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ABSTRACT 

Nanoparticle Synthesis within Nanoreactor Templates and Their Applications 

Liban Jibril 

 

 Nanotechnology research broadly encompasses the exploration of the unique chemical, 

optical, electronic, or biological properties of materials with dimensions < 1 µm. Inorganic 

nanoparticles are one such class of materials, with properties that are exceptionally sensitive to 

particle size and structure. This is especially evident in the field of heterogeneous chemical 

catalysis, where the surface of the material dictates the reaction outcome. However, synthesizing 

nanoparticles of a desired size, composition, or shape on demand is a persistent challenge, as 

conventional synthesis approaches often require extensive trial and error to synthesize the 

preferred particle product, assuming it is possible at all. This thesis introduces two nanoreactor-

based strategies, that aim to push the limits of high-yield and modular particle synthesis compatible 

with chemical catalysis. It further aims to address challenges with measuring the reactivity of low 

areal-density polyelemental particles synthesized within nanoreactors, and in so doing, provide 

avenues towards high throughput screening of complex nanoparticle libraries.  

 Chapter One provides a comprehensive introduction to the state-of-the-art with regards to 

nanoparticle synthesis, and introduces the challenges associated therein. It further introduces the 

nanoreactor as a robust synthetic alternative, especially for applications in particle synthesis for 

rapid chemical catalyst discovery.  

 Chapter Two describes a method to synthesize nanoparticles by isolating small volumes of 

particle precursors within a nanohole reactor, followed by reductive annealing to yield site-isolated 

nanoparticles. The process described is materials-general and provides a significant degree of size-
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control while maintaining monodispersity of the product population. Finally, it provides 

fundamental insight into the role of reactor geometry on the preferred final position of the particle 

products. 

 Chapter Three reports a solution-based nanoreactor synthesis scheme, which dramatically 

increases the throughput of particle synthesis. In this strategy, hollow silica shells are used to 

isolate and synthesize nanoparticles, and we discover via ex situ, in situ, and bulk-characterization 

strategies that polymer incorporation is key to a dramatic improvement in the yield of individual 

particles within each shell. 

 Chapter Four discusses strategies to address the challenge of probing gas-phase reactivity 

of a low particle-density planar catalyst. The challenge is separated into two steps, with this chapter 

focused on reactor cell design and testing. The chapter concludes with the proposal of a capillary 

tube-based strategy for locally screening a library of nanomaterials on a planar surface. Chapter 

Five describes gas-phase cryogenic distillation of product molecules as a worthwhile strategy to 

measure the reactivity of a small particle population. This strategy is used to selectively adsorb a 

hydrocarbon (1-butene) on an adsorbent powder, which can be detected by infrared spectroscopy. 

 Finally, Chapter Six provides an outlook on the field of nanoreactor templated nanoparticle 

synthesis and highlights several worthwhile future research directions. 

___________________________________________________ 

Thesis Advisors: Profs. Chad A. Mirkin and Vinayak P. Dravid 
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1.1 Motivation and Introduction 

Nanoparticles are small clusters of atoms with dimensions between 1 nm – 1 µm. This class 

of materials have been utilized extensively over the course of human civilization, however the 

tools to image and understand the origin of their structure-function relationships only emerged in 

the 20th century. The pathway to reproducible synthesis and electron-microscopy examination of 

gold nanoparticles for example was demonstrated by Turkevich et al. in 1951.1 In the range of 

relevant applications, chemical catalysts are an exciting frontier, due to the well documented 

discrepancy between the nano and bulk-scale catalytic properties of materials. An early key 

demonstration came from Haruta et al in 1987; in their seminal work, they demonstrated that 

oxidation of the exceptionally stable carbon monoxide molecule is possible on sub 10-nm gold 

particles, which was unheard of on macroscopic gold surfaces.2 Today, chemical catalysis is a field 

of science crucial to numerous modern day technologies, facilitating in some shape or form as 

much as 80% or more of all industrial processes, ranging from chemical, petrochemical and 

biochemical to polymer and environmental protection processes (Figure 1.1).3 The roughly 13 

trillion dollar industry has continuous room for growth, due to the decreases in operating costs 

associated with improving catalyst performance, as well as a persistent trend towards more 

sustainable and environmentally friendly processes.3,4 

In the practice of synthesizing industrially-relevant nanoparticle catalysts, several key 

performance metrics are: activity, selectivity, stability, cost (in manufacturing and raw materials), 

ease of recycling/reuse, and environmental and health hazard potential.4,5 In this multivariate 

design space, incremental improvements in any of the listed performance metrics can translate to 

significant improvements to the economic feasibility of a given process. Indeed, it may render 
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reactions that were seemingly impossible accessible, such as the early demonstration of gasoline 

manufacture from coal or light alkanes by the Fischer-Tropsch reaction in the 20th century.6 

Despite the significant improvements gained by utilizing nanoparticles in general, and 

complex nanoparticles in particular, several challenges prevent adopting particles synthesized in 

the lab practically in industry. Firstly, ensuring their stability under harsh typical reaction 

conditions, where many model catalysts fail.7,8 Second, facile synthesis of multicomponent target 

structures, as traditional wet-chemistry approaches often require significant trial and error to 

achieve the desired size and stoichiometry due to fundamental differences in reduction kinetics 

between precursors.9 Rapidly synthesizing target structures is crucial as the variety of performance 

metrics in heterogenous catalysis (conversion, selectivity, turnover frequency, long-term stability, 

recyclability, disposal, etc.) would otherwise make scaling-up untenable, and thus industrial 

Figure 1.1: The landscape of chemical catalysis and its 
industrial relevance. Adapted from ref: 138 
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catalysts are biased towards simple active sites.4 Finally, squeezing the distribution in size, 

composition, and crystal structure of the catalyst is key to facile identification of the relevant active 

sites, and porting knowledge from lab-scale to kg scale. Typically solution synthesized particles 

have an excellent size and composition distribution, but conventionally synthesized nanoparticle 

catalysts often do not (spray pyrolysis, bulk machining etc.)10–12 

In this dissertation, I will describe how nanoreactors can work to significantly simplify the 

synthesis process for a desired particle product, and potentially bridge the gap between strategies 

preferred by chemists vs. those preferred by chemical engineers. Nanoreactors are simply confined 

templates that isolate reaction media with maximum dimensions < 1 µm.13 The nanoreactor context 

provides significant means to improve the modularity of the nanoparticle synthesis, with fine-

control over reaction outcomes. I will thus describe how nanoreactors may serve to not only allow 

access to monodisperse populations of particles hypothesized to have exceptional catalytic 

relevance, but also to accelerate the discovery process of exceptionally active materials.13,14 

