

growth model that suggests being in a surface-limited regime leads to two-dimensional 

platelets as monomer preferentially reacts with thin facets (edges) rather than large planer 

surfaces of the nanocrystals.  

It is unlikely that the explanation posed by Riedinger et al. regarding precursor 

solubility explains the role of acetate in our CeO2 nanocrystal syntheses under N2. We 

concluded this based on the FTIR of the reaction mixtures of syntheses under N2 both with 

(Figure 2.4c) and without (Figure A21) acetate. The FTIR spectra indicate that there is a 
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buildup of cerium carboxylate monomer in both cases, more so in the case without acetic 

acid added, suggesting that these nanocrystals are in a surface-limited, rather than a 

diffusion-limited, regime regardless of the presence of acetate. However, it is possible that 

acetate is coordinating with the precursor to form a cerium di-oleate acetate structure, 

though this is difficult to conclusively determine the presence of such a structure in 

solution. 

Given the importance of surface reactivity and oxidation state at the surface, we 

wondered whether acetic acid might be influencing the surface oxidation. We noticed that 

the reaction colors were different between nanocrystal syntheses under N2 with and without 

added acetic acid. When acetic acid was added, the colors of the reaction mixture were as 

previously described, where the mixture was yellow throughout the reaction, then turned 

purple and eventually brown upon exposure to air. When acetate was not present, the 

reaction mixture turned from yellow to light brown during the reaction, and eventually a 

slightly darker brown upon exposure to air (see Figure A13 for schematic depiction of all 

reaction colors observed). To rule out the possibility that this color change is due to 

decomposition of the 1-octadecene solvent used to dissolve the SE-Ce(III) oleate precursor, 

we conducted a control experiment wherein Ce(III) oleate (made from Ce(III) acetate) 

mixed with 1-octadecene precursor was used in a nanocrystal synthesis under N2. the 

reaction mixture remained yellow throughout the synthesis, suggesting that 1-octadecene 

was not responsible for the observed color changes. 

The color changes suggest that in the presence of acetate, the nanocrystals grow as 

Ce2O3 and are then oxidized upon exposure to air, whereas without acetate, the 

nanocrystals are oxidized continuously throughout the reaction. Zhang et al. found that 
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more carboxylates on the surface of cerium oxide led to higher Ce(III) content.93 Thus, in 

the presence of excess acetate, the higher concentration of carboxylates at the nanocrystal 

surface may favor a Ce2O3 composition at the surface. Ce2O3 commonly adopts either a 

hexagonal crystal structured or a bixbyite structure,94-95 though our previous XPS and XRD 

experiments suggest the nanoribbons are a bixbyite structure. There is some evidence to 

suggest that oxygen diffusion is anisotropic in bixbyite Ce2O3, which may also contribute 

to anisotropic nanocrystal growth.95 To test whether acetate acts as a reductant, we 

conducted a nanocrystal synthesis without any acetate but under forming gas (95:5 N2:H2). 

Although nanoribbons were not formed (TEM image in Figure A22) the results don’t rule 

out a reducing role for acetate. 

Further studies will be needed to fully elaborate the mechanism by which acetate 

leads to nanoribbon formation. Our experiments suggest acetate coordination to the 

nanocrystal surface does not lead to oriented attachment, nor does it change the growth 

kinetics to a surface-limited regime by changing the precursor solubility in the way 

discussed by Riedinger et al. The color changes we observed during the reaction suggest 

that acetate promotes or stabilizes Ce(III), which may, in turn, influence the phase of 

cerium oxide being grown and influence the resulting morphology. Further, acetate 

coordination could reduce steric hinderance (relative to oleic acid) between the nanocrystal 

surface and monomer, serving to passivate a certain crystallographic facet and lead to 

preferential growth in one direction.  Although the coordination chemistry of carboxylates 

on cerium(III) oxide is not well understood, it seems likely that preferential binding of 

acetate to the (100) face would lead to preferential growth along the (110) direction and 

result in the anisotropic ribbons. 
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Regardless of the mechanism, the use of acetic acid as an additive to the precursor 

showed promise toward the synthesis of uniform nanoribbons (see Figure A23 for 

schematic representation of all morphologies observed). The next question was whether 

the amount of acetic acid had an influence, and whether the morphology could be further 

tuned by varying the amount of acetic acid added. To investigate this we conducted 

syntheses using 2 mmol of Ce(III) oleate made from cerium(III) acetate that had been 

exchanged with oleic acid at 165 °C for 5 h to remove all acetate ligands, and added either 

0, 0.4, 1.0, or 2.0 mmol of acetic acid to the precursor. TEM images of resulting 

nanocrystals are shown in Figure 2.10. 

The TEM images in Figure 2.10 show a systematic increase in nanoribbon length 

with an increase in acetic acid content. Figure 2.10a shows irregular structures, as seen 

previously. Figure 2.10b shows somewhat more defined nanoplates with an aspect ratio of 

approximately 1. The nanoribbons in Figure 2.10c (1.0 mmol acetic acid added) are ~16-

24 nm long and ~4 nm wide, and nanoribbons in Figure 2.10d (2.0 mmol acetic acid added) 

are up to ~150 nm long and ~4 nm wide. Interestingly, the nanoribbons in Figure 2.10c and 

10d have similar widths, suggesting that acetic acid is primarily influencing growth 

lengthwise as opposed to widthwise. Overall, using acetic acid as an additive produces 

monodisperse nanoribbons with predictable lengths, making this synthesis procedure 

promising for modulating the aspect ratio of cerium oxide nanoplates. 
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Figure 2.10. TEM images of nanoparticles resulting from syntheses using 2.0 mmol Ce(III) 

oleate with (a) 0 mmol, (b) 0.4 mmol, (c) 1.0 mmol, and (d) 2.0 mmol of acetic acid added 

to the precursor. Scale bars are 20 nm. 

Conclusions 

We investigated the influence of precursor ligation and oxidation state, as well as 

reaction atmosphere (air vs N2) on the growth of cerium oxide nanocrystals produced 

utilizing a slow addition synthesis. We found that the reaction atmosphere and the 

precursor ligation strongly influenced the morphology of the resulting nanocrystals. When 

air was used as the reaction atmosphere, growth was faster and nanocubes with controlled 

sizes could be reliably produced regardless of the precursor used. Reactions carried out 

under nitrogen, on the other hand, produced ribbons when Ce(III) acetate was used as the 

starting material, or dots and poorly defined plates when Ce(III) nitrate was used as the 

starting material. Our results suggest that oxidation of the nanocrystal surface in solution 

during growth is responsible for the observed differences in morphology during growth 

under air. The oxidation state of the precursor had little influence on morphology:  a 

comparison of Ce(III) and Ce(IV)-rich oleate precursors showed that the Ce(IV) oleate is 

thermally unstable and is reduced to Ce(III) even under an air atmosphere, suggesting that 

Ce(IV) has little influence over morphology during growth under air or nitrogen. Finally, 
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we discovered that trace amounts of acetate in the Ce(III) oleate precursor leads to ribbon 

formation for reactions carried out under nitrogen. Deliberate addition of acetic acid 

resulted in longer (higher aspect ratio) ribbons as the acetic acid concentration increased.  

These findings may have broader implications in nanocrystal synthesis. For 

example, in reports where an air reaction atmosphere is used in the synthesis of cerium 

oxide nanocrystals, it is clear that the role of oxygen is not to oxidize the precursor, but 

rather to influence the reactivity of the nanocrystal surface in solution. Further, our results 

regarding the striking influence of trace amounts of acetic acid under N2 highlight the 

importance of choosing an appropriate precursor starting material. Beyond cerium oxide, 

these findings may be applicable to materials that can have several oxidation states such as 

cobalt oxide, iron oxide, and copper oxide nanocrystals. Altering the reaction atmosphere 

(oxidizing or reducing) is a strategy to influence the surface reactivity of nanocrystals. 

These findings suggest that altering the surface reactivity can significantly impact 

nanocrystal growth, which may be applicable as a strategy to control nanocrystal 

morphology in other systems. 
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Bridge to Chapter III 

In Chapter II, the continuous addition nanocrystal synthetic method was extended 

to a cerium oxide system. Because one variable could be systematically changed at a time, 

the synthesis enabled the careful study of the role of atmosphere, precursor oxidation state, 

and ligation on the formation of cerium oxide nanocrystals. Something that was not 

explored in Chapter II was the role of precursor conversion rate (or rate of activated 

monomer generation) on the formation of cerium oxide nanocrystals. One way to control 

the precursor conversion rate is to change the primary reagent used in the synthesis, oleyl 

alcohol. Chapter III examines the role of precursor conversion rate on the formation of tin-

doped indium oxide (ITO) nanocrystals. ITO was chosen because the synthesis of indium 

oxide using our slow injection esterification approach has been more developed and well-

studied, allowing us to further explore parameter space without too many unknown 

variables. From the data, we learn how using oleylamine vs oleyl alcohol to alter the 

precursor conversion rate influences the earliest stages of nanocrystal formation, and we 

use this control over nanocrystal formation to further tune size within indium oxide 

nanocrystals. 
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CHAPTER III 

MONOMER GENERATION RATE INFLUENCES THE EARLIEST STAGES OF 

GROWTH FOR TIN-DOPED INDIUM OXIDE NANOCRYSTALS MADE 

THROUGH A REAGENT-DRIVEN, CONTINUOUS ADDITION SYNTHESIS 

This chapter may appear in a forthcoming publication coauthored by Knecht, T. A., 

Crockett, B. M., and Hutchison, J. E. I performed all experimental work and wrote the 

chapter. B. M. Crockett helped with the conceptualization of this project. J. E. Hutchison 

provided guidance on experiments and editorial assistance on the writing of the chapter. 

Introduction 

Synthesis of inorganic nanocrystals with predictable structures and properties 

requires control over three processes: conversion of precursor to monomer, nanocrystal 

formation, and nanocrystal growth.1-7 It is essential to understand how reaction conditions 

influence each of these three processes because they influence the size, shape, 

crystallinity, defects, composition, and dopant placement within the product nanocrystals. 

Here we investigate how two reagents – oleyl alcohol and oleylamine – impact the 

conversion of precursor to monomer and, subsequently the formation and growth of tin-

doped indium oxide (ITO) nanocrystals. 
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Nanocrystal formation is thought to be limited by the rate of generation of reactive 

monomer.7-8 Thus, many researchers have worked to control the rate of monomer 

activation by varying the reaction temperature,9-11 the temperature ramp rate,12 or 

precursor reactivity.7, 13 An alternative approach has been to add reagents that aid in 

precursor conversion.8 Increasing the rate of precursor conversion often leads to the 

formation of a large number of smaller nanocrystals, a finding consistent with the 

predictions of classical nucleation theory.12-13 However, there are also reports that 

increasing the rate of generation of reactive monomers leads to a smaller number of larger 

nanocrystals.9-11, 14  That the monomer supply rate appears to influence nanocrystal 

formation and growth so differently suggests that different nanocrystal formation 

mechanisms may be responsible for these differences. Our aim in this study is to gain 

insight into the mechanisms of metal oxide nanocrystal formation by controlling the rate 

of precursor activation through the use of reactive reagents.  

Reagent-driven nanocrystal syntheses provide an opportunity to tune the formation 

rate of reactive monomer.2, 15-16  For example, reactive monomers can be readily generated 

in nonaqueous sol-gel nanocrystal syntheses through halide, ether, ester, or amide 

elimination reactions.2, 15-16 These reactions often play a role even in common thermal 

decomposition syntheses in organic media.17 Although the simplest thermal 

decomposition syntheses involve only a metal precursor and a solvent, many thermal 

decomposition syntheses include additives such as surfactants or additives (such as oleic 

acid or oleylamine) that can also act as reagents to promote growth.18-22 While a lot of 

effort has been put into understanding the various roles of the additives used, thermal 

decomposition syntheses are inherently difficult to study as these reactions happen on a 
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short timescale, and radical species are produced that react indiscriminately with each 

other, the solvent, and any additives.  Reagent-driven reactions that take place at 

temperatures below the thermal decomposition threshold, therefore, provide an 

opportunity to learn more about the influence of reactive precursor generation on 

nanocrystal formation.23-26 

Recently, our group developed a continuous growth synthesis of a series of metal 

oxide nanocrystals wherein a carboxylate precursor reacts with a large excess of hot oleyl 

alcohol that serves as both reagent and solvent.24-25, 27-28  The reactive monomers formed, 

presumably metal-hydroxy species, condense with each other to form metal oxides.27  

Two key attributes of these syntheses - reaction temperature below thermal decomposition 

and slow addition of precursor - allow us to systematically control the reaction parameters 

in order to examine nanocrystal growth processes in detail. For instance, we have been 

able to study the influence of temperature and monomer flux to the nanocrystal surface on 

the size and morphology of indium oxide,26 the influence of nanocrystal size on growth 

rate in iron oxide,23 the influence of atmosphere on the growth of cerium oxide 

nanocrystals,29 and the influence of incorporating dopants from precursors with various 

reactivities in indium oxide.30-31  

In our continuous growth method, ester elimination chemistry, along with a slow, 

continuous addition method, produces uniform, size-tunable metal oxide nanocrystals. The 

metal oleate precursor is slowly injected into oleyl alcohol at temperatures between 230-

290 °C. The continuous addition approach has advantage over traditional heat up or hot 

injection syntheses because size is tuned simply by varying the amount of precursor 

injected, rather than by changing the amount or type of additives used. Further, because 
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the precursor is injected so slowly (0.05-0.3 mL min–1), the temperature of the reaction 

does not fluctuate, and because there is continuous supply of precursor, the precursor 

concentration remains nearly constant throughout the reaction.  

Here, we investigate the role of the reagent used (oleylamine vs oleyl alcohol) on 

the formation and growth of Sn-doped indium oxide (ITO) nanocrystals in our continuous 

growth synthesis. We show that amidation in oleylamine is faster than esterification in 

oleyl alcohol and find that the higher monomer conversion rate during amidation leads to 

the formation of fewer, and therefore larger, nanocrystals. It is possible to tune the number 

of nanocrystals initially formed by adjusting the oleyl alcohol to oleylamine ratio in the 

reaction. These findings suggest a more rapid transition from nanocrystal formation to 

growth in the presence of the more reactive amine.  ITO nanocrystals synthesized in 

oleylamine undergo Sn dopant activation as oxygen is released from the lattice more 

quickly compared with nanocrystals synthesized in oleyl alcohol, which take several days 

to finally reach a constant level of oxygen vacancies. These results demonstrate how the 

choice of reagent not only impacts the formation and growth of metal oxide nanocrystals, 

but also the properties of the nanocrystals produced. 

Experimental 

Materials 

Indium(III) acetate (99.99%) was purchased from Acros Organics, tin(IV) acetate 

(99.99%) was purchased from Aldrich Chemistry, oleyl alcohol (85%) was purchased from 

Alfa Aesar, and oleylamine (70%) was purchased from Aldrich. Hexanes (99.9%), UV-
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grade n-hexane (99.9%), toluene (99.9%), and acetone (99.5%) were acquired from Fisher 

Chemical. All chemicals were used as received. 

Synthesis of ITO Nanocrystals 

For a typical synthesis of ITO nanocrystals with 10% tin doping, precursor was 

made by mixing indium acetate and tin acetate in a ratio such that tin acetate was 10 mol% 

of the total metal acetate content. The metal acetates were mixed in oleic acid in a ratio of 

1 mmol of metal for every 2 mL of oleic acid. This mixture was in a glass vial capped with 

a rubber septum. This vial was suspended in an oil bath at 165 °C and stirred under flowing 

dry N2 for 2 h.  

In a 100 mL three-neck round-bottom flask, 15 mL of either oleyl alcohol or 

oleylamine (or mixtures thereof) was heated to 290 °C using a heating mantle and Glas-

Col DigiTrol II temperature controller. Each of the three necks of the flask were capped 

with rubber septa and dry N2 was flowed in the headspace and out of an 8-gauge purge 

needle at a rate of ~120 mL min–1.  

The precursor was then loaded into a BD plastic syringe equipped with a 6-inch 18-

gauge needle, and the syringe was assembled into a KD Scientific syringe pump. The 

precursor solution was injected into the three-neck reaction flask at the desired reaction 

rate (0.05 – 0.3 mL min–1). After the injection, nanocrystals were purified by centrifuging 

in acetone three times at a rate of 7000 RPM for 5 minutes each time. Resulting 

nanocrystals were then dispersed in either hexanes or toluene. 
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Characterization of ITO Nanocrystals 

Transmission electron microscopy (TEM) characterization of the nanocrystals was 

performed on an FEI Tecnai Spirit TEM at a voltage of 120 kV. Nanocrystals were 

deposited onto TEM grids by dipping a 400 mesh carbon-coated copper grid (Ted Pella) 

into a dilute (~0.5 mg mL–1) solution of nanocrystals in toluene. 