 

1.2 Nanoparticle Catalysis 

The improvement in catalytic properties of a material with decreasing size are highly system 

specific, but can be generally attributed to several effects:15–17 the increased surface area to volume 

ratio (Figure 1.2A), the accompanying increase in density of low-coordinated atoms, variation in 

the electron density/oxidation state, and/or assorted metal-support effects (i.e. ‘strong metal-

support interaction’, SMSI).4,18,19 Further, incorporation of 2+ elements in a single nanoparticle 

has been demonstrated to be a robust method of improving catalytic performance.9,15 In this case, 

either alteration in the choice of exposed facets or fine tuning of the electron density at the particle 
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surface and subsequent abstraction of adsorbing molecules is responsible for the remarkable 

improvements in activity. This has been robustly demonstrated, for a variety of alloy nanoparticles 

and structures.20–25  

In certain circumstances, the effects of nanoparticle alloying or fine-control over particle 

composition can be predicted. One notable example is with regards to the Sabatier principle that 

describes a scaling-relation observed in several heterogeneous catalysis systems.26 In this plot, we 

observe that the reaction rate vs. bond strength of a molecule to the metal surface results in a 

characteristic ‘volcano’ shape (Figure 1.2B). This effect indicates that an intermediate binding 

strength to the metal surface is ideal to achieve high reactivity; too low results in no chemisorption, 

too high results in products being unable to dissociate. Researchers have accordingly attempted to 

take advantage of this scaling relation by combing less noble metals with the goal of engineering 

a surface with intermediate binding strength that can facilitate a high particle activity.27,28 However 

broadly speaking, as particle composition becomes more complex, the relationship between its 

structure and properties becomes more difficult to predict as well. One example is the ammonia 

synthesis catalyst based on Fe particles, which often incorporates alkali metal promoters and a 

metal oxide support.12 The complex interplay between these components has given rise to many 

fundamental studies to explain why this material performs so well, such as: the d-band energy shift 

(with respect to the Fermi level, Figure 1.2C), strong-metal support interactions and the effects of 

the peripheral atoms close to the support, hydrogen spillover, and sinter-resistance from the 

support.29–32 Understanding these complex phenomena is highly challenging, and lends credence 

to the notion that rapid synthesis and testing may be a suitable means to short-circuit the decades 

of fundamental research necessary to explain a catalyst’s exceptional performance 

comprehensively.  
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Figure 1.2: Particle size, composition and structure dictate reactivity. A) One feature that 
describes the particle size-dependence is the increasing ratio of surface to bulk atoms. B) A 
characteristic volcano plot describes the scaling relation between metal-adsorbate bond strength 
and reactivity, implying a maxima in activity at intermediate binding strength. C) Two component 
particle systems and some resultant structural motifs, each with unique effects on particle surface 
chemistry. Adapted from refs:26,33 

1.3 Conventional Synthesis of Nanoparticles 

The methods used to synthesize particles by researchers in the lab varies significantly from 

those used in industry.4,32 In the nanoparticle synthesis research field, wet-chemistry approaches 

dominate, and enable access to exceptional improvements in particle size-control,34,35 shape-

control,28,36 and composition control.37–40 Solution phase nanoparticle synthesis typically relies 

upon three components: a metal precursor (i.e.HAuCl4), a reducing agent (often NaBH4, ascorbic 

acid, or hydrazine), and a stabilizing ligand (citrate, alkyl thiol, or more common recently 

cetyltrimethylammonium bromide (CTAB)).41 Typically, the metal precursor is dissolved in an 

aqueous medium, and a reducing agent is incorporated either in the aqueous phase, or in a 

vigorously mixed organic phase with the help of a metal precursor phase-transfer catalyst (such as 
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tetraoctylammonium bromide (TOAB)).41 Subsequent reduction results in nucleated metal 

particles which grow until an equilibrium size in which their surfaces are saturated with the 

stabilizing ligand, preventing further aggregation (Figure 1.3). The ligand stabilizer can operate 

either by electrostatic repulsion in the case of ionic surfactants such as CTA+ + Br-, or by steric 

hindrance with nonionic surfactants such as polyethylene glycol (PEG).41 Based on these 

techniques, nanoparticles of most catalytically active transition metals have been synthesized, 

including but not limited to: Pt, Pd, Rh, Ru, Co, Ni, Fe, Au, etc.32  

 

Figure 1.3: A) Schematic illustration of the mechanism of colloidal nanoparticle synthesis per 
the LaMer theory. Precursor salts are reduced and can result in single-crystal or polycrystalline 

particles depending on the subsequent growth mechanism. B) The free energy diagram describes 
the balance of bulk and surface free energies, the sum of which describe a critical nucleus over 

which nucleation is favored. Adapted from ref: 42 

Further, synthesis of alloys of these metals has similarly proceeded, by the co-precipitation 

technique, in which chemical reduction occurs either in tandem or in sequence.41 For example, 

monodisperse 8 nm Co-Ni and Fe-Pt alloy nanoparticles have been demonstrated, and their 

crystallinity explored, representing a small fraction of the available catalytic composition space. 43 

thermal decomposition or ‘thermolysis’, seed-mediated growth, or galvanic exchange. 

Thermolysis relies upon thermal decomposition of organometallic precursors, and controlled 

growth of the resultant particles.41 An improved modularity can arise by utilizing bimetallic 

organometallic precursors, as demonstrated in various iterations for FePt nanoparticles from 

Fe3Pt3(CO)15 for example, eliminating the need for extensive tuning of the reaction mixture.44–46 
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Seed-mediated growths consist of controlled nucleation of a single nanoparticle population, 

followed by either a) complete overgrowth, b) selective/facet-dependent growth or c) 

interpenetration of the second material.47 This can give rise to core-shell, janus type, or 

alloy/intermetallic nanoparticles respectively. Yang and coworkers demonstrated an early iteration 

of this procedure to form core-shell nanoparticles of cubes, cuboctahedra, and octahedra.48 These 

structures are catalytically fascinating in their own right, as the Xia group amongst others 

discovered that core-shell strain effects, as well as a large high-index facet density improves 

catalytic activity.36,49,50 Finally, galvanic exchange is a powerful technique towards synthesizing a 

variety of structures inaccessible via conventional means, especially with respect to semiconductor 

nanoparticles.51 The Schaak group in particular has demonstrated the power of these techniques to 

form a library of heterostructure nanoparticles of astounding complexity.52,53 In this case, they rely 

upon cation exchange reactions, which are governed by solvation energy and Lewis acid-base 

interactions. By operating partial exchange reactions, only a fraction of the cations are replaced, 

resulting in a phase-segregated heterostructure of various metal sulfides. This can be repeated 

sequentially in assorted exchange solutions to prepare heterostructures of increasing complexity, 

with each exchange denoted by a generation number (i.e. first generation, ‘G-1’ was CuS) (Figure 

1.4). This synthesis procedure offers significant improvements in modularity, as the newly 

exchanged cation occupies the position adjacent to the previously exchanged region, and 

hierarchical structures can be formed. However, this process is typically suited to forming custom 

heterostructures as opposed to alloy particles, as well as being focused on traditionally catalytically 

inactive materials. Finally, the high-temperature stability of the structures formed remains 

uninvestigated; multi-interfacial structures are known however to be severely kinetically trapped, 

implying use of these exciting structures under harsh reaction conditions would likely be difficult. 
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Figure 1.4: Synthetic pathways to 16,380 distinct G-3 through G-8 nanorods. Reaction diagram 
showing the pathways by which G-1 Cu1.8S nanorods can be transformed to 3 distinct G-2 
ZnS/Cu1.8S derivatives, which can subsequently be transformed into assorted higher generation 
nanorods through various combinations of Zn2+, In3+, Ga3+, Co2+, and/or Cd2+ cation-exchange 
steps. STEM–EDS element maps, are shown for 28 of the 16,380 possible G-3 through G-8 
members of this family. Drawings indicate the additional accessible G-4 nanorods, as well as 
pathways to selected G-5, G-6, G-7, and G-8 nanorods. STEM-EDS signals from the Cu Ka, Zn 
Ka, In La, Ga Ka, Co Ka, and Cd La lines are shown in red, green, yellow, teal, purple, and blue, 
respectively. Adapted from ref: 53 

As described previously, although the particles synthesized in this manner have exceptional 

control over reaction outcome and dispersity, they are often less stable under harsh reaction 

conditions, they are difficult to scale, and the surfaces are often covered with stabilizing ligands 

which ensure the particles are stable as a colloid, but also block the active sites for downstream 

catalysis.  

In contrast, in industry, synthesis procedures such as incipient wetness impregnation,  spray 

pyrolysis, and bulk machining11,54 are common, that sacrifice fine-control over structure, in 

exchange for a particle product distribution which is robust and unlikely to change significantly 

during reaction conditions (perhaps after including an ‘activating’ calcination step for example). 
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This is reasonable, as an intermediate catalyst with long-term stability may often be preferrable to 

the processing steps associated with regenerating a high-performing catalyst more regularly.4 The 

challenges therein, however, include the difficulty of understanding the evolution of the ensemble 

catalytic properties, as each particle and the active sites on its surface are unique. Further, while 

simple active sites are preferred in industry, it stands to reason that much of the fundamental 

research obtained on model complex particle catalysts may be translatable to industry. The 

question is: how? 

 

1.4 Nanoreactor Templated Nanoparticle Synthesis 

Nanoreactors are small reaction vessels with maximum dimensions in the nanometer range 

(sub-1-µm dimensions, yoctolitre to femtolitre volumes (10−24–10−15 l)). They allow chemical 

reactions to occur within them while isolated from the surrounding environment and they can be 

used either to achieve large-scale chemical transformations or to template the synthesis of complex 

nanoparticles.55  Nanoreactors have emerged as exceptional alternatives to traditional methods of 

synthesizing nanoparticles,14 because their confined volumes provide an isolated space for particle 

nucleation and growth (Figure 1.5), where the morphology and chemical contents of the reactor 

and its subsequent processing dictate the final particle structure.  
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Figure 1.5: A) Helmholtz free energy as a function of cluster size, ΔN, depicting a high 
magnification plot of the leftmost region in 3B (small cluster sizes). This plot shows the nucleation 
barrier, and critical nucleus size below which particle nucleation is impossible. B) Low 
magnification (larger cluster sizes) plot of the free energy as a function of crystallite size. The 
minima in free energy represents the equilibrium cluster size, however in confined systems the 
total mass of the crystallizing phase may be completely depleted before achieving the equilibrium 
size. The various lines represent different nucleation theories (classical, modified etc.), but remain 
qualitatively similar. Adapted from ref:56 

Indeed, although the ways of forming and modifying the reactors vary significantly, the 

unifying theme is that the nanoreactor size, shape, chemical content and position can dictate these 

same characteristics in the product particle (Figure 1.6). Compared with bulk solution-phase 

syntheses, nanoreactor techniques are more easily generalized to the preparation of novel materials 
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using new precursors because they do not rely upon dynamic reduction and highly material-

specific ligand adsorption processes to control particle architecture.42 

An additional advantage of the nanoreactor approach is that if high temperature 

annealing/calcination is involved in the synthesis process, subsequent heat-treatment required 

during reaction operation would be less likely to result in particle sintering, as the particles have 

likely already adopted their Wulff/Winterbottom-defined equilibrium configuration.57 Utilizing 

nanoreactors to template nanoparticle synthesis is a well-studied area, with extensive research on 

Figure 1.6: Example nanoreactor techniques used to overcome common synthetic challenges in 
attaining certain nanoparticle structural characteristics. Using nanoreactors, particles can be 

prepared for a variety of applications, spanning plasmonics, catalysis, magnetics and 
therapeutics. Adapted from ref:13 
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dendrimer/molecular templates,58,59 block-copolymer templates,60–62 and even physically defined 

templates.63–65 Nanoreactor templates can be classified into solution-based reactors, where the 

template and reaction occur in a colloidal solution, and substrate-defined where the reactor is 

isolated on a surface. Some excellent examples of solution-based reactors include molecular cages 

and dendrimers (Figure 1.7), while some examples of surface-defined reactors include 3D porous 

media templates and micelle nanolithography defined reactors (Figure 1.8). 

 

Figure 1.7: A) An organic molecular cage approach to synthesize gold nanoparticles, with binding 
moieties along the interior of the cage. TOAB is a phase-transfer catalyst mediating the two-phase 
liquid-liquid particle synthesis.66 B) A dendrimer template approach containing phenylazomethine 
moieties which maintain an intramolecular potential gradient for step-wise complexation of metal 
salts from the inner sites to the outer. Adapted from refs: 66,67 

 

 

Figure 1.8: A) Left: Schematic of the use of anodic aluminum oxide to template nanoparticle 
synthesis. Right: Photoreduction-based synthesis of Pt nanoparticles within mesoporous silica. 
B) Dip-coating of a substrate into a micelle-containing solution with metal precursors loaded 

within enables formation of a micelle monolayer with a characteristic quasi-hexagonal pattern. 
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Subsequent reduction yields individual nanoparticles within each micelle nanoreactor. Adapted 
from ref:13 

In 2010, the Mirkin group demonstrated the deposition of small volumes of a polymer mixed 

with a particle precursor upon a surface via an Atomic-Force Microscope (AFM) tip, called 

Scanning Probe Block Copolymer Lithography (SPBCL).68 This technique provides many 

significant advantages over several nanoreactor generation techniques previously explored. 