Small angle X-ray scattering (SAXS) analysis was performed on an Anton Paar 

SAXSess mc2 instrument. SAXS samples were prepared by adding a ~5 mg/mL 

nanocrystal solution in toluene to borosilicate capillary tubes, which were then sealed with 

epoxy and left to dry overnight. SAXS patterns were modeled using the Irena software 

package to determine the nanocrystal diameters, from which the volumes were calculated. 

For the modeling, a Gaussian distribution and spherical form factor were used. 

Fourier transform infrared (FTIR) spectroscopy of the reaction mixture was 

performed on a Nicolet 6700 FTIR spectrometer equipped with an attenuated total 

reflectance (ATR) accessory from Thermo Fisher. 

Nuclear magnetic resonance (NMR) analysis was performed on a Bruker Advance 

III-HD 500 MHz NMR spectrometer. NMR solutions were prepared by dispersing the

solution to be analyzed in deuterated chloroform. 

UV/Vis spectroscopy was performed on a Cary 60 UV/Vis spectrometer from 

Agilent Technologies. All UV/Vis experiments were performed at room temperature. All 

solutions analyzed were 5.0 mg mL–1 nanocrystals in UV grade n-Hexane. 
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Results and Discussion 

Continuous injection of a metal oleate precursor into oleyl alcohol at temperatures 

between 230-290 °C results in monodisperse metal oxide nanocrystals and has allowed for 

in-depth examination of nanocrystal growth processes.23, 26, 32-33 Under these conditions, 

esterification results in the formation of ester and metal hydroxy species, the reactive 

monomers that then condense with each other to form M–O–M bonds (Scheme 3.1a). The 

rate of esterification limits the rate of production of reactive monomer. Reactive monomers 

can also be produced by substituting the oleyl alcohol with a primary amine that can react 

with the metal-carboxylate to form metal hydroxy monomer species through amidation 

(Scheme 3.1b).22, 34-41 Although synthesis of metal oxide nanocrystals through amidation,22, 

34-41 and esterification2, 15-16, 25, 27 are known, there are no reports comparing the effect of 

amidation vs esterification on resulting metal oxide nanocrystals. Given that amidation is 

generally faster than esterification, we expected higher rates of reactive monomer 

production in the amine and aimed to investigate the influence of monomer production on 

nanocrystal growth in our continuous growth synthesis.  

Scheme 3.1. Esterification (a) and amidation (b) reactions to form metal hydroxy species 

that then condense to form metal oxide nanocrystals 
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Comparing Rates of Amidation vs Esterification 

To confirm that amidation was faster than esterification in this system, we compared the 

rates of reaction for a mixed In/Sn metal oleate precursor (~10% Sn oleate, ~90% In oleate) 

when mixed with equal volumes of either oleyl alcohol and oleylamine.  The mixtures were 

heated and the formation of ester and amide monitored by NMR. The precursor was 

produced by heating 0.1 mmol Sn(IV) acetate and 0.9 mmol In(III) acetate in 2 mL oleic 

acid at 165 °C for 2 h. Once cooled to room temperature, either 2 mL oleyl alcohol or 2 

mL oleylamine was added to the precursor and the reaction mixture was heated to 150 °C 

and held at that temperature for 30 minutes. 150 °C was chosen because it is below the 

temperature required to form nanocrystals, thus allowing a direct comparison of the 

esterification and amidation rates while avoiding complications due to the reactivity of 

growing nanocrystals. 

The amounts of ester and amide formed were determined by proton NMR. For the 

ester we integrated peaks at 4.0 ppm, which corresponds to the two protons on the carbon 

adjacent to the ester oxygen in oleyl oleate.  For the amide, the peak at 8.1 ppm, which 

corresponds to the proton on the nitrogen in oleyl oleamide (see Figure B1) was integrated. 

In each case, we normalized these integrations to the alkene proton peak at 5.3 ppm, which 

is present in all species containing an oleyl group. We found that more amide was formed 

(integrated peak of 0.07) than ester (integrated peak of 0.04). We were initially concerned 

that the acidity of the proton on the amide nitrogen, which can exchange with water, may 

convolute the integration at 8.1 ppm. However, we used deuterated chloroform dried by 

molecular sieves to remove water for NMR analysis, which would limit the degree of 

exchange. Further, if there was exchange between the amide nitrogen proton with residual 
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water, we would expect that our integration would be artificially low, underestimating 

rather than overestimating the amount of amide formed. This suggests that amidation is 

indeed faster than esterification, likely due to the increased nucleophilicity of oleylamine 

vs oleyl alcohol. This would mean that the precursor is converted to the proposed metal 

hydroxy monomer species at a more rapid rate in oleylamine vs in oleyl alcohol. Precursor 

conversion rate has been explored as a factor in nanocrystal growth for a number of systems 

that fit within the realm of classical nucleation and growth,7-8, 13 but it has not been explored 

in depth in reagent-driven growth. 

Investigating ITO Nanocrystal Growth in Oleylamine vs Oleyl Alcohol 

Figure 3.1. TEM images of ITO nanocrystals synthesized by injecting 3 mmol mixed 

indium/tin oleate precursor at an injection rate of 0.3 mL/min into 290 °C (a) oleyl alcohol, 

and (b) oleylamine. 

Having confirmed the faster rate of amidation, we performed two ITO nanocrystal 

syntheses to examine the influence on nanocrystal formation and growth., Precursor (3 



75 

mmol) was injected at 290 °C at 0.3 mL min–1 into both oleyl alcohol and oleylamine. We 

conducted FTIR analysis of the reaction mixture from the synthesis in oleylamine to 

confirm the presence of amide (Figure B2). We took TEM images of the resulting purified 

nanocrystals from each synthesis. The results are shown in Figure 3.1.  

The TEM image of the product produced by esterification (Figure 3.1a) shows 

monodisperse, spherical nanocrystals, consistent with previous studies, whereas the TEM 

image of the product of amidation (Figure 3.1b) shows highly branched nanocrystal 

structures. This branched morphology is consistent with what we had previously seen with 

indium oxide nanocrystals under conditions of high monomer flux to the surface, which 

happened when high precursor injection rates were used. Based upon this previous study, 

we hypothesized that the injection rate was too high in the case of oleylamine, and that a 

slower injection rate would lead to more uniform nanocrystals. To test this hypothesis, we 

performed a synthesis wherein we injected 3 mmol of the mixed In/Sn oleate precursor into 

oleylamine at 290 °C at an injection rate of 0.05 mL min–1. The TEM image of the resulting 

nanocrystals is shown in Figure 3.2. 

Figure 3.2. TEM image of ITO nanocrystals synthesized by injecting 3 mmol mixed 

indium/tin oleate precursor at an injection rate of 0.05 mL min–1 into 290 °C oleylamine. 
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The TEM image of the nanocrystals produced by amidation at the slower injection 

rate (Figure 3.2) shows that when a slower injection rate is used, more spherical and 

uniform nanocrystals are formed. We were surprised to see that the nanocrystals 

synthesized in oleylamine in Figure 3.2 are much larger (23.2 ± 3.3 nm in diameter, 

measured by SAXS) than the nanocrystals synthesized in oleyl alcohol in Figure 3.1a (9.4 

± 1.3 nm in diameter, measured by SAXS). This will be discussed in detail below.  

In the case of the nanocrystals synthesized in oleylamine at the higher (0.3 mL min–

1) injection rate, we hypothesized that the branched nature of the nanocrystals was due to

increased monomer flux to the surface of the nanocrystals. The increased monomer flux to 

the surface of the nanocrystals synthesized in oleylamine compared to oleyl alcohol could 

be due to a couple of different reasons. One reason could be that monomer is generated 

more rapidly, which we know to be the case based upon the previously discussed NMR 

analysis that showed that more amide formed in oleylamine than ester formed in oleyl 

alcohol. Another reason could be that fewer nanocrystals were formed, which would lead 

to larger nanocrystals (as seen in Figure 3.2), and subsequently increased flux to the 

nanocrystal surfaces.26 Given the larger nanocrystals in Figure 3.2, we hypothesize that the 

increased flux is largely due to the formation of larger nanocrystals, though it is also 

possible that increased flux is also partly due to the more rapid generation of monomer. It 

is possible that both effects are taking place simultaneously, though it is difficult to 

definitively conclude this. 

We wanted to more closely examine the growth of ITO nanocrystals formed in 

oleylamine using the continuous growth synthesis, which would enable a closer 

examination of the growth process. We know from previous studies that the volume of ITO 
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nanocrystals grown in oleyl alcohol increases linearly with the amount of precursor 

added.27, 32 This told us that the nanocrystals grew via a living growth mechanism.28 We 

wanted to see if this trend was also observed for nanocrystals grown in oleylamine. To 

examine this, we performed a 3 mmol synthesis at 290 °C, injecting precursor into 

oleylamine at 0.05 mL min–1. We took aliquots of the reaction mixture every 0.3 mmol of 

precursor injected, and purified the nanocrystals in each of those aliquots. We then 

characterized the nanocrystal size and dispersity by SAXS. For comparison, we also 

conducted a 12 mmol synthesis wherein precursor was injected into oleyl alcohol at 290 

°C at a rate of 0.3 mL min–1. Nanocrystal volume as determined by SAXS is plotted as a 

function of mmol of precursor added in Figure 3.3 below. 

Figure 3.3. Nanocrystal volume obtained by SAXS analysis as a function of mmol 

precursor added into 290 °C oleylamine at an injection rate of 0.05 mL/min (blue) and oleyl 

alcohol at an injection rate of 0.3 mL/min (red).  

The data in Figure 3.3 show that the nanocrystal volume for nanocrystals 

synthesized in both oleyl alcohol and oleylamine trend linearly with the amount of 

precursor added, suggesting in both cases that no new nanocrystals are formed upon 

addition of precursor, and instead all additional monomer contributes to nanocrystal 
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growth. The data also show that the growth rate for nanocrystals made in oleylamine is 

much higher than the growth rate for nanocrystals made in oleyl alcohol.  We wondered 

whether the difference in growth rate was simply due to the number of nanocrystals initially 

formed. The number of nanocrystals initially formed can be estimated by the slope of the 

linear trend through the growth curves in Figure 3.3.26 The equations justifying this 

estimation are below. 

𝑦𝑦      =             𝑚𝑚            ∗      𝑥𝑥        + 𝑏𝑏

𝑛𝑛𝑚𝑚3

𝑁𝑁𝑁𝑁
=  

1
𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡

∗
𝑉𝑉𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡
𝑚𝑚𝑚𝑚𝑉𝑉𝑉𝑉

∗ 𝑚𝑚𝑚𝑚𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑏𝑏

𝑚𝑚 =  1
𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡

∗ 𝑉𝑉𝑡𝑡𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡
𝑚𝑚𝑚𝑚𝑡𝑡𝑉𝑉

 

𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡 =  2∗ 1019

𝑚𝑚

Using the above equations to estimate the number of nanocrystals formed in oleylamine vs 

oleyl alcohol, we estimate that approximately 1×1015 nanocrystals are formed in 

oleylamine, whereas approximately 8×1016 nanocrystals are formed in oleyl alcohol. This 

suggests the increased growth rate in the case of oleylamine is due to fewer, larger particles 

forming compared to oleyl alcohol.  

To further corroborate the hypothesis that the increased growth rate in oleylamine 

was simply due to fewer, therefore larger, nanocrystals being formed, we conducted a 

synthesis wherein we injected 3 mmol of precursor into oleyl alcohol at 290 °C at a rate of 

0.3 mL min–1, purified the nanocrystals, redispersed them in oleylamine, heated the mixture 
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to 290 °C, and injected an additional 2 mmol at 0.05 mL min–1. We took SAXS data of the 

resulting nanocrystals after injecting 3, 4, and 5 mmol of precursor, and plotted the 

nanocrystal volume as a function of mmol of precursor added to compare to the growth 

curves in Figure 3.3. Results are plotted in Figure B3. The data line up exactly with the 

growth curve using just oleyl alcohol during the synthesis, suggesting that growth occurs 

in a similar manner at a similar rate in both oleyl alcohol and oleylamine, and the difference 

in the slopes of the growth curves is just due to the number of nanocrystals initially formed. 

Taken together, these results suggest that the reagent used in the reaction, oleylamine or 

oleyl alcohol, alters the earliest stages of nanocrystal formation, changing the number of 

nanocrystals formed.  We will discuss the possible reasons behind this effect in the next 

section. 

In addition to the differences in nanocrystal formation and growth, we noticed a 

difference in optical properties between nanocrystals synthesized in oleylamine vs oleyl 

alcohol. For the nanocrystals synthesized in oleyl alcohol, the nanocrystals were initially 

green upon purification, and then slowly turned blue over the course of ~72 h. For the 

nanocrystals synthesized in oleylamine, the nanocrystals were blue immediately upon 

purification. The color of the nanocrystals is associated with the amount of interstitial 

oxygen within the ITO nanocrystals, with green being indicative of higher interstitial 

oxygen concentration (more oxidized), and blue being indicative of lower interstitial 

oxygen concentration (more reduced).42-43 This phenomenon is the result of the Burstein-

Moss effect where an apparent bandgap expansion is observed as electrons populate the 

conduction band of a material.42-43 As interstitial oxygen is released from the ITO lattice, 

an oxygen vacancy is formed and two electrons per oxygen atom get released into the 
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conduction band, resulting in the bandgap expanding and the color of the nanocrystals 

changing.42-43  

The reduction process associated with the release of interstitial oxygen can be 

monitored by looking at the absorption edge of the ITO nanocrystals in solution by 

UV/Vis.42-43 As more oxygen is released and the particles become more reduced, the 

absorption edge (between 300 – 500 nm) blueshifts. We monitored this process for 24 h 

post synthesis for nanocrystals synthesized in oleyl alcohol (Figures 3.4a and 3.4b) and 

oleylamine (Figures 3.4c and 3.4d). UV/Vis spectra were taken once every hour for 24 h 

in a mixture of 5.0 mg mL–1 ITO nanocrystals in UV-grade hexanes. Nanocrystals 

compared were made by injecting 3 mmol into oleyl alcohol (10.8 ± 1.6 nm by SAXS) or 

by injecting 0.3 mmol into oleylamine (10.7 ± 1.6 nm by SAXS) so that nanocrystals of 

the same size could be compared. Results are shown in Figure 3.4. 

Figure 3.4. (a) UV/Vis spectra of a 5.0 mg mL–1 solution of ITO nanocrystals synthesized 

in oleyl alcohol taken over the course of 24 h. (b) Highlighted region of the spectra in (a) 
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showing the progressive reduction of the ITO nanocrystals synthesized in oleyl alcohol. (c) 

UV/Vis spectra of a 5.0 mg mL–1 solution of ITO nanocrystals synthesized in oleylamine 

taken over the course of 24 h. (d) Highlighted region of the spectra in (c) showing the 

progressive oxidation of the ITO nanocrystals synthesized in oleylamine. (e) Absorbance 

at 400 nm taken from the spectra in (a)-(d) plotted as a function of time for ITO 

nanocrystals synthesized in oleyl alcohol (red) and oleylamine (blue). (f) Photograph of 

5.0 mg/mL solutions of ITO nanocrystals synthesized in oleyl alcohol (left) and oleylamine 

(right). The photograph in (f) shows that the ITO nanocrystals synthesized in oleyl alcohol 

are green upon purification after the synthesis, whereas the ITO nanocrystals synthesized 

in oleylamine are blue upon purification after the synthesis. In the photograph, the ITO 

nanocrystals synthesized in oleyl alcohol were 2 h post synthesis, whereas the ITO 

nanocrystals synthesized in oleylamine were 1 h post synthesis. 

Figures 3.4a and 3.4b show the spectra taken over the course of 24 h of the ITO 

nanocrystals synthesized in oleyl alcohol. Over the course of 24 h, the absorption edge blue 

shifts as a result of the release of oxygen and the particles become more reduced. Figures 

3.4c and 3.4d show the spectra taken over the course of 24 h of the ITO nanocrystals 

synthesized in oleylamine. Over the first ~10 h, the absorption edge slightly redshifts, 

eventually leveling out, suggesting that the particles initially undergo a slight oxidation 

after being exposed to air, before reaching a final absorption. The absorbance at 400 nm 

for each of the ITO nanocrystal solutions is plotted in Figure 3.4e to further highlight the 

reduction/oxidation of nanocrystals over 24 h, with lower absorbance at this wavelength 

corresponding to more reduced nanocrystals. Figure 3.4f shows a photograph of 5.0 mg 

mL–1 ITO nanocrystal solutions in hexanes synthesized in oleyl alcohol (left, green) and 

oleylamine (right, blue). The photograph was taken 1 h after the synthesis in oleylamine 

and 2 h after the synthesis in oleyl alcohol to show the color difference observed by eye of 

the two different nanocrystal solutions.  
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The results in Figure 3.4 suggest that syntheses in oleylamine result in more 

reduced nanocrystals.  We then wondered whether the basic environment of the oleylamine 

resulted in more reduced nanocrystals. To test this hypothesis, we synthesized ITO 

nanocrystals in oleyl alcohol (using 3 mmol of precursor), purified those nanocrystals, 

redispersed them in oleylamine, and heated the mixture to 290 °C for 5 minutes under 

flowing N2. The resulting purified nanocrystals were blue upon purification, suggesting 

that the reducing environment of the oleylamine facilitates the release of interstitial oxygen, 

resulting in more reduced nanocrystals. 