Specifically, the particles are extremely stable to fairly high temperatures due to extensive 

annealing,69 the particle composition reflects the nanoreactor composition—enabling modular 

synthesis of multimetallic particles in any stoichiometric ratio,70–72 and the site-isolated particles 

enable facile assignment of processing, structure, property relationships especially with regards to 

catalysis.73–75 As a scientific tool, this technique has borne great dividends (Figure 1.9), however 

the small scale of the synthesis makes heterogenous catalysis experiments extremely difficult due 

to low total product concentrations (for example in the reaction effluent stream as measured by 

GC-MS). In order to address this challenge, novel nanoreactor generation techniques are required 

to extend the advantages of SPBCL to systems of sufficient particle density to produce a 

quantifiable reaction output. 
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Figure 1.9: Atomic force microscopy tip-directed droplet deposition generates a block 
copolymer ink droplet loaded with metal precursors. A) The template confinement ensures that 
reductive annealing yields confined particle nuclei, which, upon further growth, yield a single 

multicomponent nanoparticle per droplet. B) Building from the work in ref71, a seven-component 
combinatorial library was developed, demonstrating the complex phase behaviour of immiscible 

metals during single-particle formation. C) A megalibrary of nanoparticles (1 million unique 
compositions) was synthesized upon a surface consisting of pre-prepared micropillars by 

scanning probe block copolymer lithography. Gradients of metal precursor concentration were 
prepared by overlapping spray profiles of multiple precursor inks upon polymer pen scanning 

probes and a size gradient is produced by offsetting the spraying nozzles towards one edge of the 
pen array (left). The nanoparticles were screened as carbon nanotube growth catalysts by laser 

heating, which enables localized nanotube growth on an individual pillar, and simultaneous 
Raman spectroscopy of the nanotubes. Screening of AuCu alloys for carbon nanotube growth 

catalysts indicated Au3Cu as a promising composition. Gmax refers to height of the G stretch in 
the Raman spectra, associated with graphitic carbon (right). Adapted from refs: 70–72,74  

With this backdrop in mind, some of the questions that this research seeks to address are: 1) 

To what degree can the concept of confined block-copolymer inks as nanoreactors be 

generalized? 2) Which experimental factors control the nucleation and growth of nanoparticles in 

a confined volume? 3) How can these experimental variables be tuned to dicate the number and 
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composition of nanoparticles within the nanoreactor? 4) Can these particles be synthesized in a 

density and size/composition so as to be catalytically relevant?    
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CHAPTER TWO 

Massively Parallel Nanoparticle Growth within Anisotropic Nanoreactors 

Portions of this chapter are based on work published in: ACS Nano 2019, 13 (11), 12408–12414. 

Copyright 2019 American Chemical Society.  
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2.1 Introduction 

The key advantage of nanoreactor based particle synthesis, as compared to traditional 

solution phase syntheses, is facile control over size and composition of the resulting particle, 

without the need to tune reduction kinetics, solvent compatibility, or precursor addition order and 

speed of introduction. However, key challenges for synthesizing with nanoreactors pertain to low 

throughput and control over resulting particle position. SPBCL68,69 involves dissolution of particle 

precursors in a block copolymer ink, which upon tip-directed printing onto a surface yields 

hemispherical dome-shaped nanoreactors that template subsequent nanoparticle formation.70 Since 

nanoparticle composition reflects the nanoreactor composition, dissolving multiple precursors in 

the ink solution enables high yield synthesis of single particles with as many as seven different 

elements.72 When combined with large area cantilever-free scanning probe lithography methods,76 

SPBCL, has also been used to produce megalibraries consisting of millions of particles of varied 

composition on a single substrate.74 These libraries have enabled promising insights into 

polyelemental nanoparticle phase segregation,71 heterostructure engineering,72 and multimetallic 

catalysis.70,73,74  

While extremely useful, such techniques still require the use of scanning probe tools to 

fabricate the reactors and synthesize the particles that make up said libraries, limiting scale and 

throughput. Thus far, SPBCL has been utilized to synthesize a large material library of metals, 

metal oxides, and one semiconductor exclusively from water stable salts.71,72,75,77 Herein, we report 

a method that aims to address these challenges by combining the concepts of reactors based upon 

nanoholes, and block copolymer inks pre-loaded with particle precursors. In doing so, we have 

developed a high-throughput synthetic method that can be utilized with water-sensitive precursors. 

In addition, we report that the use of pyramidal reactors, as opposed to cylindrical holes, not only 
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allows one to control particle size and composition, but also the placement of such particles with 

sub-5 nm resolution, Figure 2.1A.  

2.2 Principle of Precursor Deposition within an Anisotropic Nanohole Template 

In a typical SPBCL process,78 metal salts are tightly confined in a hemispherical dome-shaped 

polymer droplet in order to force all precursors within to coarsen into a single particle. If the 

polymer droplet is above a certain critical size (>450 nm diameter for the systems studied thus 

far),68,70 the precursor confinement effect is incomplete, and more than one particle forms within 

the polymer reactor. This is a hallmark of an Ostwald ripening process, as the driving force for 

particles re-dissolving into the matrix decreases significantly as the particle size increases.79 When 

multiple particles grow unconfined in a large polymer volume, they typically exhibit a large 

distribution in size and, in the case of multimetallics, composition, eliminating a key advantage of 

nanoreactor templated syntheses. Thus, isolation of polymer droplets in small nanoreactors is key 

to ensuring complete aggregation of metal precursors, which in turn results in a small distribution 

in size and composition. Therefore, we hypothesized that in a nanohole templated synthesis, 

distributing small, isolated polymer droplets in each nanohole will inhibit transport of atoms from 

one hole to another. This morphology will minimize hole-to-hole interference and result in the 

desired single particle per nanohole scenario. We further hypothesized that this morphology could 

be achieved by altering the surface contact angle of the nanoholes using a nonpolar self-assembled 

monolayer which induces polymer dewetting.80 

Silicon nanohole templates were prepared in a three-step process. First, photoresist was 

patterned into a square array of posts by solvent-assisted nanoscale embossing (SANE).81 The 

uncoated areas eventually become a hard mask to resist silicon etching. Second, chromium was 

deposited onto the patterned substrate by thermal evaporation with subsequent liftoff in acetone. 
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This results in a pattern consisting of Cr features and exposed silicon. Finally, wet-etching of the 

silicon with aqueous KOH and subsequent Cr removal using a nitric-acid-based commercial Cr 

etchant yields the desired array of nanoholes, Figure 2.1B, C. In this proof-of-concept 

demonstration, the pyramidal holes were designed to have an array spacing a0 = 400 nm and exhibit 

an edge length d ≈ 200 nm.  

 

Figure 2.1: Tip directed nanoparticle synthesis. A) Scheme depicting the stages of nanoparticle 
synthesis in nanoholes. Polymer ink loaded with metal salt dewets into the nanoreactor followed 

by annealing. The tip of the nanohole directs the final particle position. B) Scanning electron 
microscope (SEM) and C) atomic force microscope (AFM) images of empty nanoholes. The 

width of the nanohole is approximately 200 nm, and its height is ~175 nm. The AFM linescan 
image is a zoomed-in region of the 150 nm length section over the apex of the pyramid. Scale 

bars are 500 nm, insets are 200 nm. 

Prior to use, the arrays were treated with O2 plasma and modified with various adsorbates with 

non-polar tails, to alter the polymer wetting properties. The wetting properties of the nanohole 

array are important in the context of the nanoparticle synthesis. As ethanol is the polymer solvent 

of choice, we systematically varied the surface chemistry, and investigated the effect on ethanol 

wetting properties and polymer morphology after spin-coating. 

2.3 Surface Energy-Dependent Dewetting to Induce Selective Precursor Deposition 
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An unmodified nanohole substrate has an ethanol contact angle of 0° (Figure 2.2), which 

favors complete wetting of the poly(ethylene oxide)-block-poly(2-vinyl pyridine) (PEO-b-P2VP) 

copolymer material, Figure 2.3A (i,ii). The low brightness and poorly defined nanohole edges in 

the SEM are indicative of a thin film coating the silicon surface. Furthermore, an AFM line-scan 

shows that the polymer residue leaves a concave morphology over the nanohole, implying strong 

polymer wetting, which results in minimal dewetting at the nanohole edges.82 This is detrimental 

to controlled particle synthesis. Indeed, when the polymer solution was loaded with HAuCl4, prior 

to spin-coating, and then thermally annealed in a H2 atmosphere, nanoparticles (79 ± 35 nm) form 

in random locations all over the surface as opposed to within the nanoreactors, Figure 2.3A (iii). 

In this experiment, the continuous polymer film prevents the desired isolated and locally controlled 

synthesis of nanoparticles in the reactors. 

 

Figure 2.2: Measured contact angle as a function of surface treatment, along with chemical 
structure. Plasma treated, OTS (alkylsilane)-treated, and FOTS (fluorosilane)-treated silicon 

wafers. 
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Figure 2.3: A) i) Polymer morphology in SEM and ii) AFM of low contact angle substrates 
loaded with polymer. AFM linescan images are all zoomed in to 150 nm length sections at the 
apex of the pyramid to clearly see the polymer features. Subsequent annealing yields iii), iv) 

large particles due to coarsening between wells. B) i), ii) Intermediate contact angle substrates 
via alkylsilane surface treatment yields isolated polymer in each well. Subsequent annealing 

results in iii), iv) single nanoparticles in each well. C) i), ii) High contact angle substrates induce 
complete dewetting and no residual polymer remains on the wafer. iii), iv) No nanoparticles are 

visible after annealing. Scale bars are 500 nm and insets are 200 nm. 

  

Spin-coating on a nanohole substrate with an alkylsilane-modified surface with an 

intermediate ethanol contact angle of 24° (Figure 2.2) yields dramatically different polymer 

wetting behavior, Figure 2.3B (i, ii). In this case, individual polymer droplets can be clearly seen 

in each nanohole, as regions of decreased brightness at the apex of the pyramid. In general, ethanol 

contact angles in the range of 22−35° were measured after coupling with this nonpolar alkylsilane, 

and all result in similar polymer morphologies. In addition, the AFM line-scan reveals that the 

nanoholes, post polymer deposition, exhibit a truncated pyramid shape, a consequence of the 

polymer filling the tip of the hole (compare the line-scan in Figure 2.3B (ii) with Figure 2.1C). 

By measuring the average nanohole volume before and after adding polymer, we measured a 
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decrease in nanohole volume of 30 ± 10%. We thus report an average polymer nanoreactor volume 

of 433 zeptoliters trapped in each nanohole. By comparison with previous reports,82,83 this polymer 

morphology is a result of a low adhesion force between the polymer and silicon, causing most 

polymer to spin off the surface. However, polymer residues within the nanoholes are trapped due 

to an inadequate force necessary to exit the nanohole. This results in the desired discontinuous 

polymer droplet morphology, with polymer isolated within each nanoreactor, Figure 2.3B (iii). 

Upon thermal annealing under H2, single gold nanoparticles form in each reactor across the entire 

array. Nanoholes were imaged from all corners of the substrate (Figure 2.4), and successful 

nanoparticle synthesis was reproducible on more than 50 arrays. Each array yields approximately 

6 million isolated polymer nanoreactors in parallel during a 1-minute spin-coating step. 
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Figure 2.4: A) SEM images of the four corners of the nanohole substrate after annealing. 
Nanoparticles are formed via the template in massively parallel manner. B) Optical image of a 

typical wafer with diffraction pattern arising from the square pyramidal array. C) Low 
magnification image and observed yield of individual particles per nanoreactor. D) Single 

nanoparticles still form even in irregularly shaped nanoreactors, demonstrating defect tolerance. 
SEM scale bars are 500 nm and insets are 200 nm. 

 

 Further increasing the ethanol contact angle of the nanoreactor array to approximately 50° 

(Figure 2.2) with a fluorosilane-modified surface completely impedes polymer trapping, and upon 

annealing, no nanoparticles form, Figure 2.3C. The AFM line-scan shows that the sharp tip of the 

nanoreactor remains even after polymer spin-coating, indicating complete spin-off of the polymer. 