Investigating the Role of Precursor Conversion on ITO Nanocrystal Growth 

Having established the structural and optical properties of the nanocrystals 

produced in the presence of the two reagents, we return to the question of how the reagent 

used influences the number of nanocrystals formed. To further establish the links between 

amidation rate, precursor activation and nanocrystal formation, we examined the synthesis 

of nanocrystals in mixtures of oleyl alcohol and oleyl amine.  We reasoned that it might be 

possible to tune the number of nanocrystals formed by diluting the more reactive amine 

with the less reactive alcohol in the reaction flask. Tuning the number of nanocrystals 

formed at the earliest stages of nanocrystal formation could offer another opportunity to 

tune size, enabling access to larger nanocrystals.  

We performed several nanocrystal syntheses where 6 mmol of precursor was 

injected into a mixture of either 10%, 25%, or 50% oleylamine in oleyl alcohol (total 

volume of oleylamine plus oleyl alcohol was always 15 mL). Aliquots of the reaction 

mixture were taken after every mmol added and the purified nanocrystals from those 

aliquots were analyzed using SAXS. The resulting nanocrystal volumes are plotted as a 
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function of mmol precursor added in Figure 3.5a. The original curves for syntheses in 

solely oleyl alcohol and solely oleylamine from Figure 3.3 are also shown for comparison. 

Figure 3.5. (a) Growth curves of nanocrystal volume (obtained by SAXS analysis) as a 

function of precursor added into varying percentages of oleylamine in oleyl alcohol. As the 

percentage of oleylamine increases, the nanocrystal growth rate increases. (b) Number of 

nanocrystals obtained from the slopes of the growth curves in (a) plotted as a function of 

oleylamine content. The number of nanocrystals formed decreases exponentially (shown 

by the gray dashed line) as oleylamine concentration increases. 

The growth curves in Figure 3.5a show that nanocrystal volume increases linearly 

with the mmol of precursor added for all mixtures, suggesting that they all undergo a living 

growth mechanism. The slopes of the curves increase as the content of oleylamine 

increases, suggesting that the oleyl amine concentration has a direct impact on mechanism 

of nanocrystal formation. The number of nanocrystals formed can be estimated from the 
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slopes of the curves in Figure 3.5a, and are plotted in Figure 3.5b. The number of 

nanocrystals formed seems to decrease exponentially as a function of oleylamine content. 

 We considered why fewer nanocrystals might form as oleylamine content 

increases, and how the reaction rate of amidation/esterification influences the earliest 

stages of nanocrystal formation. It is important to note that amidation and esterification 

reactions in oleylamine and oleyl alcohol, respectively, occur both with precursor that is 

injected into solution, as well as on the surfaces of nanocrystals in solution. We know that 

the nanocrystal surfaces catalyze amidation/esterification and continuously form reactive 

metal hydroxy species on the surfaces from prior work. In the formation stage, reactions 

between activated precursor dominate, leading to new nanocrystal formation. After some 

period, the number of reactive sites on nanocrystals increases to the point where reaction 

between the surface and the activated precursors outcompetes the reactions between 

activated precursors, which starts the growth phase. 

 Oleylamine appears to shorten the duration of the nanocrystal formation phase, 

leading to fewer nanocrystals that enter the growth phase faster. We hypothesize that this 

is because the oleylamine increases the rate of formation of reactive hydroxyls on the NC 

surfaces, effectively increasing the concentration of reactive metal hydroxy species on the 

surface earlier in the reaction. If the concentration of reactive metal hydroxy species on the 

nanocrystal surfaces is higher in oleylamine compared to in oleyl alcohol, then these 

hydroxyls would compete with activated precursor earlier, leading to an earlier transition 

between nanocrystal formation and growth. This hypothesis is supported by the growth 

curves in Figure 3.5a and the curve in Figure 3.5b because one would expect that as 

oleylamine content decreases and is diluted with oleyl alcohol, fewer of the reactive 



85 

hydroxyl species would form on the surface, leading to a slightly longer period of 

nanocrystal formation, therefore leading to more, smaller nanocrystals.  

Conclusions 

We investigated the growth characteristics and optical properties of ITO 

nanocrystals grown in oleyl alcohol vs those grown in oleylamine. We find that the 

amidation reaction that occurs between the metal carboxylate precursor and the oleylamine 

happens faster than the esterification that occurs between the precursor and oleyl alcohol. 

This increased reactivity in the case of oleylamine led to fewer, larger nanocrystals. We 

hypothesized that this is due to increased reaction rates at the surface of the nanocrystals 

when they are formed, which leads to a higher concentration of reactive hydroxyls on the 

nanocrystal surfaces in the case of oleylamine, the nanocrystal growth phase starts sooner 

than it does in oleyl alcohol, leading to fewer nanocrystals. We also investigated the optical 

properties of ITO nanocrystals produced in oleylamine vs oleyl alcohol. The ITO 

nanocrystals formed in oleyl alcohol were green upon purification, and turned blue after 

several days, whereas the nanocrystals formed in oleylamine were blue immediately upon 

purification. We hypothesized that this was due to the reducing environment of the 

oleylamine facilitating the faster release of interstitial oxygen, resulting in more reduced 

nanocrystals immediately after synthesis. 

These findings may be more widely applicable in metal oxide nanocrystal syntheses 

that utilize esterification or amidation reactions to form nanocrystals. For example, size 

may be further tuned by altering the amount of oleylamine and oleyl alcohol used in the 

synthesis. The increased reactivity of the oleylamine might also help activate poorly 

reactive metal carboxylate precursors, such as zinc oleate or zirconium oleate. The use of 
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oleylamine or mixtures of oleylamine and oleyl alcohol could also extend the utility of the 

slow addition synthesis to other metal oxides not yet explored.  

Bridge to Chapter IV 

Chapter III examined the role of precursor conversion kinetics on ITO nanocrystal 

formation, but has not yet described the potential applications that could benefit from 

controlling the growth processes of ITO nanocrystals. Chapter IV examines the potential 

application of precisely engineered ITO nanocrystals for IR plasmonic filters. Such an 

application comes from the ability to control dopant concentration and radial distribution 

throughout each nanocrystal. We find that these nanocrystals are amenable to simple, 

solution processing, which enables a predictably tunable optical response. 
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CHAPTER IV 

SCULPTING OPTICAL PROPERTIES OF THIN FILM IR FILTERS THROUGH 

NANOCRYSTAL SYNTHESIS AND ADDITIVE, SOLUTION PROCESSING 

This chapter was previously published as Krivina, R. A.; Knecht, T. A.; Crockett, B. M.; 

Boettcher, S. W.; Hutchison, J. E. Sculpting Optical Properties of Thin Film IR Filters 

Through Nanocrystal Synthesis and Additive, Solution Processing. Chem. Mater. 2020. 32 

(19), 8683–8693. Copyright 2020 American Chemical Society. 

Introduction 

Band-pass/band-stop filters with tunable wavelengths and compact structures are 

desirable for manipulating the optical properties of light sources used in wireless 

communication, biological imaging, and sensors.1–4 Traditionally, band-stop filters are 

composed of several dielectric layers with alternating low and high refractive indices in 

order to control light absorption in the region of interest.3,5-15  The materials comprising 

the filter stack are chosen based on their optical characteristics in the energy range of 

interest. Such filters typically operate under the multiplication rule of probability, where 

the amount of light that passes through the filter is determined by the intersection of the 

passbands.8 The incident light is absorbed in the regions with no passband overlap and 

transmitted in the region of an overlap. Thus, resulting spectra are not the sum, but rather 

the product, of the spectra resulting from each individual layer in the stack. This renders it 

challenging to create multi-pass band filters with predictable optical spectra from the 
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preexisting single-pass band filters.8 Additionally, the stacking of different materials to 

achieve the desired performance leads to the total thickness of the stack being greater than 

the target wavelengths.8 Furthermore, fabrication of the filter geometries often requires 

processing techniques such as photolithography, sputtering, and pulsed laser ablation, 

which places practical limits on the scale of application.16 

Plasmonic nanomaterials can block certain wavelengths of light making them 

attractive for use in electrochromic windows17–22 and optical band-pass and band-stop 

filters.3,5-15 Optical filters that are based upon plasmonic materials operate under the 

addition, as opposed to multiplication, rule of probability where the final transmission 

through the stack is a sum of the individual probabilities and is determined by the 

bandwidth of each layer.8 For the localized surface plasmon resonance (LSPR)-facilitated 

absorbance to be additive, the filter stack must consist of materials with linear optical 

properties and have a thickness below the target wavelength similar to the traditional filter 

stacks. In addition, such configurations typically need to be paired with a complex grating 

composed of plasmonic noble metals such as Au, and require lithographic fabrication 

techniques.23,24  

The ability to tune the plasmonic response is an important attribute that, despite 

much effort to improve, still suffers from several limitations. The most widely studied 

plasmonic materials are noble metals (e.g. Au, Ag, Cu). The high concentration of the free 

carriers set by the identity of those metals places the LSPR in the UV and visible range. 25–

28 The inability to change the number of free carriers places limits on the potential to tune 

the LSPR energy and peak shape in metal nanomaterials. Successful strategies include 

changing the shape and size, or adding “shells” of materials with complementary 
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properties, however, these structures are not always easy to access through synthesis.25–28 

Even when these structural parameters can be controlled to shift the LSPR, optical 

absorption typically occurs only from the UV-vis to the onset of the near-infrared (near-

IR).  Thus, the LSPR energies accessible using noble metals are insufficient for the 

applications that require tunable optical properties in the near-IR and mid-infrared (mid-

IR) ranges of the electromagnetic spectrum, such as electrochromic windows, optical band-

stop filters necessary for biological sensing and imaging, and free-space 

communication.8,29–31  

Figure 4.1. Schematic of targeted LSPR responses for (a) a wide band-stop filter that 

blocks a wide range of wavelengths in the near- and mid-IR regions and (b) a narrow band-

stop filter that selectively blocks narrow regions of the near- and mid-IR regions. 

Doped metal-oxide nanomaterials are a promising class of materials that have also 

demonstrated LSPR.32–34 These materials are more earth-abundant and offer a variety of 

advantages that complement the attributes of plasmonic noble metals. The LSPR energy of 

doped metal-oxides is significantly lower than that of the noble metals due to a lower 

concentration of the charge carriers, which makes it possible to access the energy range 

from the near-IR into the mid-IR. Given that the carrier concentration is tuned through the 

dopant concentration, the optical properties of doped metal-oxides can be more easily tuned 
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than the metals. Varying the doping concentration17,20,32 and distribution21 in these 

materials shifts the LSPR maximum to higher or lower energies and can be used to adjust 

the LSPR peak width and intensity. The doped metal-oxides are thus promising materials 

for plasmonic band-stop filters.  

Here we present a simple fabrication process to make tunable filters for the energy 

range between 6,000 and 1,000 cm-1 that takes advantage of the additive nature of the 

absorbance response when employing precisely constructed tin-doped indium oxide (ITO) 

nanocrystals synthesized through a slow-injection route.35,36 The LSPR energy of ITO 

nanocrystals can be shifted from the near-IR to mid-IR range of the spectrum by controlling 

the size, doping level and dopant placement using the slow-injection synthesis, producing 

ITO nanocrystals desirable for designing near- or mid-IR filters. Because no single 

composition of ITO nanocrystal is capable of blocking a wide region (Figure 4.1a) or 

multiple distinct narrow regions (Figure 4.1b) of the electromagnetic spectrum, 

construction of a tunable band-stop filter requires a combination of individual optical 

responses from several nanocrystals. We report the optical properties of layered and 

homogeneously mixed films of ITO nanocrystals prepared by quick and simple solution 

processing. We show that the additive nature of the absorbance allows us to sculpt the 

resulting absorbance spectra to produce wide and narrow band-stop filters in nanocrystal 

films without the necessity of a thick filter stack, complex grating, and/or restricting 

processing techniques.  
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Experimental 

Materials and Methods 

Indium(III) acetate, tin(IV) acetate, and oleic acid (90% technical grade) were used 

as received from Sigma-Aldrich. Oleyl alcohol (85% technical grade) was used as received 

from Alfa Aesar. 

Synthesis of ITO and ITO/In2O3 Core/Shell Nanocrystals 

Syntheses were performed in accordance with previously published results.34,35 For 

homogeneously-doped ITO nanocrystals, indium(III) acetate and tin(IV) acetate were 

mixed in a 20-mL scintillation vial with 4 mL of oleic acid in the desired In/Sn molar ratio 

to add up to 2 mmol total metal acetate (1.99:0.01, 1.98:0.02, 1.95:0.05, 1.90:0.10, and 

1.80:0.20 mmol In:Sn for the 0.6, 1.2, 3.3, 6.8, and 16% doped ITO, respectively). Each 

precursor solution was heated to 150oC under N2 flow with constant stirring for several 

hours. ITO nanocrystals were then formed by injecting the mixed In/Sn-oleate precursor 

into 13 mL of oleyl alcohol at 290oC under flowing N2 via a syringe pump at a rate of 18 

mL hr-1. Nanocrystals were washed in acetone and redispersed in toluene.  

ITO/In2O3 core/shell nanocrystals were synthesized following a similar procedure 

as described above. The core and shell precursor solutions were prepared separately. The 

core precursor solution containing the mixed In/Sn-oleate in the ratios desired for the core 

doping (0.66:0.01, 0.65:0.02, 0.95:0.05, 0.59:0.07, and 1.67:0.20 mmol In:Sn for the cores 

of 1.5%, 3%, 5%, 10%, and 16% Sn, respectively) was injected first at a rate of 18 mL hr-

1 via a syringe pump into 13 mL of oleyl alcohol at 290oC under flowing N2. An aliquot of 

this solution was taken in order to determine the core size and doping concentration. Then 

In-oleate solution was injected at the same rate in the quantity necessary to bring the total 
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amount of metal-oleate in the flask to 2 mmol. For the ITO samples used for the narrow 

band-stop filter we synthesized a 2 mmol doped core (1.80:0.20 and 1.99:0.01 mmol In:Sn 

for the 12% ITO core and 0.4% ITO core with thin In2O3 shells, respectively) and injected 

0.3 mmol In-oleate to obtain an ultra-thin shell.  

Characterization of ITO and ITO/In2O3 Core/Shell Nanocrystals 

Elemental compositions of ITO nanocrystals with doping levels above 2% were 

determined using a Thermo Scientific ESCALAB 250 X-ray photoelectron spectrometer 

(XPS). Tin:indium content was determined by integrating the tin 3d5/2 peak and comparing 

the intensity to that of the indium 3d5/2 peak. Peak binding energies were referenced to the 

C1s hydrocarbon peak at 284.8 eV. Samples were prepared by drop-casting solutions of 

nanocrystals dispersed in toluene onto silicon wafers and allowing them to dry. 

Elemental compositions of ITO nanocrystals with doping levels below 2% were 

determined by inductively coupled plasma optical emission spectrometry (ICP-OES). A 

Teledyne Leeman Laboratories (Hudson, NH) Prodigy High Dispersion ICP-OES system 

was used. Samples were prepared by digesting dried nanocrystals in concentrated HCl for 

48 h before being diluted with 2% v/v HNO3 for analysis. 

Transmission electron microscopy (TEM) micrographs were acquired on a FEI 

Tecnai Spirit TEM (Hillsboro, OR) operating at 120 kV. Lacey carbon grids supported on 

copper from Ted Pella (Redding, CA) were used to image the nanocrystals. TEM grids 

were prepared by submerging in ~0.5 mg/ml solutions of nanocrystals in toluene.  

Size and polydispersity of the nanocrystals were determined using a lab-scale 

small-angle X-ray scattering (SAXS) instrument (SAXSess, Anton Paar, Austria). The 

system is equipped with a Cu kα (λ = 0.154 nm) X-ray source that was operated at 40 kV 
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and 50 mA. A charge-coupled device detector (Roper Scientific, Germany) was used to 

detect scattered X-rays. An average of 50 individual scattering curves was acquired for 

various acquisition times (0.1-3 s) to maximize signal to noise. Raw data was processed 

with SAXSquant software (version 2.0) and curve fitting was done using Irena macros for 

IGOR (V. 6.3.7.2).37 A spherical form factor was used for curve fitting, supported by 

morphology visualized by TEM.  

Preparation and Characterization of Thin Films of ITO and ITO/In2O3 Core/Shell 

Nanocrystals 

Thin films of ITO nanocrystals were prepared by spin-coating solutions of ~50 

mg/mL nanocrystals in toluene onto UV-grade CaF2 substrates (2.54 cm diameter x 1 mm 

thick, UQG Optics, Cambridge, England). Substrates were first cleaned by sonication in 

toluene for 10 min then isopropanol for 10 min. A Laurell WS-400-6NPP-LITE Manual 

Spin Processor was used at a rotation rate of 3000 RPM for 30 s. Solvent was allowed to 

evaporate in air before characterization. For multilayered samples, each layer was annealed 

in air at 150℃ for 10 minutes prior to the deposition of the next layer.  