This result is as anticipated, as fluoroalkyl molecule-modified substrates tend to have extremely 

low adhesion force to polymers.82 
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2.4 Generalized Synthesis of Inorganic Nanoparticles within Nanohole Templates 

By successfully realizing a nanoreactor templated synthesis in pre-patterned silicon 

substrates, generalization to directed particle synthesis from varied water sensitive salts becomes 

possible. To demonstrate this generality, nanoparticles from various salt precursors were 

synthesized, including semiconductor and metal precursors such as GeCl4, SeCl4, and Ta(EtOH)2, 

that are known to hydrolyze upon contact with water,84–86 but are stable in ethanol. It is important 

to note that in the absence of metal salt, nanoparticles do not form, Figure 2.5A. In addition to Au 

nanoparticles, Ag, Cu, Co, Ni, Ge, Se, and Ta particles were formed in analogous fashion from the 

appropriate salts dissolved in the ethanol polymer solution, via the same two-step reductive 

annealing process. This annealing process is crucial to forming individual nanoparticles, as 

previous SPBCL studies have shown that on average 3-4 particles form per nanoreactor for 

annealing times less than 1 hour, and that particle coarsening continues until at least 12 h have 

elapsed at 500 °C in H2.78  

 

Figure 2.5: A) Material general synthesis of single-element nanoparticles. Initial controls of an 
empty nanohole annealed without polymer, and a nanohole with polymer but no metal salt 

loading. Bright features arise in the SEM due to nanoparticle synthesis directed to the tip. Water 
stable (green outline) and water sensitive (blue outline) salts are utilized. B) Size control 

experiments with gold salt to vinyl pyridine loading ratio between 1:4 and 1:0.5. Mean Au NP 
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Sizes are 7.4 ± 1.2 nm, 11.8 ± 1.4 nm, 18 ± 2 nm, 22 ± 3 nm, 27 ± 3 nm. N = 30 particles for 
each size, and correlation coefficient R2 for best fit line is 0.98. Scale bars are 200 nm. 

Prior studies correlating contact angle with electron energy loss spectra have shown that after 

coupling, the octadecyltrichlorosilane may be cleaved along the carbon backbone at these 

temperatures, but the siloxane head group remains intact at temperatures below 800 °C.87 

 

Au, Ag, and Se exist in the reduced state (Figure 2.6). On the other hand, Cu, Co, Ni, Ge, and 

Ta exist, at least, as partial oxides. Since XPS is a highly surface sensitive technique, it is difficult 

to determine if oxide formation is a consequence of air exposure or beam damage.88,89 In all cases, 

nanoparticle size can be altered by simply changing the precursor concentration in the initial ink, 

shown for gold with size tunability in the 7 to 30 nm range, Figure 2.5B. While the diameter of 

the particle has a cube-root dependence on precursor loading, a linear fit was used for simplicity 

over the size range selected. We found that significantly higher metal loadings (greater than 15 

Figure 2.6: X-ray photoelectron spectra confirm presence of the anticipated materials after heat 
treatment. Samples were prepared by depositing the polymer precursor ink solution onto a flat 
silicon wafer, and subsequent high temperature annealing. Peak position and number of peaks 
provide oxidation state identification via Thermo-Fischer ESCALAB peak-fitting procedure. 
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mg/mL of gold precursor for example) approach the solubility limit in the polymer ink, and thus 

were not explored further. Slightly higher metal loading was used for materials with a low contrast 

in order to improve visibility (metal:pyridine ratios of 1:1 were used for Au, Ag, Se, and 2:1 for 

the other materials). Despite some intermediate variability between materials (also potentially due 

to oxide penetration) the variability on a single substrate is typically low, as evidenced by the 

consistency in particle diameter measured via SEM, Figure 2.4 and Figure 2.5B (note error bars). 

2.5 Nanoreactor Anisotropy Encodes a Preferred Particle Nucleation and Growth Site 

Finally, it was hypothesized that anisotropic pyramidal nanoholes will direct the nanoparticle 

formation position to the apex of the tip. In order to investigate the importance of nanoreactor 

anisotropy, an array of cylindrically shaped nanoholes was generated for comparison by deep 

reactive ion etching (DRIE) into the silicon, as a replacement to the anisotropic KOH silicon 

etching step. This yields holes with comparable feature sizes and identical periodicities, but each 

hole has an isotropic cylinder shape, as opposed to the anisotropic pyramidal shape previously 

discussed. By using the alkylsilane surface treatment, followed by Au precursor ink deposition and 

annealing, nanoparticles similarly form in these isotropic holes. Figure 2.7A, B schematically 

depict the observed variance in particle position between anisotropic and isotropic nanoholes 

respectively. Figure 2.7C shows that both pyramidal and cylindrical nanoholes have an average 

interparticle distance in the array of ~400 nm. However, while the anisotropic square pyramids 

have a sharp gaussian distribution, with a standard deviation of ± 3 nm around the mean, isotropic 

cylindrical nanoholes have an order of magnitude larger standard deviation, at ± 40 nm. For the 

anisotropic pyramidal nanoreactor, nanoparticles form consistently at the apex of the pyramid, 

typically overlapping with the reactor center, Figure 2.7D, whereas isotropic cylindrical 

nanoreactors yield particles all around the reactor periphery, even on the reactor edges. This 
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variation in final particle position for isotropic nanoreactors is in agreement with previously 

reported results,64 and leads to the aforementioned large standard deviation in the interparticle 

distance plot. 

 

Figure 2.7: A) Anisotropic nanoreactor cross section scheme and observed final position. B) 
Isotropic nanoreactor cross section scheme and observed nanoparticle position. C) Histogram of 
interparticle distance for square pyramid (anisotropic) and cylindrical (isotropic) nanoholes in 
nm. D) Position map for the distance between nanoparticle center and reactor center. Average 

nanoparticle size (11 nm) provided for comparison. Scale bars are 100 nm. 

The reason we observe an order of magnitude improvement in precision of nanoparticle 

position can be understood by analogy with experiments on solid-state dewetting of evaporated 

thin films on square pyramidal holes. In previously reported work,90 the strong dependence of the 

local excess chemical potential, 𝛥µ, on the substrate curvature, 𝜅 has been exploited to create 

microparticle arrays. This can be understood with reference to the Gibbs-Thomson equation; 𝛥µ =

𝜅𝛾𝛺, where 𝜅 is the curvature, 𝛾 is the interfacial energy, and 𝛺 the atomic volume. In that work, 

the authors argue that the curvature, and proportionally the chemical potential, decrease with depth 

inside a pyramid, approaching negative infinity at the tip. This induces a diffusional flux of atoms 

from high chemical potential to low, per Fick’s law. We propose that similarly in our system, 

during reductive annealing, atoms become mobile and experience curvature-induced diffusion 

through the polymer solution towards the apex of the pyramid. A local supersaturation of neutral 

atoms consequently arises at the tip, resulting in early nucleation of super-critical radii 
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nanoparticles. Subsequently, particle coarsening provides an additional source of diffusional flux 

towards the single largest apex-nucleated particle. The proposed mechanism suggests that 

substrate geometry is the dominant force directing the initial nucleation site of the nanoparticles; 

thus, regardless of material type, all nanoparticles should form at the pyramid tip, which is in 

agreement with our results.  

This proposed mechanism gives significant insight into the observed particle position maps 

for other nanoreactor shapes as well, including cylindrical or even hemispherical SPBCL 

nanoreactors. The cylindrical nanoreactor is isotropic, as the curvature does not vary with depth of 

the reactor. However, this shape contains sharp 90° corners, implying that primary nucleation and 

growth should preferentially occur along the reactor periphery, where the curvature deviates from 

0. This explains the observation that nanoparticles typically form at the edges of the reactor, as 

opposed to the center, and due to the circular isotropy, particles form in a variety of polar angles. 

This makes it difficult to achieve a uniform interparticle distance in the array. In contrast with 

SPBCL, a hemispherical nanoreactor is formed on a horizontal substrate, implying the curvature, 

and equivalently local excess chemical potential, are 0 throughout the nanoreactor. Upon 

annealing, supercritical radii particles form with no directing force, either radially or in polar angle. 

After coarsening, this yields a single particle without position control within the nanoreactor 

(Figure 2.8). 
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Figure 2.8: Position map of particles formed on horizontal substrates via scanning probe block 
copolymer lithography. 60 nanoparticles were formed from hemispherical 500 nm diameter 

nanoreactors on a flat substrate and their positions were overlaid. 

 

2.6 Experimental Methods 

Experimental/Methods 

Nanohole Generation Process. Cr thin film patterns for nanohole synthesis were formed by 

SANE, thermal evaporation, and liftoff.81,91 The result is a thin film of 8 nm Cr on Si, with holes 

in the film exposing bare Si. The regions of the wafer without Cr defined the nanohole. Next, the 

wafer was etched in potassium hydroxide (KOH) (Sigma Aldrich, 90% semiconductor grade) to 

generate anisotropic square pyramids, as the KOH etchant preferentially etches along the silicon 

<100> axis. A 1.5 M solution of KOH was prepared (200 mL) and heated to 70 °C, while 40 mL 

of isopropanol (Sigma Aldrich) was added when the solution was at 60 °C. The wafers were etched 

in this solution for 90 s, before removing and immersing in a water bath. Next the wafer was 

exposed to an air plasma at 200 mTorr and 30W (Plasma etch Inc. PE-50) for 2 mins to improve 
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the Cr etchant wetting of the surface. Finally, the Cr layer was etched for 45 mins in Chromium 

Etchant 1020 (Transene electronic chemicals) at ~60 °C, leaving pyramidal nanoholes in silicon, 

which were characterized by scanning electron microscopy (Hitachi SU-8030). Cylindrical 

nanoholes were formed via deep reactive ion etching using literature methods.63,64 

Nanohole Surface Treatment. High surface energy nanoholes with low contact angle were 

formed by plasma treating the nanohole substrate immediately prior to deposition of the polymer-

metal salt blend. Again, a 2 min, 30W process was used. This exposes free silanol groups which 

ensure complete wetting of the surface, where the ethanol contact angle was confirmed using a 

contact angle goniometer (Rame-Hart Instruments), as depicted in Figure 2.2.  

An intermediate contact angle was obtained using a process similar to previously reported 

methods, in search of the so called ‘bread-loaf’ morphology, of polymer dewetting.82 The modified 

process proceeds by first plasma treating the bare silicon nanoholes (2 min, 30 W) to expose 

reactive silanol groups crucial for silane coupling. The wafers were then incubated in a solution of 

the alkyl-silane octadecyltrichlorosilane (OTS, Sigma-Aldrich) in a volume ratio of 1:2 with 

solvent, which was a mixture of n-hexadecane and chloroform (both Sigma-Aldrich), in a 7:3 

volume ratio. After incubating for 15 minutes and subsequent rinsing in chloroform, the ethanol 

contact angle was measured. As the OTS solution undergoes hydrolysis when exposed to trace 

ambient water, the purchased vial was stored in an Ar glovebox. However, as the solution ages, 

longer incubation times (30 to 45 min) can compensate to ensure a comparable ethanol contact 

angle, and qualitative de-wetting phenomenon. Results are shown in Figure 2.2. 

Extremely high ethanol contact angles were achieved by deposition of a highly nonpolar 

silane, Trichloro (1H,1H,2H,2H-perfluorooctyl)silane (FOTS, Sigma Aldrich). The silicon surface 

was plasma treated as described above, and then placed in a glass beaker, alongside a small vial 
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containing the neat FOTS solution and covered. The beaker was set on a hot plate to a temperature 

of 100 °C for 15 min to increase the vapor pressure of the silane, thermally evaporating on the 

adjacent wafer. Contact angle measurements were again performed, as in Figure 2.2.  

Polymer Nanoreactor Generation. The prepared nanoholes were then used as substrates, upon 

which a polymer loaded with various metal salts in ethanol (Sigma Aldrich) was spin-coated. 

Ethanol was chosen as the polymer solvent because: 1) several hydrolyzable metal and 

semiconductor salts are soluble and stable in it, 2) it has a lower surface tension, and 3) higher 

vapor pressure than water, features all crucial for polymer dewetting.82 The polymer was 

poly(ethylene oxide)-block-poly(2-vinyl pyridine) (PEO-b-P2VP, Polymer Source, PDI 1.15) in a 

molecular weight ratio of 2300:1500, respectively. The metal salts used were HAuCl4•3H2O, 

AgNO3, Cu(NO3)2•2.5H2O, Ni(NO3)2•6H2O, Co(NO3)2•6H2O, GeCl4, SeCl4, and (CH3CH2O)5Ta 

(all Sigma Aldrich, 99.98% trace metals basis or higher.) A typical solution was prepared by 

dissolving 5 mg/mL of polymer in ethanol, followed by addition of acid (HCl for chloride salts, or 

HNO3 for nitrate salts) to decrease the pH to 1, which improves coordination between metal salts 

and the P2VP unit, as well as the solubility of the metal salts. It was observed that in the case of 

gold, for example, high acid concentration (~1.5 M final concentration of HCl) was crucial to 

prevent the formation of micelles, which turned the solution turbid and unusable. Metal or 

semiconductor salt precursors were added to the acidic polymer solution, as this enabled metal to 

P2VP ratios as high as 2 to 1, or as low as 1 to 16, depending on the desired final size. Larger sizes 

were favored for particles with low SEM contrast, to improve visibility. In summary, 

metal:pyridine ratios of 1:1 were used for Au, Ag, Se, and 2:1 for the other materials. Finally, the 

metal loaded polymer ink was used to completely coat the nanohole substrate, followed by spin 

coating at 3000 RPM for 1 min at 1500 RPMs ramp (Laurell Technologies Inc, WS-650Mz-
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23NPPB). If de-wetting was successful, the wafer should look identical to before spin-coating, 

with no polymer residue outside of the holes. Occasionally low areal density small 

droplets/residues (3-4 drops/cm2) remain due to incomplete self-assembled monolayer formation, 

but these regions may be cut and excluded as necessary. The polymer nanoreactor formation was 

confirmed by atomic force microscopy (Bruker, Dimension ICON).  