UV-vis spectra of thin films were collected on a PerkinElmer (Waltham, MA) 

Lambda 1050 spectrometer from wavelengths of 250 – 3,300 nm (40,000 – 3,030 cm-1) 

with a scan resolution of 1 nm. Fourier Transform Infrared (FTIR) spectra were collected 

on a Thermo Fisher Nicolet 6700 spectrometer from wavelengths of 2,500 – 25,000 nm 

(4,000 – 400 cm-1). To visualize the LSPR of the thin films with different doping levels in 

the same plot, we joined the spectra obtained from UV-vis and IR spectrometers at 3,500 

cm-1. FWHM was calculated by manually finding the middle of the LSPR peak in

OriginPro 9 software. 
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Scanning electron microscopy (SEM) was performed to characterize the 

homogeneously-mixed and multilayered films of the homogeneously-doped ITO 

nanocrystals using an FEI Helios Nanolab 600i FIB-SEM with a Through-Lens detector. 

The homogeneously mixed film was prepared by first diluting the solutions of 0.7, 1, 3, 7, 

and 16% Sn-doped indium oxide nanocrystals such that their optical absorbance when spin-

coated into a film would be ~0.1. These solutions were then mixed together such that the 

final concentration was 50 mg/mL, and this solution was then spin-coated onto a silicon 

substrate. For the multilayered films, the diluted solutions were spin-coated onto a silicon 

substrate from lowest to highest doping and vice versa, as illustrated in Figure 4.4a and C1, 

annealing the substrate at 150oC for 10 minutes in between the layer additions. Oleate 

ligands in these samples were removed in order to reduce charging during image 

acquisition. To remove the oleate ligands, the substrates with the films were soaked in a 

solution of 1 M formic acid in acetonitrile for one hour, and then annealed at 300oC under 

air for one hour, following a previously established procedure.40 Top-down images were 

acquired using an accelerating voltage of 5 kV and a beam current between 86 – 1,400 pA. 

To obtain cross section images of the ITO nanocrystal films, a layer of carbon was first 

deposited. The sample was then milled using a commercial gallium focused ion beam 

operating at 30 kV using an ion current of 2.5 nA for the initial milling, and then an ion 

current of 0.79 nA to polish the edge for subsequent imaging. Cross-section images were 

then acquired using an accelerating voltage of 2 kV and a beam current of 86 pA. SEM 

images are shown in Figure C1.    
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Results and Discussion 

To investigate tunable optical filters based upon thin films of plasmonic 

nanocrystals we need access to a variety of nanocrystals with defined optical features from 

which we can form uniform films.  Further, we need to understand how the optical 

properties of these films depend upon the type and spatial distribution (layered vs. mixed, 

for example) of the nanocrystal building blocks.  Here we describe the synthesis of 12 

different compositions of ITO nanocrystals that allow the systematic variation of optical 

absorption from ~ 6,000 – 1,000 cm-1, report the optical properties of films formed from 

mixtures of these nanocrystals, and describe how specific mixtures can be used to produce 

optical filters with desired characteristics. 

Synthesis of a Library of Materials 

The LSPR response of metal-oxide nanocrystals can be tuned by altering 

nanocrystal size, the identity and concentration of the dopant(s), where those dopants are 

localized in the nanocrystal, and defect concentration.21,34,38 To have a predictable effect 

on the optical properties of the designed material, each these parameters must be controlled 

during synthesis. Unfortunately, these parameters have been historically difficult to 

manage through synthesis. A number of nanocrystal syntheses exist for ITO, but it was 

difficult to systematically adjust the structural features that influence their properties.  The 

resulting nanocrystals often exhibit significant size dispersity and poorly controlled dopant 

placement and doping levels. Because of differences in defect levels and radial dopant 

placement, the properties of ITO nanocrystals of the same size and doping level made by 

different syntheses differ substantially.21 The energy, shape, and intensity of the LSPR in 
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plasmonic nanoparticles are highly sensitive to doping concentration and radial 

distribution, as well as to the presence of crystal defects, and thus precise control over these 

properties is necessary in order to predictably shape the optical response.16,38 

Figure 4.2. Slow-injection synthesis, involving controlled addition of metal oleate 

precursors into hot oleyl alcohol, allows precise control over nanocrystal size, dopant 

concentration and placement, and construction of core/shell structures needed to sculpt the 

optical properties of ITO nanocrystals and resulting thin films. 

A low-temperature esterification synthesis previously developed by our group 

enables unprecedented control over the properties of ITO nanocrystals.34–36,39 It allows 

layer-by-layer growth of metal-oxide nanocrystals that leads to superior control of 

nanocrystal size and dopant concentration and placement. The synthesis grants access to a 

large library of materials with a wide range of LSPR energies and shapes and has been 

shown to work for a variety of binary oxides.34-35 The desired modifications of the optical 

properties can be easily accomplished by varying parameters such as the amount of 

precursor added (size), ratio of the metals in the precursor (dopant identity and amount), 

order of addition of metal precursors (radial dopant distribution), and dopant activation and 

damping control (core/shell structuring) (Figure 4.2). Ligand-stabilized ITO nanocrystals 

form dispersions that can be solution-processed to obtain nanocrystal thin films with 

desired optical and electronic properties.40  
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We started by synthesizing 10 nm ITO nanocrystals with different tin doping levels 

(0.7, 1, 3, 7, and 16 metal %). Because the nanocrystal size can influence their optical 

properties,40 all nanocrystal samples were prepared with the same core diameter so that the 

effect of size would not need to be considered when comparing optical properties between 

samples. A predictable shift in the LSPR energy of fabricated ITO thin films towards higher 

energies was observed as the dopant concentration was increased (Figure 4.3a.). 

Nanocrystal size was kept constant by using the same amount (2 mmol) of metal-oleate 

precursor for each synthesis. Doping levels were varied by changing the tin/indium oleate 

ratio in the precursor. Nanocrystals were first characterized in solution. Small-angle X-ray 

scattering (SAXS) was performed to characterize size and dispersity (see Figures C2-C3); 

transmission electron microscopy (TEM) was used to examine the morphology (see Figure 

C4); and X-ray photoelectron spectroscopy (XPS) and inductively coupled plasma optical 

emission spectroscopy (ICP-OES) were performed to quantify the Sn content (see Figure 

C5). Nanoparticles were then spin-coated to form thin films before their optical properties 

were characterized by UV/Vis and Fourier transform infrared spectroscopy (FTIR) (see 

Figure C6).  

The optical spectrum of the sample containing 0.7 Sn metal % (0.7% ITO) was 

almost indistinguishable from the undoped indium oxide, thus it formed the lower limit for 

the doping level. We chose 16% as an upper doping limit because the LSPR-facilitated 

absorbance of films produced from more heavily doped nanocrystals begins to broaden and 

red-shift due to increased scattering from the added dopants.34 The continuous growth of 

the nanocrystals facilitated by a slow addition of the precursors makes it possible to 
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increase the doping level up to 20% without phase segregation, but the shift in the LSPR 

peak induced by the additional dopants is counteracted by increasing scattering.34  

Figure 4.3. The influence of tin dopant concentration and spatial distribution on the energy 

and shape of the LSPR signal in indium oxide nanocrystal films. (a) Increasing the 

concentration of dopant, and thus free carriers, shifts the LSPR toward higher energy in 

homogeneously-doped ITO nanocrystal thin films. Spectra for nanocrystals containing 

16%, 7%, 3%, 1%, and 0.7% Sn are displayed from left to right. (b) Adding an undoped 
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shell increases dopant activation and decreases damping, resulting in narrower LSPR peaks 

(blue: 7% homogeneously-doped ITO; dark blue: 5% ITO core with an In2O3 shell). (c) 

Manipulating the radial dopant distribution influences the energy of the LSPR peak for 

nanocrystals. Concentrating dopants in the core instead of uniformly distributing them 

throughout the nanocrystal results in decreased damping and increased dopant activation. 

The LSPR of the core/shell nanocrystals is blue-shifted compared to the LSPR of the 

homogeneously doped ITO despite having the same overall doping concentration (black 

trace: 0.65 % Sn; blue trace: 0.58 % Sn). The stretches observed at 3,800, 3,000, 2,900, 

2,400, and 1,400 cm-1 are due to ligands and solvent. The signal interference at 3,200-3,030 

cm-1 originates from the instrumental noise at the end of the UV/Vis-NIR detector range.

In addition to the overall doping level, the placement of dopant atoms provides an 

alternative approach to modify the shape and energy of the optical spectrum across the 

near- and mid-IR ranges.41 To demonstrate how dopant placement influences the optical 

properties, we synthesized core/shell ITO/In2O3 nanocrystals over the same range of 

overall dopant concentrations as the homogeneously-doped nanocrystals, but with the tin 

atoms localized in the core. These core/shell structures have been shown to exhibit 

narrower LSPR linewidths due to increased surface dopant activation and decreased 

damping (Figure 4.3b).34 The core/shell approach can also be utilized to shift the LSPR to 

higher energy without increasing the overall doping concentration (Figure 4.3c). By 

manipulating the doping levels and radial placement we obtained a library of ~10 nm ITO 

nanocrystals (Table 1) that could be easily fabricated into thin films with the absorbance 

covering a wide range of energies (6,000-1,000 cm-1) and a variety of shapes.  
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Table 4.1. Library of ITO nanocrystals synthesized through a slow-injection 

esterification synthesis. 

Samples 
Diametera 

(nm, by SAXS) 

Dopingb (by 

XPSc or 

ICP-OESd) 

LSPR Max 

(cm-1) 

FWHM 

(cm-1) 

0.7% ITO 10.7 ± 1.3 0.65 ± 0.01d 1,844 816 

1% ITO 11.3 ± 1.5 1.24 ± 0.01d 2,249 895 

3% ITO 9.3 ± 0.7 3.3 ± 0.1c 2,978 1,375 

7% ITO 10.3 ± 1.0 6.8 ± 0.2c 3,737 1,793 

16% ITO 10.5 ± 1.3 16.0 ± 0.3c 4,509 1,534 

1.5% ITO core with In2O3 

shell 

Core only: 7.2 ± 1.0  

Core/shell: 10.3 ± 1.2 
0.58 ± 0.01d 2,389 978 

3% ITO core with In2O3 

shell 

Core only: 9.0 ± 1.2 

Core/shell: 10.3 ± 1.4 
1.31 ± 0.01d 3,001 1,074 

5% ITO core with In2O3 

shell 
10.0 ± 1.1 2.9 ± 0.1c 3,937 1,125 

10% ITO core with In2O3 

shell 
9.7 ± 0.7 3.8 ± 0.2c 4,080 1,140 

16% ITO core with In2O3 

shell 
9.9 ± 1.3 13.0 ± 0.1c 4,411 1,876 

0.4% ITO core with In2O3 

shell 

Core only: 9.7 ± 1.4 

Core/shell: 10.3 ± 1.3 
0.35 ± 0.01d 1,740 872 

12% ITO core with In2O3 

shell 

Core only: 9.4 ± 1.1  

Core/shell: 9.8 ± 1.2 
10.6 ± 0.2c 4,509 1,512 

a SAXS sizes for core/shell nanoparticles were measured twice: after addition of the doped 
core (“core only” in the table), and after the undoped shell was added (“core/shell” in the 
table). 
b Each doping percentage is represented as the Sn-to-In metal percent. 
c Samples where Sn content was measured by XPS 
d Samples where Sn content was measured by ICP-OES 
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Multilayered ITO Films 

We next investigated whether we could tap the properties of these nanocrystals to 

fabricate band-stop filters with tunable absorption across the mid-IR and near-IR.  A 

common practice in the field involves the layering of materials possessing different 

properties to tune the optical response of a filter.8  Thus, our first approach was to study 

the optical properties of filters produced by depositing layers of different doped 

nanocrystals from the library in Table 1.  

For these studies, we utilized several of the homogeneously-doped ITO 

nanocrystals described in Table 1 with the LSPR energies covering a wide energy range 

starting in the mid-IR (1000 cm-1) and ending in the near-IR (6,000 cm-1). Each sample was 

dissolved in toluene and diluted so that a spin-coated layer of that individual nanocrystal 

had a measured maximum absorbance intensity of approximately 0.1. Solutions of different 

nanocrystal types were sequentially spin-coated on a CaF2 substrate starting with the lowest 

doped sample (0.7% ITO) and increasing the doping level in each consecutive layer, ending 

with 16% ITO (Figure 4.4a). After each layer was deposited, the substrate was annealed in 

air at 150℃ for 10 minutes.  Annealing at 150℃ removes solvent and prevents the ITO 

nanocrystal films from being removed by contact with the organic solvent used in 

subsequent deposition steps. We also made a film wherein the order of deposition was 

reversed, starting with the highest doped sample, and finishing with the lowest (Figure 

4.4b) to determine if the order of the layers mattered. The changes in the absorbance of the 

multilayered films were monitored with UV/Vis-NIR (Figure 4.4c and d) after each 

subsequent layer was deposited.  
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The spectra in Figure 4.4 (c and d) suggest that the order of deposition of the layers 

significantly influences the shape and intensities of the optical response of the layered 

films. The spectra of the film demonstrated in Figure 4.4a show the absorbance maximum 

shifting to higher energy with each layer along with an increase in the intensity of the 

absorbance (Figure 4.4c). As layers containing nanocrystals with higher doping levels are 

added, the contributions to the absorption due to the initially deposited layers containing 

lower doped nanocrystals seem to diminish completely by the time the 16% ITO layer is 

deposited. With the addition of the last layer, the shape and energy of the overall 

absorbance spectrum closely resembles the optical response of a film made of only 16% 

ITO nanocrystals. For the second film structure (Figure 4.4b) that has the reversed order of 

layers, the intensity of the combined spectrum (Figure 4.4d) also increases upon the 

addition of each layer but the absorbance maximum does not shift significantly. Instead, 

the width of the absorbance increases upon the addition of subsequent layers. Although the 

spectra reveal contributions from each of the individual spectra, the higher doped layers 

appear to dominate the spectral response. Still, the second layering approach does produce 

a filter that absorbs over a broader spectral range, even though the response is not additive. 
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Figure 4.4. Multilayered films fabricated by spin-coating ITO nanocrystal solutions that 

were diluted to produce films with an absorbance of approximately 0.1. The solutions were 

spin-coated starting with the lowest doping concentration and proceeding to the highest in 

(a) and from the highest to lowest in (b). The changes in the optical absorbance were

monitored with the UV/Vis-NIR after deposition of each consecutive layer and are shown

in the bottom panel. Plot c) corresponds to the structure in (a). Plot (d) corresponds to the

structure shown in (b). The direction of the beam is shown by the arrows. The absorbance

spectra were obtained by measuring the transmittance of the films deposited on CaF2 and

converting transmission to absorbance (2-log(%T)). The collected absorbance was not

corrected for the absorbance of the substrate (See Figure C7 for the absorbance of CaF2),

because the substrate did not absorb a significant amount of light in the LSPR region.

We were curious about why the ordering of the layers had such an influence on the 

optical properties of the films given that composition and the interfaces between the layers 

within the film are the same. Given the previously stated finding that all the layers remain 

intact during the deposition process, we reasoned that the two samples in Figure 4.4 might 

produce a different combined optical spectrum due to differences in reflectivity that arise 

from the order in which the beam encounters each layer. To test this hypothesis, we took 
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the UV-vis/NIR spectra of the samples in Figure 4.4, arranging the samples so that the 

beam entered the sample from the opposite direction. The resulting spectra were identical 

regardless of the incident beam direction (Figure C8) apart from a small change in the 

intensity of the signal likely caused by the inhomogeneity of the film thickness. We 

concluded that the loss of absorbance due to reflectance at each interface cannot be the 

major cause of the observed differences in the absorbance of the different film structures.  

 The main difference between the samples with the opposite ordering of the layers 

is the proximity of the highest and lowest-doped materials to either the substrate or air 

interfaces. The layer directly in contact with CaF2 is exposed to a much higher dielectric 

environment than that provided by the interface with air.42-43 The shape and energy of 

LSPR peaks are strongly influenced by the dielectric environment,16,44-47 shifting to lower 

energy and broadening when placed in a high dielectric environment. Further, the ITO 

nanoparticles with higher doping level have been shown to be less affected by the change 

in the dielectric medium then the lower doped nanoparticles.16,48-52 Thus, the absorbance 

contribution of the 0.7% ITO layer in the film shown in Figure 4.4a might be 

underrepresented in the multilayered films because it is sandwiched between materials with 

higher dielectric constants than air: the substrate and another ITO film. In the sample shown 

in Figure 4.4b, the 16% ITO layer is sandwiched between the substrate and the 7% ITO 

layer that both have relatively high dielectric constants. As more layers are deposited, the 

environment surrounding the 16% ITO layer remains constant and its contribution is not 

diminished from being in contact with a high dielectric medium.  

To test our hypothesis that the dielectric environment strongly affects the combined 

optical spectrum of multilayered films, we designed a simpler system that consisted of only 
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two layers comprised of the 16% and 0.7% ITO nanocrystals. Two films were constructed 

wherein we changed the order in which we spin-coated the ITO solutions and the optical 

properties for each were analyzed (Figure 4.5a).  

Figure 4.5. (a) Bilayer films fabricated to evaluate the influence of the surrounding 

dielectric medium on the combined optical responses. The diagrams show the order in 

which the ITO solutions were spin-coated. The solutions were diluted so that the measured 

absorbance was approximately equal in intensity. The spectra were normalized to the 

intensity of the optical absorbance peak at 4,509 cm-1 contributed by the 16% Sn-doped 
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film. (b) Raw (non-normalized) absorbance of the two-layer films (same colors as in (a)) 

plotted with the individual spectra of the 16% (green) and 0.7% (black) ITO films. The 

direction of the beam is shown by the arrows.  

When 16% ITO is layered over the 0.7% ITO layer on CaF2, the spectrum (Figure 

4.5a) resembles that of the higher doped film alone. The contribution of the lower-doped 

layer is underrepresented. The absorbance due to the 0.7% ITO film (at 1,822 cm-1) has 

lower intensity than was recorded for the lower-doped film alone (Figure 4.5b). When the 

layering is reversed, absorption due to the 0.7% Sn-doped layer can be clearly identified. 

The intensities of the layers are not equal but are clearly discernable in the combined optical 

spectrum. The raw optical spectra of the lower and higher-doped films by themselves 

compared with the spectra of the two-layer films (Figure 4.5b) clearly show the changes in 

the absorbance maxima positions and intensities. Layering the 0.7% Sn-doped nanocrystals 

over the 16% Sn-doped layer intensifies the absorbance of the individual contributions (red 

trace in Figure 4.5a and b) and red-shifts the 16% Sn-doped layer contribution while blue-

shifting the optical contribution of the lower doped layer.  

The energy shifts observed in the combined spectra of the two-layer films are 

consistent with the effects expected from changing the dielectric environment in the 

vicinity of the film. Further, the attenuation and intensity enhancement of the optical 

properties in the two-layer films follow the same trend as we found in the multilayered 

films. The contribution of the 0.7% ITO layer sandwiched between the substrate and the 

higher doped layer is diminished significantly from being in contact with a high dielectric 

environment, whereas the reverse ordering does not lessen the optical contribution of the 

16% ITO layer to the combined absorbance.  
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In both the two-layer and multilayered films, the changes in the spectral response 

appear to be strongly influenced by the local dielectric environment of the layer.  Films 

with a lower doping concentration appear to be affected to a higher extent than the samples 

with a higher doping level. As a consequence of these effects, spin-coating consecutive 

layers of ITO films does not result in easily predictable combined absorbance. Given our 

interests in developing a convenient approach to constructing optical filters from 

nanocrystal building blocks, we did not investigate other possible reasons for the observed 

phenomena in the multilayered films, but instead moved on to evaluate the optical 

properties of homogeneously mixed nanocrystal films. We reasoned that, if the sensitivity 

of the LSPR to the dielectric environment of the substrate and neighboring layers has a 

strong influence on the combined optical response, we should be able to fabricate films 

where the different nanocrystals are homogeneously distributed throughout the film 

producing a uniform dielectric environment. This approach could potentially lead to a more 

predictable optical response. 

Homogeneously Mixed ITO for Wide Band-Stop Filters 

Provided that the ITO nanocrystal films can be solution-processed, a uniform 

dielectric environment should be achievable through simply combining the nanocrystal 

solutions of different doping concentrations to attain a combined absorbance that is the 

sum of the absorbances of the individual nanocrystals. Creating a homogeneous dielectric 

environment should then allow us to predictably engineer a wide band-stop optical filter 

covering a range of wavelengths from the mid-IR to the near-IR. Thus, we set out to 

investigate if mixing the nanocrystal solutions and processing them into a thin film would 
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enable us to absorb light covering the range of 1,000 and 6,000 cm-1 and avoid the 

unpredictable optical properties observed for the multilayered films. 

 From the library of nanomaterials in Table 1, we selected the same 

homogeneously-doped ITO nanocrystals that we used to design the multilayered films and 

that had individual LSPR absorbance peaks in the range from the mid-IR (1,000 cm-1) to 

the near-IR (6,000 cm-1). The absorbance spectra of the selected nanocrystals are shown in 

Figure 4.6a (dashed blue lines). Figure 4.6a shows the predicted absorbance spectrum 

(solid red line) we obtained by summing the normalized absorbance data for the five 

homogeneously-doped ITO nanocrystal components. The calculated spectrum predicts a 

wide band absorbing light between 1,000-6,000 cm-1, encompassing the range of 

wavelengths covered by the absorbances of the individual nanocrystal components. Note 

that in the summed spectrum the intensity near 2,000 cm-1 is lower than one might 

intuitively predict from the component spectra. We attribute the decreased absorbance 

intensity to decreased overlap between neighboring spectra. If mixing the component ITO 

nanocrystals results in additive absorbance properties, then we would expect a spectrum 

similar to the predicted spectrum where the absorbance intensity across 1,000 – 6,000 cm-1 

is equal.  

To test the hypothesis that mixing nanocrystals would result in predictable additive 

optical properties, we mixed the ITO nanocrystal solutions (0.7, 1, 3, 7, and 16% ITO) in 

concentrations such that the measured absorbance intensity of each nanocrystal doping 

level would be equal when processed into a thin film. We spin-coated the resulting mixture 

onto a CaF2 substrate and measured the optical absorbance by FTIR and UV/Vis 

spectroscopy. Figure 4.6b depicts the summed spectrum (red) from Figure 4.6a overlaid 
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with the experimentally measured absorbance spectrum resulting from a mix of 

nanocrystals of different doping levels processed into a thin film (blue).  

Figure 4.6. Formulation and evaluation of a wide band-pass filter produced by 

homogeneously mixing nanocrystals in a thin film. (a) Individual spectra (dashed lines) of 

homogeneously-doped nanocrystals (0.7, 1, 3, 7, and 16%  ITO) were summed to obtain 

the combined normalized spectrum (red) that establishes the predicted optical response of 

the filter; (b) Comparison of the predicted (red) and measured (blue) absorbance of 

homogeneously mixed ITO nanocrystal thin film. The interference in the wavelength range 

of 4,500 to 3,000 cm-1 is due to CH stretches and instrumental noise at the end of the 

detector ranges where the traces from the UV/Vis and FTIR spectrometers were combined. 

The experimentally measured spectrum looks remarkably similar to the predicted 

optical response. The absorbance onset starts at about 7,000 cm-1 for both spectra. The 

combined absorbance extends far into the mid-IR (~1,000 cm-1) accounting for the 
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individual contributions of each nanocrystal component. Based on the measured 

experimental spectrum, the optical properties of ITO used in the mixed film are not 

experiencing an unequal intensity enhancement or attenuation. Given that the same ITO 

solutions were used to prepare the films with the optical responses shown in Figures 4.4c, 

4.4d and Figure 4.6b, the exceptional match between the experimental spectrum and the 

predicted spectrum in the homogeneously mixed solution films and the loss of the 

contributions of individual components in the multilayered films clearly demonstrates the 

superiority of using a solution processing method that renders a uniform dielectric 

environment.  

The close agreement between the measured and predicted spectra supports our 

hypothesis that a predictable combined optical response is achievable by mixing 

nanocrystals of different Sn doping concentrations in solution and subsequently spin-

coating the mixed solution into a film. The equal contributions of the individual 

components in the experimental spectrum suggest that ITO nanoparticles of each doping 

concentration are experiencing a dielectric medium created by a uniform mixture of the 

other ITO nanocrystals which results in diminishing the effects of the dielectric medium 

gradient at the air/film and film/substrate interfaces. The absorbance of the film covers a 

wide energy range desired for a wide band-stop filter or as a coating for low-emissivity 

windows.5-15,29–34,57 These results indicate that both the range of absorbance as well as the 

absorbance intensity are predictable and tunable through selection of different ITO 

nanocrystals from the library of synthesized materials. The additive nature of the 

absorbance demonstrated by the solution-processed films, combined with the tunability of 

the ITO nanocrystal synthesis, enables a superior level of control over the optical properties 
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of the band-stop filters for the near-IR to the mid-IR region. The final absorbance spectrum 

is easily predicted by looking at the LSPR energies and shapes of the ITO solutions prior 

to mixing. This level of tunability is important for a facile design of band-stop filters and 

has not yet been demonstrated in solution-processed films.2,8,49-51  

Homogeneously Mixed Core/Shell ITO/In2O3 Nanocrystals for Narrow Band-Stop Filters 

Having successfully engineered a wide band-stop filter, we turned our attention to 

the construction of a narrow band-stop filter to emphasize that we can selectively block 

wavelength ranges while allowing some light to pass in the mid-IR. Our goal was to 

engineer a band-stop filter schematically illustrated in Figure 4.1b, where two distinct 

energies of light are blocked, but all other energies of light are allowed to pass. To construct 

a narrow band-stop filter, we wanted to produce a film from a mixture of two types of 

nanocrystals that have widely separated peaks and narrow line widths. To do this, we 

adjusted both dopant level and core/shell architectures to tune the peak positions and 

widths. 

For the narrow band-stop filter, it is desirable to have a set of clearly separated 

peaks which can be achieved via using a distinctly different doping concentrations and 

decreased line widths.  As a starting point, we considered the nanocrystals that led to the 

highest and lowest energy peaks shown in Figure 4.3a (16% and 0.7% homogeneously-

doped ITO).  The two films have a slight overlap in their optical spectra at around 3,000 

cm-1. In an attempt to separate the spectra even further, we used the synthesis modification

discussed above that leads to the LSPR energy shifts and narrowing of the line width: the 

core/shell approach. We synthesized ITO nanoparticles with 12% Sn doping concentration 
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in the core and a thin 0.3 nm In2O3 shell so that the overall doping level decreased to 11%. 

Although these core/shell nanocrystals have a lower doping level (11 %) than the 16% ITO, 

the dopant activation introduced by an undoped shell shifts the LSPR of the film to the 

same wavelength (4,509 cm-1).  The shell also reduces scattering, thus decreasing the line 

width from 1,534 to 1,512 cm-1 (Figure 4.7a).34 As we previously mentioned, the lowest 

doping concentration at which we observed the LSPR in homogeneously-doped 

nanoparticles was 0.7% (LSPR max at 1,844 cm-1). In order to shift the LSPR to an even 

lower energy to increase the peak separation from the higher doped peak we aimed to 

further decrease the doping concentration, but through a core/shell strategy. Using an 

undoped shell to activate surface dopants and decrease scattering, we synthesized ITO 

nanoparticles with only 0.4% Sn doping at the core and added an ultrathin 0.2 nm shell of 

In2O3, lowering the overall doping to 0.35% Sn while still supporting the LSPR in the 

sample. The resulting optical spectrum is shown in Figure 4.7b. An ultrathin shell allowed 

for a distinguishable LSPR peak at incredibly low doping concentration along with shifting 

the LSPR energy maximum to 1,740 cm-1.  

The top trace in Figure 4.7c shows the sum of the individual, normalized spectra 

from each of the two individual nanocrystal components. This is the spectrum that one 

would predict if the absorbances are additive and it shows two energetically separated 

peaks with absorbance maxima at approximately 4,400 cm-1 and 1,800 cm-1 of equal 

absorbance intensity. To construct the filter, we mixed the two nanocrystal solutions in 

concentrations such that the resulting absorbance intensity from the nanocrystal films 

would equal approximately 0.1. After having mixed the solutions of the 12% Sn-doped 

ITO and 0.4% ITO nanocrystals covered with thin In2O3 shells in the appropriate 
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concentrations, the nanocrystals were spin-coated into a thin film. The absorbance was 

measured using FTIR and UV/Vis spectroscopy. The resulting spectrum is shown in Figure 

4.7c (bottom) (see Figure C9 for non-normalized data).  

Figure 4.7. Optical properties of ITO nanocrystal building blocks and 

formulation/evaluation of a narrow band-pass filter.  (a) Comparison of the optical spectra 

for nanocrystals containing 16% homogeneously-doped ITO (dark blue) and ITO 

core/In2O3 shell containing 12% Sn (red trace). The spectra are normalized at the 

absorption maximum. The ultrathin indium oxide shell (0.3 nm) activates the surface 

dopants and decreases scattering. The two films have an identical LSPR energy max at 

4,509 cm-1 but the LSPR line width of the core/shell film is narrower (1,512 compared to 

1,534 cm-1); (b) Comparison of the absorbance spectra for 0.7% homogeneously-doped 

ITO (darker blue) and 0.4% ITO with a thin In2O3 shell (light blue). Addition of an ultrathin 

0.2 nm undoped shell facilitated surface dopant activation and decreased scattering which 

resulted in a distinguishable LSPR peak at only 0.4% Sn doping concentration; (c) 

Predicted (top) and experimental (bottom) spectra of the homogeneously mixed thin film 
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produced from 0.4% and 12% Sn-doped ITO cores with thin In2O3 shells, illustrating the 

properties of a narrow band-stop filter. The break in the measured spectrum is the result of 

combining spectra from the FTIR and UV/Vis spectrometers near 3,500 cm-1. 

The predicted spectrum, which is the sum of the individual spectra, and the 

measured absorbance spectra are nearly identical. Both the predicted and measured optical 

spectra show two distinct absorbance peaks of approximately equal intensity, with one 

appearing at high energy and one appearing at low energy. Given that using the ITO 

solutions of similar doping concentrations in the two-layer films (Figure 4.5a) resulted in 

the attenuation of one of the components, the predictability of the optical response of the 

narrow band-stop filter shown in Figure 4.7c is truly remarkable. This further supports our 

hypothesis that homogeneously mixing nanocrystals in solution prior to spin-coating leads 

to a more homogeneous dielectric environment.  

Compared to the predicted absorbance spectrum (Figure 4.7c, top), the high energy 

band peak is slightly blue-shifted and wider in the measured absorbance spectrum (Figure 

4.7c, bottom). We attribute the blue-shift of the high energy LSPR peak to the higher 

dielectric environment that the 12% ITO with an In2O3 shell are embedded in compared to 

air. ITO with any doping concentration has a higher dielectric constant than air. ITO 

nanocrystals with high doping concentrations have higher LSPR peak intensities compared 

to the nanocrystals with low doping level at the same film thicknesses. In order to achieve 

similar absorbances for the two solutions we chose, we used a larger fraction of the 0.4 % 

ITO with a thin In2O3 shell than of the 12% ITO with an undoped shell (80% of the lower 

doped nanoparticles and 20% of the higher doped ones). Thus, the highly doped component 

of the film is affected by the changes in the dielectric medium more than the lower doped 
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ITO given the film composition. The broadening of the high energy band is attributed to 

the decreased ability of the 12% ITO with an undoped shell to couple effectively, resulting 

in increased damping. Thus, when designing a filter consisting of significantly unequal 

ratios of the components, we must take into consideration the overall dielectric 

environment in the film and how it affects those components. The combined optical 

response modulations produced by the created dielectric medium can also be used as a 

lever to sculp the desired optical filter. These results clearly demonstrate that 

homogeneously mixed films of specifically tailored ITO nanocrystals can be used to 

produce a narrow band-stop filter.  

Conclusions 

A library of 12 ITO nanocrystals with tin doping concentrations ranging from 0.4% 

to 16% and core/shell architectures with various degrees of dopant activation was 

constructed using a slow-injection, esterification synthetic strategy.  The synthetic method 

allows one to tune the concentration and spatial distribution of dopant atoms in order to 

sculpt the LSPR peak shape and energy in the near-IR and mid-IR. We used the library of 

nanomaterials to produce layered and homogeneously mixed nanocrystal films and studied 

how the film architecture influenced the optical properties of the films.  Wide and narrow 

band-stop filters were fabricated to evaluate the utility of this approach for applications 

involving plasmonic band-stop filters.  

For nanocrystal films comprised of layers of different nanocrystals, we found that 

the combined optical properties were not easily predictable. The response was not additive 

and depended upon the order of deposition of the layers. We attributed the difference 
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between the layered and the experimental LSPR spectra to the influence of interfaces 

between the layers of nanocrystals that create dielectric gradients within the final film. The 

optical response of the ITO nanocrystal layers within the film was either attenuated or 

enhanced depending on the dielectric environment, which led to unpredictable shifts in 

energy and broadening of individual absorbances. On the other hand, homogenous mixing 

of ITO nanocrystals with different doping concentrations in a single film produced optical 

responses that matched predictions from simple addition of the component optical 

absorption spectra. These mixed nanocrystal films possess a homogeneous dielectric 

environment and lack interlayer boundaries that may reflect or scatter light in ways that are 

not simple to predict. Based upon these findings, it was possible to design and produce 

nanocrystal ITO films from solution mixtures of precisely doped nanoparticles that 

function as both wide and narrow band-pass filters in the near- and mid-IR, enabling the 

use of tunable ITO nanocrystals for band-pass filter applications. To our knowledge, this 

is the first demonstration of plasmonic wide and narrow band-stop filters that rely on 

simple solution-processing fabrication scalable to large areas and have predictable 

properties. 

The results suggest that the combination of nanocrystal synthesis, to control the 

optical properties of the building blocks, and solution processing is a powerful approach to 

designing thin film optical filters. Although demonstrated here only for ITO nanocrystals, 

this strategy could also be applied to tuning the LSPR response of other doped metal-

oxides, such as cerium- and molybdenum-doped indium oxide,31,52 In-doped cadmium 

oxide, or aluminum-doped zinc oxide31 for a variety of applications beyond optical filters, 

including electrochromic windows and sensing.30,31,53    
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Bridge to Chapter V 

 In Chapter IV, the continuous addition synthesis enabled tunability of the 

plasmonic properties of ITO nanocrystals, which could be solution-processed in such a 

way that the optical properties of the thin nanocrystal films could be sculpted. Beyond their 

exciting optical properties, ITO nanocrystals also have interesting electronic properties, 

and have been investigated as CO2 reduction electrocatalysts. Some reports have claimed 

that indium oxide based electrocatalysts exhibit size-dependent activity. With the control 

afforded by the layer-by-layer growth that was demonstrated in Chapters III and IV, we 

sought to investigate ITO nanocrystals as CO2 reduction electrocatalysts, to determine 

whether there was any size-dependent activity, and to examine the nanoscale structure at 

electrochemically reducing potentials. This study reveals that the morphology of the ITO 

nanocrystal films is more dynamic than previously expected, likely as a result of the 

reduction of ITO to In and Sn metal. This study is the first demonstrating the dynamic 

morphology of ITO under electrochemically reducing potentials, which impacts results in 

studies that have examined size- and shape-dependent properties of indium-based 

electrocatalysts for CO2 reduction. 
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CHAPTER V 

ELECTROCHEMISTRY-INDUCED RESTRUCTURING OF TIN-DOPED INDIUM 

OXIDE NANOCRYSTAL FILMS OF RELEVANCE TO CO2 REDUCTION 

This chapter was previously published as Knecht, T. A.; Boettcher, S. W.; Hutchison, J. E. 

Electrochemistry-Induced Restructuring of Tin-Doped Indium Oxide Nanocrystal Films of 

Relevance to CO2 Reduction. J. Electrochem. Soc. 2021, 168, 126521. Copyright 2021 The 

Electrochemical Society. 

Introduction 

 The electrochemical reduction of CO2 into hydrocarbon products utilizing 

renewable electricity is of technological and economic interest.1 However, the high 

overpotentials required to drive the reaction, as well as the propensity to make a number of 

different products with poor selectivity has hindered commercialization.2-3 Significant 

effort has been put into developing and understanding various electrocatalysts for the CO2 

reduction reaction (CO2RR).2-7 Nanoscale electrocatalysts, which have higher surface areas 

and can have different properties from their bulk counterparts, are promising candidates 

and have been widely studied.8-17 However, if size- and morphology-dependent properties 

are not maintained during the electrochemical reaction conditions, the unique catalytic 

activity of these materials may be lost.  Further, elucidating structure-activity relationships 
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and designing nanoscale structure to influence properties, becomes difficult. Thus, it is 

important to understand the stability and structural evolution of nanoscale catalysts under 

operating conditions to help enable rational catalyst design. 

Indium- and tin-based oxides, including nanoparticles, have shown promise as 

selective CO2RR electrocatalysts for formate.12, 15, 18-25 Extensive studies of these oxide 

catalysts has been done by both Bocarsly and Kanan and coworkers.  They found that, 

despite the electrochemical reduction of the oxide to In and Sn metal, a metastable oxide 

persists under reducing conditions that is thought to be important for selective reduction of 

CO2 to formate.18, 22, 26-29 Huang et al. evaluated the size-dependent reactivity of In2O3 

nanoparticle catalysts, concluding that catalysts derived from 15 nm In2O3
 nanocubes 

exhibited superior formate selectivity compared to catalysts derived from smaller (5 nm) 

or larger (200 nm) In2O3 structures.15 However, a recent report from Pardo et al. 

demonstrated that indium-tin-oxide films undergo structural changes during CO2RR 

conditions, forming core-shell nanoparticles rich in indium oxide at the surface. 

Collectively, these studies raise questions about the stability of these catalysts and the 

properties of the catalyst (i.e. size, morphology) that are contributing to the observed 

activity or selectivity.30 

The electrochemical restructuring of nanoscale CO2RR electrocatalysts under 

operating conditions has been previously reported using a variety of complementary 

operando techniques such as in situ transmission electron microscopy (TEM)10, in situ 

Raman spectroscopy31, and more.8, 10, 17, 31-33 For example, Cu2O nanocubes were found to 

become more branched and form dendrites as a result of a dissolution-redeposition process 

occurring during CO2 reduction.10  Similar phenomena were seen with various Cu17, 31 and 
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Cu-alloy8, 33 catalysts. Despite these studies, few reports have examined the evolution of 

In- and Sn-based CO2RR electrocatalysts.  

There are several mechanisms by which nanoscale catalysts can restructure during 

the course of electrocatalysis.34-36 A common form of restructuring is sintering, wherein 

nanocrystals coalesce through either surface diffusion or a ripening process (i.e. 

dissolution-redeposition) causing smaller nanocrystals are dissolved and redeposit as larger 

nanoparticles.34 The degree of sintering depends upon how the nanocrystal-modified 

electrode is prepared. For instance, sintering can sometimes be prevented through the use 

of organic ligand modifiers or engineered supports with strong catalyst-support 

interactions.34 Thus, the preparation method is an important consideration when evaluating 

the stability and structural evolution of nanoscale catalysts. 

Herein we report the stability and structural evolution of well-defined tin-doped 

indium oxide (ITO) nanocrystals under electrochemical CO2RR conditions. The 

nanocrystal films were fabricated in two different ways to evaluate the stability of the ITO 

nanocrystals on the electrode support and the mechanisms associated with the 

morphological changes. When a sparse monolayer of nanocrystals was deposited on the 

electrode, the nanocrystals desorbed from the electrode under electrochemically reductive 

conditions, presumably due to charging that leads to higher solubility. Thicker nanocrystal 

films (~150 nm), however, were found to adhere to the electrode substantially better 

allowing for CO2RR electrolyses conducted for up to 80 min. Chronoamperometry 

experiments were performed on ITO-nanocrystal-modified electrodes at different 

potentials for varying amounts of time. Structural characterization of the electrodes was 

performed before and after electrochemical experiments to investigate how the structure of 
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the nanocrystals change as a function of potential and the amount of time that potential is 

applied. We discover that the original size, morphology, and composition of the ITO 

nanocrystals is not retained, with the initially well-defined ITO nanoparticle assemblies 

evolving into larger crystallites of an oxide-deficient indium/tin metal alloy. These results 

are important in the context of using tin/indium-based nanomaterials for CO2RR catalysis. 

Experimental 

Materials 

Indium(III) acetate (99.99%), tin(IV) acetate (99.95%), oleic acid (90% technical 

grade), and potassium bicarbonate (99.95%) were acquired from Sigma-Aldrich and used 

as received. Oleyl alcohol (85% technical grade) was acquired from Alfa Aesar and used 

as received. The boron-doped diamond (BDD) electrodes were acquired from Element Six. 

Nanocrystal Synthesis 

ITO nanocrystals were synthesized using a previously reported procedure.37 

Briefly, indium acetate (1.8 mmol) and tin acetate (0.2 mmol) were mixed in 4 mL of oleic 

acid and stirred under N2 (g) at 150 °C for 1 h to form the metal-oleate precursor. This 

mixture was then injected into 13 mL of oleyl alcohol at 290 °C at a rate of 0.3 mL min–1. 

Oleate-stabilized nanocrystals were washed three times by dispersion in acetone followed 

by centrifugation (7000 RPM for 5 min) and decanting the solvent. 
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Electrode Fabrication 

To form a thin, sparse monolayer of ITO nanocrystals, BDD electrodes were 

submerged in a 0.5 mg mL–1 solution of ITO nanocrystals in toluene for 2 h. To form 

thicker ITO nanocrystal films, a 50 mg/mL solution of ITO nanocrystals in toluene was 

spin coated onto BDD electrodes by flooding the electrode with nanoparticle solution, then 

rotating at 3000 rpm for 30 s. All electrodes were gently washed with toluene after 

nanocrystal deposition/assembly to remove any poorly adsorbed nanocrystals. The coated 

electrodes were then submerged in a 1 M solution of formic acid in acetonitrile for 1 h to 

remove the oleate ligands, and then gently rinsed with acetonitrile. Afterwards, electrodes 

were annealed in a tube furnace under forming gas at 300 °C for 4 h to remove any absorbed 

formate. 

Electrochemical Characterization 

A single-compartment three-electrode electrochemical cell consisting of the ITO-

modified BDD working electrode, a Pt counter electrode, and an Ag/AgCl reference 

electrode (3 M NaCl), with aq. 0.5 M KHCO3 as the electrolyte was used for measurements. 

All electrodes were analyzed using cyclic voltammetry (CV) at a scan rate of 100 mV s–1. 

CV and chronoamperometry (varying potentials and duration) were performed using a 

BioLogic SP300 potentiostat. All potentials were corrected for uncompensated series 

resistance, which was between 7.0 to 9.0 Ω for all experiments. Prior to electrochemical 

experiments, the electrolyte was sparged with either Ar (99.999%) or CO2 (99.5%) for 30 

min at a flow rate of 30 sccm, and then the gas was kept flowing in the headspace of the 

electrochemical cell for the duration of the experiments.  
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Physical Characterization 

The size and morphology of the synthesized colloidal nanocrystals were 

characterized using a FEI Tecnai Spirit transmission electron microscope (TEM) operating 

at 120 kV. Nanocrystals were deposited on lacey-carbon grids supported on 400 mesh 

copper (Ted Pella) for TEM visualization. The size of the nanocrystals were ascertained 

using an Anton-Paar SAXSess small angle X-ray scattering (SAXS) instrument. The 

morphology of the nanocrystal films before and after electrochemical experiments was 

assessed using a FEI Helios Nanolab 600i scanning-electron microscope38 equipped with 

a through-lens detector. Energy-dispersive X-ray spectrometry (EDS) was performed using 

the same SEM instrument to evaluate the composition of certain films. X-ray photoelectron 

spectroscopy (XPS) was used to evaluate the composition of the nanocrystals, as well as 

assess the ITO nanocrystal content on the electrodes (Thermo Scientific ESCALAB 250). 

A Bruker 500 nuclear magnetic resonance (NMR) spectrometer was used for qualitative 

liquid product characterization.  

Results and Discussion  

Evaluation of electrochemical stability of ITO nanocrystal films on a carbon support. 

The methods used to prepare the nanocrystal film on the electrode can affect the 

overall ability of electrocatalysts to catalyze the CO2 reduction reaction, and several 

experimental parameters must be considered. When studying fundamental properties of 

nanocrystal electrocatalysts, an ideal platform consists of a conductive electrocatalyst 

deposited on a catalytically inactive, electrically conductive support such that the activity 
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is due to the electrocatalyst alone and each catalyst particle is connected to the electrode 

with a low-resistance electrical path.15, 39-41 We chose to investigate the evolution of 

nanoscale structure in tin-doped indium oxide (ITO) nanocrystals with 10% tin doping 

because ITO is highly electrically conductive, and the activity and selectivity of In- and 

Sn-based oxide CO2RR catalysts are similar.25 We synthesized the ITO nanocrystals using 

an established method (Figure 5.1) wherein a mixture of tin oleate and indium oleate in an 

excess of oleic acid is slowly injected via a syringe pump into oleyl alcohol at 290 °C.37, 42 

This yielded monodisperse ITO nanocrystals ~ 10 nm in diameter (see Figure D1 for size 

analysis).  

We considered several ways to fabricate the nanocrystal-modified electrodes. A 

boron-doped diamond (BDD) electrode was used as the electrode support due to its 

chemical stability/inertness and low intrinsic CO2 reduction activity.43 To functionalize the 

electrode, we considered using ionomer such as Nafion or Sustainion as a binder, as has 

been done in previous reports.27, 31, 44-46 However, these ionomers have also been shown to 

alter the activity and selectivity of CO2RR catalysts,47 the loadings are often variable,48 the 

stability of these ionomers has not been studied, and ionomer/catalyst interactions are 

complex and poorly understood.49-50 Taken together, the use of ionomer could make it 

difficult to attribute the electrode performance to electrocatalyst properties alone. Given 

these considerations, we aimed here to study ITO nanocrystals directly deposited onto the 

BDD electrode without ionomer.  
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Figure 5.1. (a) Schematic depiction of the mechanism of ITO nanocrystal formation. (b) 

TEM image of the oleate-stabilized ITO nanocrystals used in this study (prior to 

annealing). 

Nanocrystal-modified electrodes were fabricated by submerging the BDD in a 0.5 

mg/mL solution of oleate-stabilized nanocrystals to yield a sparse monolayer of 

nanocrystals on the surface. The electrode was submerged in 1 M formic acid in acetonitrile 

to remove the oleate ligands, and then annealed at 300 °C under a 95:5 mix of N2:H2 to 
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remove the formate ligands.51 This preparation procedure has been previously shown by 

Fourier transform infrared (FTIR) analysis to successfully remove all ligands.51 An SEM 

image of one electrode is shown in Figure 5.2a, illustrating the uniform coverage achieved 

with well-defined nanoparticles. 

Cyclic voltammetry (CV) was used to evaluate these electrodes. The 0.5 M KHCO3 

electrolyte was sparged with Ar prior to measurements. The potential was swept from the 

open circuit voltage to -1.3 V vs. RHE. The first CV cycle (Figure 5.2b) showed a redox 

feature typical of the reduction and partial re-oxidation of In- and Sn-based oxides.18, 22 We 

noticed that by the second CV cycle (Figure 5.2b, inset) this redox feature diminished 

significantly, completely disappearing by the fourth cycle. The electrode was then 

characterized by SEM and XPS (Figure 5.2c and 5.2d) without further electrochemical 

testing in order to evaluate electrode stability. The SEM showed fewer nanocrystals on the 

electrode, and only carbon and oxygen were detected by XPS.  

Figure 5.2. (a) SEM image of the as-prepared electrode. (b) Cyclic voltammograms 

(CVs) of a BDD electrode containing approximately one monolayer of ITO nanocrystals 

conducted in Ar-saturated 0.5 M KHCO3. (c) SEM image of the BDD electrode after four 
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CV cycles. (d) XPS analysis of the In 3d region conducted on the as-prepared electrode 

(blue) and the electrode after performing four CVs in Ar-sparged 0.5 M KHCO3. 

To explain the loss of nanocrystals from the electrode surface, we hypothesized that 

the nanocrystals either dissolved or desorbed. To determine the potential at which this 

happens, we fabricated a sparse ITO nanoparticle monolayer film (using the same 

procedure) on a gold-coated quartz crystal and used an electrochemical quartz crystal 

microbalance (EQCM) to monitor mass as we performed CVs at 100 mV s–1 in 0.5 M 

KHCO3, cycling out to more negative potentials in subsequent cycles. The results are 

shown in Figure 5.3a. The film mass was stable until approximately -1.0 V vs RHE, at 

which point nearly all of the mass was lost. This indicates that the loss of the nanocrystal 

film is dependent upon the applied potential.  

It is known that under reducing conditions in near-neutral potassium 

bicarbonate solutions, the local pH at the electrode surface increases as protons are 

consumed during the hydrogen evolution reaction,52-54 so we wanted to determine whether 

the increased basicity caused loss of nanocrystals through dissolution.  The same type of 

nanocrystal film as described above was prepared on a gold-plated QCM crystal and 

submerged in 50 mL of water. We then titrated in 10 mL of concentrated KOH, up to pH 

= 14, while stirring in order to see if mass loss could be due to increasing alkalinity (Figure 

5.3b). Over the course of the titration, only 17% mass loss was observed. As a control, we 

repeated the experiment, instead titrating in concentrated HNO3, which is known to 

dissolve ITO nanocrystals, and monitored the mass. We found a mass loss of 91%, as 

expected. We then soaked nanoparticle-modified electrodes in various pH solutions and 
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compared the resulting SEM images to those taken of the as-prepared electrode (Figure 

D2). In all cases, SEM images showed evidence of nanocrystals on the electrode, 

suggesting nanocrystals are not dissolving as a result of increased alkalinity.  

Figure 5.3. QCM data of ITO films under various conditions. (a) Mass loss from an ITO 

nanocrystal film deposited on a QCM crystal as a function of applied potential. Several 

CVs were performed in 0.5 M KHCO3 from open circuit voltage (1.48 V vs RHE) to -

0.14 V (gray), -0.50 V (blue), and -0.96 V (red and green) vs RHE. Colored arrows show 

the CV sweep direction. (b) Mass monitored as a function of amount of concentrated 

HNO3 (red) or KOH (blue) added to an ultrapure water solution containing the QCM 

electrode.   

Taken together, these results indicate that increasing pH at the electrode surface 

does not lead to dissolution of the ITO nanocrystals from the electrode. We hypothesized 
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that other mechanisms for nanocrystal loss could be the electrostatic repulsion of the 

nanoparticles from the electrode as a negative potential is applied,55 or cathodic 

dissolution.56 We found, however, that when starting with a thicker (~150 nm) nanocrystal 

film (detailed below), the nanocrystals remain on the electrode, suggesting that cathodic 

dissolution is unlikely. Thus, our evidence suggests that, for sub-monolayer films, the 

nanocrystals are desorbing because they become more soluble as they become negatively 

charged. Charge-induced increases in solubility are common in gold nanoparticles, for 

example.57 It has been reported that it is necessary to crosslink gold nanoparticles to prevent 

their desorption during electrochemical analysis because the non-crosslinked particles 

became soluble when charged.57  

Figure 5.4. SEM images of an ITO nanocrystal film deposited on a BDD electrode from a 

50 mg mL–1 nanocrystal solution (after annealing) (a) before, and (b) after performing four 

CVs of the electrode. CVs were performed in Ar-saturated 0.5 M KHCO3. 
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Evolution of morphology of nanocrystal films 

An alternative electrode fabrication procedure resulting in insoluble films was 

needed to study the structural evolution of ITO nanocrystals under electrochemically 

reducing conditions. Another way to produce ITO nanocrystal films has been reported51 

wherein a thicker film is made by spin coating a 50 mg/mL solution of ITO nanocrystals 

in toluene onto a substrate, soaking in a 1 M formic acid solution, and annealing at 300 °C 

to remove remaining formate ligands. The resulting films were ~ 150 nm thick, with a mass 

loading of ~ 0.1 mg cm–2. We hypothesized that the higher mass loading of ITO 

nanocrystals, along with the annealing step, would prevent the desorption by providing 

more physical/chemical contact points to each individual nanoparticle or by crosslinking 

between oleate ligands that were not fully removed from the film.58-60  

We spin coated the nanocrystals onto a BDD substrate using the above procedure, 

and then conducted four CV cycles from open circuit (~ 1.48 V vs RHE) to -1.1 V vs RHE 

in Ar-saturated 0.5 M KHCO3 electrolyte (see Figure D3). It appears from Figure D3 that 

the appearance of the cathodic wave is predicated on a previous sweep to potentials more 

negative of -1.1 V vs RHE where In0 is formed, followed by its re-oxidation upon the 

positive sweep. This is evidenced by the lack of a cathodic wave during the first CV cycle, 

but a clear cathodic wave on the second and third CV cycles. SEM characterization of the 

as-deposited nanocrystals (Figure 5.4a) and of the electrode after performing four CV 

cycles (Figure 5.4b) indicate that the ITO nanocrystal film remains on the electrode. 

Cyclic voltammetry and chronoamperometry were used to evaluate the ITO 

nanocrystal films for CO2RR. The CVs (Figure D3) were performed in both Ar- and CO2-

sparged electrolyte. The voltammetry did not indicate higher current densities under CO2, 
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but previous reports have demonstrated that while total reductive current may be 

suppressed in some cases, CO2RR products are often found.29, 41, 61 Chronoamperometry 

was then performed at -0.8, -0.9, and -1.1 V vs RHE in CO2-saturated electrolyte (see 

Figure D5) for 80 min each on three separate electrodes. NMR spectra taken of the 

electrolyte showed the presence of formate (Figure D4), which indicated that CO2 

reduction was indeed occurring at these potentials, although this particular study is not 

focused on the product speciation. 

We characterized the electrodes after the chronoamperometry experiments using 

SEM (Figure 5.5) and found that the ITO nanocrystal films underwent significant 

morphological change. The 10-nm-diameter nanocrystals in Figure 5.5a were no longer 

distinguishable on electrodes that had undergone electrochemical analysis, and instead 

larger agglomerates between ~400 nm to several microns were seen (Figure 5.5b-d).  

Figure 5.5. SEM images of ITO nanocrystal films (a) as-prepared, and after applying (b) -

0.8, (c) -0.9, and (d) -1.1 V vs RHE for 80 min in CO2-saturated 0.5 M KHCO3. In all the 



132 

panels the underlying electrode is not visible and the observed features are ascribed to 

catalyst agglomerates. 

Next, we studied how long a potential must be applied before the morphology of 

the nanocrystal film changed. We performed chronoamperometry at -1.1 V vs RHE for 5 

min and for 25 min in CO2-sparged 0.5 M KHCO3 (see Figure D6), and evaluated the 

morphology by SEM. Even after applying a potential for 5 min, larger, micron-sized 

particles were present on the electrode. Although the sizes and shapes of the particles 

varied, they were generally larger after 25 min compared to 5 min.  These particles were 

also analyzed by SEM-EDS (Figure D7 and Table D1) and found to have little oxygen 

content, suggesting that the particles were reduced to an In/Sn metal alloy. Some particles 

even appeared faceted at the micron scale (Figure 5.6b). We also performed 

chronoamperometry using a QCM to monitor mass as a function of time in 0.5 M KHCO3 

at -1.1 V vs RHE and found that the mass of the In0/Sn0 film was stable over the 30 min 

duration of the experiment (Figure D8). 

These results suggest that the nanoparticles are coalescing after reduction to 

metallic species. It is likely that all of the nanocrystals are getting reduced as nanocrystal 

film conductivity measurements conducted by Crockett et al. showed that nanocrystals in 

the films are electrically well-connected to one another.51 One mechanism that could be 

occurring is dissolution and redeposition, wherein the In and Sn dissolve, producing In3+ 

and Sn4+ species that are subsequently re-deposited as In and Sn metal onto the electrode 

surface. While this process has been observed with ITO films under acidic conditions,36 

the solubility of In and Sn are low under the neutral-to-basic conditions tested in the present 
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study.  Thus, it is reasonable to conclude that this type of ripening is not likely occurring 

in this system. 

Figure 5.6. SEM images of ITO nanocrystal film after applying -1.1 V vs RHE in CO2-

sparged 0.5 M KHCO3 electrolyte for (a) 5 min and (b) 25 min. 

We thus hypothesize that the restructuring is due to diffusion of zero-valent In and 

Sn adatoms. In the oxide form, ITO has a strong cohesive energy, and thus a high adatom 

diffusion barrier.62 On the contrary, both In0 and Sn0 have low cohesive energies, enabling 

facile diffusion of adatoms.62-64 This is consistent with previous studies investigating the 

mobility of In and Sn adatoms.63-67 For example, Wagner et al. found that under reducing 

conditions, In2O3 was partially reduced and In adatoms were formed, which were able to 

diffuse across the surface.66 Similarly, Morris et al. studied the surface diffusion of In on a 
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W surface and found that the activation energy for diffusion decreased as the surface 

coverage of In increased.64 Given this information, we conclude that the reduction to In 

and Sn metal enables surface diffusion of adatoms, which then coalesce to minimize 

surface energy. 

One interesting observation is that at shorter times of an applied potential (Figure 

5.6), the generated microparticles appear faceted and crystalline. At longer times, there is 

a more-agglomerated microscale network. It is possible that as a negative potential is 

applied for a longer period of time, more and more of the film gets reduced, allowing for 

more In and Sn adatoms to diffuse along the surface and coalesce with existing structures. 

Conclusions 

We evaluated how applying cathodic potentials affect the stability and morphology 

of ITO nanocrystal films. Sparse monolayer nanocrystal films are not stable at highly 

cathodic potentials (more negative of -1.1 V vs RHE) as the nanocrystals are no longer 

present on the electrode after a cathodic bias is applied. This phenomenon was found to be 

potential-dependent and we conclude that it is due to increased solubility of the reductively 

charged nanoparticles as well as electrostatic repulsion between the ITO nanocrystals and 

the carbon electrode. Thicker nanocrystal films were found to be more stable and remain 

on the electrode upon cathodic polarization, but significant morphology and composition 

changes were observed. The ITO was found to be converted to a reduced In-Sn metal alloy, 

and the 10 nm nanocrystals were no longer distinguishable as they had formed a larger 

microscale network. We hypothesize this is due to increased diffusion of In0 and Sn0 

adatoms, which subsequently coalesce. 
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These findings have implications in the field of nanoscale electrochemical CO2 

reduction catalysts.  For example, White et al. compared the activity of In2O3, In(OH)3, and 

In nanoparticles, and Huang et al. compared the size-dependent activity of various In2O3 

nanoparticles for CO2RR; such restructuring may in fact be occurring in those systems as 

well.15, 27 As such, this study highlights the necessity of post-electrochemical surface 

characterization in order to fully understand electrocatalyst structure. 
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CHAPTER VI 

CONCLUSION 

I am the primary and sole author to the writing of this chapter. 

Concluding Remarks 

Nanotechnology is expected to transform a number of fields and solve some of the 

world’s most complex problems, from cancer treatment to waste remediation to energy 

storage and more. For nanotechnology to make a difference in these fields, we need to be 

able to precisely engineer nanocrystals at the atomic level, beyond just controlling size and 

shape. Many of the nanoscale properties that differ from a material’s bulk properties are 

caused by surface-level chemistry, defects, and local structure, all of which are difficult to 

control and understand. These structural attributes are all controlled by the synthetic 

procedures used to produce nanocrystals, and thus gaining deep, mechanistic 

understandings of these syntheses and the nanocrystal growth processes is imperative if we 

are to manipulate nanoscale structure, and therefore properties, at the atomic level. 

Unfortunately, most current nanocrystal syntheses are inherently difficult to study, as the 

nanocrystal growth often proceeds through radical reactions that are too rapid to study 

using ex situ techniques and too poorly selective to control. Further, most nanocrystal 

syntheses are developed through trial and error, often changing multiple parameters at once 

to obtain the desired nanocrystal size. Thus, we need nanocrystal syntheses that allow for 
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the systematic study of one parameter at a time, as well as syntheses that proceed by slower 

reactions that are easier to study if we are to truly understand nanocrystal growth processes. 

The continuous addition synthesis developed by the Hutchison lab has been able to 

overcome many of these obstacles. Since the reaction proceeds through esterification and 

subsequent condensation, the syntheses can be conducted at temperatures where thermal 

decomposition reactions that form radical species can be avoided. Further, performing the 

reaction at lower temperatures (as opposed to reflux) ensures that we are able to keep the 

solvent the same, allowing us to change one parameter at a time. Because the nanocrystal 

surfaces remain reactive after forming, we are able to grow metal oxide nanocrystals in a 

layer-by-layer, almost atom-by-atom, fashion. Finally, because the reaction is limited by 

the injection rate of the precursor, which we can control and manipulate, we can sample 

nanocrystals throughout the course of the reaction, enabling close examination of metal 

oxide nanocrystal growth processes. 

In this dissertation, the growth and properties of different metal oxide nanocrystals 

were investigated by utilizing the unique attributes of the slow injection esterification 

synthesis. This synthesis allowed us to explore the growth processes of cerium oxide and 

tin-doped indium oxide nanocrystals in-depth, taking advantage of the ability to alter a 

single parameter at a time during the synthesis. 

In the case of cerium oxide, we found that atmosphere drastically affects the growth 

process and resulting morphologies, with syntheses under N2 leading to nanoribbons or 

irregular plates, and syntheses under air leading to size-tunable nanocubes. It was found 

that the role of air was not to oxidize the Ce(III) oleate precursor, as Ce(IV) oleate was 

found to be thermally unstable. Instead, we used a combination of TEM, XPS, and FTIR 
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techniques to discover that the role of air was to oxidize the nanocrystal surfaces, which 

enhanced their reactivity and enabled continuous growth. The origin of the nanoribbons 

was also investigated and were found to be the result of the presence of acetate in the 

precursor solution. Thus, the irreproducibility in getting nanoribbons vs irregular plates in 

initial syntheses when we were using Ce(III) oleate made from Ce(III) acetate was the 

result of exchanging the acetate for oleate ligands for varying amounts of time, with longer 

times leading to more complete exchange and therefore less acetate. With this knowledge, 

we were able to tune the length of the nanoribbons by altering the amount of acetic acid 

added to the precursor. 

In Chapter III we investigated the role of the reagent chosen, oleyl alcohol vs 

oleylamine, in the growth characteristics of ITO nanocrystals. We found that syntheses in 

both reagents result in a living growth mechanism based upon esterification (in oleyl 

alcohol) or amidation (in oleylamine). We found that amidation occurs faster than 

esterification due to the increased nucleophilicity of the oleylamine compared to the oleyl 

alcohol. We also found that the number of nanocrystals formed decreases as oleylamine 

content in oleyl alcohol increases. This was attributed to the growth phase beginning more 

rapidly in the case of ITO nanocrystals synthesized in oleylamine due to higher 

concentration of reactive surface hydroxyls, which occurs due to the increased reaction 

kinetics of amidation compared to esterification. Because the growth phase begins sooner 

as oleylamine content increases, fewer nanocrystals are formed. The ITO nanocrystals 

synthesized in oleylamine also exhibit different optical properties immediately after 

synthesis compared to ITO nanocrystals synthesized in oleyl alcohol. The ITO nanocrystals 

synthesized in oleyl alcohol were green upon purification and turned blue over the course 
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of several days, whereas the nanocrystals synthesized in oleylamine were blue immediately 

upon purification. The blue color is indicative of nanocrystals with lower interstitial oxygen 

content, and the transition from green to blue is associated with the release of interstitial 

oxygen atoms, resulting in more reduced nanocrystals. We concluded that the reducing 

environment of the amine facilitated this transition.  

In Chapter IV we explored the use of solution-processed plasmonic ITO 

nanocrystals as IR optical filters. We found that mixtures, rather than layers, of 

nanocrystals of different dopant concentrations resulted in predictable optical responses, 

allowing for the fabrication of both broadband and narrow band IR filters. The 

homogeneously mixed solutions resulted in more predictable behavior due to a more 

homogeneous dielectric, as opposed to the layered nanocrystals since the dielectric changes 

based on the orientation of the nanocrystal film and order of the layers.  

Finally, we explored the morphological transformations of ITO nanocrystals that 

occurred under electrochemically reducing conditions at potentials relevant to 

electrochemical CO2 reduction in Chapter V. We found that under highly cathodic 

potentials, the ITO nanocrystals are reduced to a In0 and Sn0 metal alloy, which enables 

facile adatom diffusion, resulting in larger crystallite structures and eventually nodular 

networks of the alloy. These results highlighted the importance of post-electrochemical 

electrode characterization if nanostructure-property relationships are to be made.  

Future Directions 

The future of the slow injection synthesis could go in several different directions. 

Its utility, for example, needs to be expanded to other metal oxide systems, each of which 
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will have its own synthetic parameters and growth characteristics that will need to be 

explored. For example, we learned in Chapter II that reaction atmosphere can have a 

profound effect on nanocrystal formation. Exploring the utility of air in more nanocrystal 

syntheses may allow compositional control in oxides like Fe, Co, Mn, and Cu where 

multiple oxidation states are possible. We learned in Chapter III that altering the precursor 

reactivity led to a different number of particles formed, which then dictated the size of the 

resulting nanocrystals. Using oleylamine could allow access to metal oxides that come 

from metal carboxylate precursors that have low reactivity, such as zinc or zirconium 

oleate.  

 Chapters III and IV explored some of the optical properties of ITO nanocrystals, 

but these need to be further explored. For syntheses in oleylamine, the localized surface 

plasmon resonance needs to be compared to that of ITO nanocrystals synthesized in 

oleylamine. Further, other dopants within indium oxide should be explored to see if IR 

filters with narrower or broader bands could be obtained.  

 Finally, the mechanism of structural rearrangement of ITO nanocrystals under 

electrochemically reducing conditions shown in Chapter V requires further exploration. 

Specifically, conducting X-ray diffraction of the restructured films could elucidate the 

crystal structure, and in situ atomic force microscopy could shed further light on the 

mechanism of structural rearrangement.  

 The entirety of this work focuses on nuances of nanocrystal synthesis and 

electrocatalysis that are seldom explored in such depth. For example, the role of trace 

amounts of acetate in the case of cerium oxide had profound effects on the nanocrystal 

morphology, and may play a larger role in other nanocrystal syntheses than once thought. 
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In the face of the challenges in studying these processes, the continuous addition synthesis 

provides some inspiration to the development of future nanomaterials. Expanding this 

approach to the entirety of metal oxides and studying the growth mechanisms within each 

system would provide a general framework for the synthesis of superior nanomaterials. 

This approach should be applied to target technologically relevant nanomaterials, as well 

as to enhance the fundamental understanding of the chemical processes (monomer identity, 

precursor reactivity, effect of additives and byproducts, and more) at play. With a greater 

fundamental understanding of growth, we can intuitively build advanced nanomaterials to 

tackle the world’s most challenging problems. 
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APPENDIX A 

SUPPORTING INFORMATION FOR CHAPTER II: REACTION ATMOSPHERE 

AND SURFACE LIGATION CONTROL SURFACE REACTIVITY AND 

MORPHOLOGY OF CERIUM OXIDE NANOCRYSTALS DURING CONTINUOUS 

ADDITION SYNTHESIS 

Figure A1. FTIR of Ce(III) oleate made from Ce(III) acetate. The highlighted region 

shown on the right shows the metal carboxylate binding region. The difference between 

the symmetric (~1440 cm–1) and asymmetric (~1540 cm–1) metal carboxylate vibrations 

suggest that the oleate groups bind in a chelating bidentate binding mode. 
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Figure A2. Thermogravimetric analysis of Ce(III) oleate made from Ce(III) acetate. This 

analysis shows that the primary mass loss event occurring from thermal decomposition of 

the precursor happens between 320 - 400 °C. 

Figure A3. TEM images of nanocrystals resulting from syntheses performed under 

nitrogen using identical conditions but producing significantly different morphologies. 

Syntheses were carried out using a Ce(III) oleate precursor under N2 at 315 °C and an 

injection rate of 0.06 mL min–1. Scale bars are 20 nm. 
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Figure A4. TEM size analysis of nanocubes from Fig. 2 showing the continuous growth 

of nanocrystals with increasing precursor addition. Nanocubes were formed by injecting 

(a) 0.5 mmol, (b) 1.0 mmol, (c) 1.5 mmol, and (d) 2.0 mmol of Ce(III) oleate into oleyl

alcohol at 290 °C under an air atmosphere.
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Figure A5. XRD pattern of the nanoribbons produced by injecting 2 mmol of Ce(III) oleate 

precursor under N2 (blue). Bixbyite Ce2O3 (red) and fluorite CeO2 (black) reference 

patterns are shown. Due to the broadness of the peaks, as well as the similarities between 

the bixbyite and fluorite structures, it is difficult to determine which phase comprises the 

nanoribbons, however XPS results as well as our observations of color changes (discussed 

in the manuscript) suggest that the nanoribbons may be a mix of the two phases, which 

happens once the Ce2O3 is partially oxidized to CeO2 upon exposure to air. 
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Figure A6. High resolution TEM images of (a) nanoribbons and (b) nanocubes resulting 

from syntheses using Ce(III) oleate at 290 °C under N2 and air, respectively. Scale bars are 

2 nm. 

Figure A7. Photograph of reaction mixtures from nanocrystal syntheses performed using 

Ce(III) oleate. (a) Reaction mixture from synthesis performed under N2 showing a yellow 

color. (b) Reaction mixture from synthesis performed under N2 after being cooled to room 

temperature and exposed to air for several minutes, showing a purple color. (c) Reaction 

mixture from synthesis performed under air, showing a brown color.
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Figure A8. FTIR of reaction mixtures from nanocrystal syntheses performed using Ce(III) 

oleate under N2 (blue) and air (red). The full spectra are on the left. The highlighted region 

shown on the right shows the C–H stretching region, demonstrating that these are equal in 

intensity, showing the comparability in transmittance intensities between the two samples 

shown. 
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Figure A9. XPS spectra of Ce(III) and Ce(IV)-rich oleate. (a) Ce 3d spectra and (b) N 1s 

spectra. The Ce 3d spectra show that the Ce(IV)-rich oleate is a mixed valence precursor, 

while the Ce(III) oleate only contains peaks associated with Ce(III). The N 1s spectra show 

that nitrogen was not present in either precursor, suggesting that the ammonium and nitrate 

ions had been successfully removed from the precursors during the washing procedure. 
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Figure A10. FTIR spectra of SE-Ce(III) oleate (blue) and Ce(IV)-rich oleate (red) showing 

the metal carboxylate binding region. In both cases, the difference between the symmetric 

and asymmetric vibrations are less than 110 cm–1, suggesting that the carboxylate ligands 

in both precursors are bound to the Ce in a chelating bidentate mode. The Ce(IV)-rich 

oleate trace shows a sharp peak at ~1450 cm–1 that is not present in the SE-Ce(III) oleate. 

This suggests that the binding environment of the carboxylate ligands might be slightly 

different between the precursors. 
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Figure A11. Raman spectra of the Ce(IV)-rich oleate (red), SE-Ce(III) oleate (blue), and 

Ce(III) acetate (black). The spectra of the Ce(IV)-rich oleate and SE-Ce(III) oleate are 

nearly identical except for peaks at ~205 cm–1 and ~350 cm–1 in the Ce(IV)-rich oleate, 

highlighted in the spectra on the right. The peak at ~205 cm–1 may be associated with Ce–

O–Ce bonds,1 while the peak at ~350 cm–1 may be associated with a hydrated Ce4+ 

species.1-2 

1. Demars, T. J.; Bera, M. K.; Seifert, S.; Antonio, M. R.; Ellis, R. J., Revisiting the

Solution Structure of Ceric Ammonium Nitrate. Angew. Chem. Int. Ed. 2015, 54

(26), 7534-7538.

2. Miller, J. T.; Irish, D. E., Infrared and Raman Spectra of the Cerium(IV) Ion -

Nitrate Ion - Water System. Can. J. Chem. 1967, 45, 147-155.
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Figure A12. Thermogravimetric analysis of the Ce(IV)-rich oleate precursor. We attribute 

the mass loss event at 100 °C to the loss of water. 

Figure A13. Schematic of all colors observed during reactions using Ce(III) oleate. 
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Figure A14. FTIR spectra of reaction mixtures from nanocrystal syntheses using SE-

Ce(III) oleate under N2 (light blue), SE-Ce(III) oleate under air (dark blue), Ce(IV)-rich 

oleate under N2 (light red), and Ce(IV)-rich oleate under air (dark red). These data show 

that ester (~1740 cm–1) is formed in all cases, but more ester is formed from Ce(III) oleate 

vs Ce(IV)-rich oleate, and more ester is formed under air compared to under N2. Precursor 

is also shown to build up in the cases under N2, as demonstrated by the peaks near ~1550 

cm–1, whereas no precursor is built up in cases under air. Collectively these spectra suggest 

that the reaction proceeds via esterification in all cases, but proceeds faster in cases under 

air than in cases under N2. The data also suggest that the Ce(III) and Ce(IV)-rich oleate 

precursors behave similarly. 
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Figure A15. XPS spectra of nanocrystals resulting from using (a) Ce(IV)-rich oleate under 

air, (b) SE-Ce(III) oleate under air, (c) Ce(IV)-rich oleate under N2, and (d) SE-Ce(III) 

oleate under N2. These results suggest that the nanocrystals are more oxidized in cases 

where air is used as the reaction atmosphere, whereas nanocrystals produced under N2 are 

more reduced. Further, nanocrystals produced under N2 with the Ce(IV)-rich oleate are 

more oxidized than those produced from the Ce(III) oleate under N2. 

Figure A16. XRD patterns of nanocrystals resulting from syntheses using SE-Ce(III) 

oleate under air (dark blue), SE-Ce(III) oleate under N2 (light blue), Ce(IV)-rich oleate 

under air (dark red), and Ce(IV)-rich oleate under N2 (light red). These data show a higher 

degree of crystallinity in samples formed under air than under N2. 



154 

Figure A17. TEM image of nanocrystals resulting from a synthesis using Ce(III) oleate 

(made from Ce(III) acetate) with water added to the precursor. These results suggest that 

the presence of residual water is not responsible for smaller nanocube sizes when Ce(IV)-

rich oleate is used as the precursor. Scale bar is 20 nm. 

Figure A18. FTIR spectra of oleyl alcohol before (blue) and after (red) heating to 290 °C 

for 2 h under air. 
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Figure A19. TEM images of small nanocubes made by injecting 0.5 mmol of Ce(III) oleate 

under air. The left image shows the nanocubes after synthesis, and the right image shows 

the nanocubes after being annealed for 2 h after 2 mmol of acetic acid had been added to 

the reaction mixture. These results suggest that acetic acid is not causing oriented 

attachment. Scale bars are 20 nm. 

Figure A20. TEM images of nanoribbons (a) immediately after synthesis and (b) after 

annealing for 2 h under N2. The similarity in size between the two images suggest that 

oriented attachment does not occur in this system. Scale bars are 50 nm. 
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Figure A21. FTIR analysis of reaction mixtures from nanocrystal syntheses performed 

using Ce(III) oleate with added acetic acid (orange) and without acetic acid (blue). The 

spectra on the right show the metal carboxylate binding region, suggesting that there is less 

precursor/monomer buildup in the case with acetic acid compared to the case without acetic 

acid.  

Figure A22. TEM images of nanocrystals resulting from a synthesis conducted using 

Ce(III) oleate under forming gas (95:5 N2:H2), suggesting that a more reducing atmosphere 

does not lead to nanoribbon formation. 
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Figure A23. Schematic illustration of nanocrystal morphologies observed under various 

synthetic conditions. 
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APPENDIX B 

SUPPORTING INFORMATION FOR CHAPTER III: MONOMER GENERATION 

RATE INFLUENCES THE EARLIEST STAGES OF GROWTH FOR TIN-DOPED 

INDIUM OXIDE NANOCRYSTALS MADE THROUGH A REAGENT-DRIVEN, 

CONTINUOUS ADDITION SYNTHESIS 

O

O

N
H

O

8.1 ppm

4.0 ppm5.3 ppm

Figure B1. The structures of oleyl oleate (top structure) and oleyl oleamide (bottom 

structure) are presented with relevant NMR shifts highlighted (discussed in Chapter III). 

The two graphs show the NMR peaks corresponding to the relevant protons at ~4.0 ppm 

for the oleyl oleate (left) and the NMR peak corresponding to the relevant protons at ~8.1 

ppm for the oleyl oleamide (right). 
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Figure B2. FTIR spectrum of the reaction mixture from a nanocrystal synthesis performed 

in oleylamine. The center graph shows the full spectrum, and the left and right graphs 

highlight peaks corresponding to the relevant amide peaks, demonstrating the presence of 

amide in the reaction mixture. 

Figure B3. Growth curves of nanocrystal syntheses performed in oleylamine (blue) and 

oleyl alcohol (red). Overlaid with these results is a growth curve from a nanocrystal 

synthesis wherein 2 mmol precursor was injected into oleyl alcohol, nanocrystals were 

purified, redispersed in oleylamine, and 2 additional mmol precursor was injected. This 

shows that the difference in growth curves between oleyl alcohol and oleylamine is due to 

the number of nanocrystals formed, not a difference in growth rate.   
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APPENDIX C 

SUPPORTING INFORMATION FOR CHAPTER IV: SCULPTING OPTICAL 

PROPERTIES OF THIN FILM IR FILTERS THROUGH NANOCRYSTAL 

SYNTHESIS AND ADDITIVE, SOLUTION PROCESSING 
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Figure C1. Schematic representations and SEM images of homogeneously mixed and 

multilayered ITO nanocrystal films containing the 0.7, 1, 3, 7, and 16% homogeneously 

doped nanocrystals. a) Schematic representation of the mixed ITO nanocrystal film imaged 

in b) – d). b) and c) Top-down images of the film represented in a). d) Image of a cross-

section of the film represented in a) with an estimated film thickness of ~50 nm. e) 

Schematic representation of the mixed ITO nanocrystal film imaged in f) – h). f) and h) 
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Top-down images of the film represented in e). h) Image of a cross-section of the film 

represented in e) with an estimated film thickness of ~180 nm. i) Schematic representation 

of the mixed ITO nanocrystal film imaged in j) – l). j) and k) Top-down images of the film 

represented in i). l) Image of a cross-section of the film represented in i) with an estimated 

film thickness of ~190 nm.       

Figure C2. SAXS data for the homogeneously doped ITO nanocrystals used in this study 

(from top to bottom: 16%, 7%, 3%, 1%, and 0.7% Sn-doping). The colored dots represent 

the raw SAXS data and the black lines represent fits to those data. Modelled sizes can be 

found in Table 1.  
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Figure C3. SAXS data for the ITO/In2O3 core/shell nanocrystals used in this study. For 

each of these, we synthesized an ITO core, performed SAXS analysis of the cores, then 

added a thin In2O3 shell and performed SAXS again. This plot shows the scattering patterns 

for  the core/shells nanocrystals a) and c) compared to the cores alone b) and d).  a) 12% 

ITO core with a thin In2O3 shell, b) 12% ITO core with no shell, c) 0.4% ITO core with a 

thin In2O3 shell, and d) 0.4% ITO core with no shell. The colored dots represent the raw 

SAXS data and the black lines represent fits to those data. Modelled sizes can be found in 

Table 1.  
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Figure C4. TEM images from all samples listed in Table 1, including homogeneously 

doped ITO nanocrystals a) 0.7%, b) 1%, c) 3%, d) 7%, e) 16% Sn metal percent; ITO cores 
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f) 0.4%, g) 12% Sn metal percent with sub-nanometer In2O3 shells; and ITO cores with

thicker In2O3 shells h) 1.5%, i) 3%, j) 5%, k) 10%, and l) 16% Sn metal percent. All scale

bars are 20 nm.

Figure C5. Representative XPS data used to calculate Sn:In content. These spectra show 

the In and Sn 3d regions for the 16% homogeneously doped ITO nanocrystals as an 

example. In both spectra, the black lines represent the raw data and the yellow lines 

represent the overall fits to the data. Sn content can be found in Table 1.   
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Figure C6. a) Raw non-normalized absorbance data for ITO thin films that possess the 

LSPR in the wavelength range covered by the UV/Vis-NIR spectrometer; b) Raw non-

normalized absorbance data for ITO nanocrystal films with low doping level collected 

using IR spectrometer. 

Figure C7. Absorbance of CaF2 used as a substrate for measuring the absorbance of ITO 

nanocrystal films. 
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Figure C8. To investigate if the beam direction changed the shape and energy of the 

combined optical response in the multilayered films, the absorbance spectra for the samples 

with the geometries a) and b) were collected from two directions indicated by the arrows. 

c) and d) show the corresponding absorbance spectra for the multilayered samples. The

colors of the spectra match the colors of the arrows showing from what direction the spectra

were collected. e) and f) show the ellipsometry data collected for each sample. The data

were collected on a CaF2 substrate one-inch diameter. The depicted plots correspond to a

10.82x10.55 mm area in the middle of the substrate.
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Figure C9. Raw non-normalized absorbance spectrum of the film designed for the narrow 

band-stop filter. The break in the x-axis (4000-3900 cm-1) is inserted to avoid the 

instrumental noise at the edge of the detector range. The absorbance data from the FTIR 

spectrometer was lowered to the same base as the data from the UV/Vis spectrometer to 

allow intensity comparison. 
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APPENDIX D 

SUPPORTING INFORMATION FOR CHAPTER V: ELECTROCHEMISTRY-

INDUCED RESTRUCTURING OF TIN-DOPED INDIUM OXIDE 

NANOCRYSTAL FILMS OF RELEVANCE TO CO2 REDUCTION 

Figure D1. SAXS data for ITO nanocrystals used in this study. The blue trace shows the 

scattering data and the black line shows the fit to the data. The fit indicates that the ITO 

nanocrystals are 9.6 ± 1.1 nm in diameter. 
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Figure D2. SEM images of (a) as-prepared ITO-functionalized glassy carbon electrode 

and (b) ITO-functionalized glassy carbon electrode after being submerged in 1 M KOH 

for 1 h. 
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Figure D3. CVs of thick ITO-nanocrystal-functionalized BDD electrode in 0.5 M 

KHCO3 at 100 mV s–1. (a) Three CV cycles in Ar-sparged electrolyte. (b) CV cycles in 

Ar-sparged (blue) and CO2-sparged (red) electrolyte. 
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Figure D4. NMR of 0.1 M KHCO3 electrolyte after 30 min electrolyses at potentials of 

-0.8 V (blue), -0.9 V (red), and -1.1 V (black) vs RHE. The gray trace is of the as-

prepared KHCO3 electrolyte. The peaks at ~8.4 ppm are from the production of formate. 

The large peak in the center is due to water. The peaks between 1.0 and 3.0 ppm are 

ascribed to other CO2 reduction products. 
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Figure D5. Chronoamperometry data for electrodes in Figure 5 b-c taken in CO2-sparged 

0.5 M KHCO3 for 80 min at -0.8 V (blue), -0.9 V (red), and -1.1 V (black) vs RHE. 

Figure D6. Chronoamperometry data performed on ITO-nanocrystal-functionalized BDD 

electrodes for 5 min (blue) and 25 min (red). 
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Figure D7. SEM images (top) and corresponding EDS spectra (bottom) for ITO-

nanocrystal-functionalized electrodes (a) as-deposited, (b) held at -0.8 V vs RHE for 30 

min, and (c) held at -1.1 V vs RHE for 30 min in 0.5 M KHCO3.  

Table D1. 

Sample (from Fig. 
S7) 

Elemental Composition from EDS (%) 

In Sn O C 

(a) As-Prepared 33.2 2.8 64.0 -- 

(b) -0.8 V vs RHE 68.7 4.8 5.1 21.4 

(c) -1.1 V vs RHE 81.1 5.4 2.4 11.1 
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Figure D8. Chronoamperometry data taken using an ITO-functionalized-QCM electrode 

for 30 min at -1.1 V in 0.5 M KHCO3. 
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