Heat Treatment. The polymer precursor-filled nanoholes were annealed in a H2 environment in 

two steps, as per previous reports on polymer-mediated synthesis.78 Briefly, the nanoholes were 

loaded into a quartz crystal tube furnace, and ramped to 150 °C in 15 min, then held for 12 h, 

followed by ramping to 500 °C in 1 h, and holding for 6 h. The furnace was allowed to cool to 

room temperature. 

Scanning Electron Microscopy. The nanoparticles were characterized by scanning electron 

microscopy (SEM) (Hitachi SU-8030), using an accelerating voltage of 5 kV, operating current of 

20 µA, and working distance of 2 mm. To avoid bias in the calculation of the interparticle distance, 

Fiji (distribution of ImageJ)92 was used to automate the process, using binary thresholding, and the 

find maxima function to evaluate the particle positions. The output nanoparticle positions in 

cartesian coordinates were subsequently run through a custom MATLAB script used to evaluate 

and plot interparticle distance.  

Atomic Force Microscopy. The nanoreactors were characterized by atomic force microscopy 

(AFM, Bruker, Dimension ICON), operating in standard tapping mode, with a 1 Hz scan rate, 512 

bits/line. Measurements on an empty nanohole, which had been treated with the silane of interest, 

was typically conducted in advance, to confirm that polymer features were not due to tip 

convolution or a damaged AFM tip. Once a reference surface was imaged, in which sharp 
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nanoholes were observed, the same AFM tip was used to study the polymer morphology on spin-

coated substrates. 

X-Ray Photoelectron Spectroscopy. Positive controls for nanoparticle formation were provided 

by X-Ray Photoelectron Spectroscopy (XPS, Thermo Scientific ESCALAB 250XI). The samples 

for XPS analysis were nanoparticles synthesized on flat wafers to increase the XPS signal. A 

standard XPS workflow was followed,89 with charge compensation enabled. The peaks were all 

shifted using the carbon 1s peak to calibrate the peak position and determine the oxidation state. 

Thermo-Fischer Avantage software was used to identify different chemical states. Nanoparticle 

confirmations are provided in Figure 2.6. 

2.7 Conclusions and Outlook 

This work is important for the following reasons. First, it shows how square pyramidal 

nanoholes in silicon serve as an excellent template for the precise deposition of polymer precursor 

and subsequent particle synthesis. Second, it introduces a straightforward way of controlling 

polymer morphology by altering surface wetting properties, which is crucial for eliminating 

interference between neighboring nanoreactors. Finally, the use of anisotropic nanoholes provides 

a materials general route to synthesizing nanoparticles with excellent position control (an order of 

magnitude improvement in precision over isotropic nanoreactors). Taken together, this work 

outlines a comprehensive strategy for materials chemists to quickly synthesize particle-based 

structures over large areas in a site-specific manner. Given the importance of nanoparticles in 

catalysis, the energy sciences, electronics, and optics, this methodology may become quite useful 

for studying and screening large libraries of structures for exceptional chemical and physical 

properties.  



57 
 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER THREE 

Polymer-enhanced Nanoparticle Growth within Hollow Silica Shell Nanoreactors 

Portions of this chapter are based on submitted work currently in revision.   
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3.1 Introduction 

Methods are needed to rationally design and synthesize nanoparticle products with specific 

sizes, shapes, and compositions because these features dictate their electrical,93–95 optical,96,97 or 

chemical32,38,98,99 properties, and thus their performance in downstream applications.50,100–102 

Nanoreactor-based strategies have emerged as a promising means to tune particle size,35,103–105 

composition67,106 and structure,72,75 in ways that exceed what is possible with traditional 

syntheses that depend on tailoring reduction kinetics and ligand chemistry.13,42 Nanoreactors 

operate by confining reactants within nanoscale volumes in order to deterministically drive 

complete conversion of reactants to particle products.  For example, scanning probe block 

copolymer lithography (SPBCL)-generated polymeric domes on surfaces have been extensively 

used as reactors for the synthesis of a wide variety of particle types,68,71,72,75,107 and then screened 

for properties of interest.70,73,74  With this methodology, many independent attoliter polymeric 

domes each confine the reactants for the synthesis of a single particle positionally encoded on a 

substrate of interest. Up to seven element particles have been synthesized to date,72 and libraries 

with a million different structures (so called “megalibraries”) have been generated in chip-based 

format and subsequently used as discovery tools.74  However, the scale-up of structures 

identified through such studies presents challenges.  

A promising solution-based nanoreactor strategy that involves the large-scale generation of 

particles of interest relies on pre-loading metal salts into hollow silica shells followed by 

reductive nanoparticle growth. This methodology yields a high degree of particle size control (2-

5 nm range),108 and the amorphous silica support material is stable at high temperatures (Tm ≈ 

2000 K), which prevents excessive particle sintering.30 However, at present, it is difficult to 

synthesize particles of uniform size and composition (with respect to the numbers and types of 
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elements).27,109–111  Indeed, processing conditions that favor particle coarsening often result in 

particle escape and sintering outside of the reactor, while conditions that do not favor coarsening 

result in polydisperse mixtures of particles that reflect the random fluctuations in their local 

chemical environments during synthesis.27,112  

Herein, taking inspiration from SPBCL, we postulated that a polymer matrix employed in the 

synthetic strategy involving hollow silica shell nanoreactors would enable the synthesis of larger 

and more uniform nanoparticles from metal ion reactants (compared to when hollow shells 

without polymer were used). The rationale was that the polymer matrix would serve to facilitate 

ion/atom diffusion at lower temperatures typically dominated by particles polydisperse in size. 

To test this hypothesis, water-in-oil microemulsion droplets were loaded with HAuCl4 and 

aqueous polymer, and silica shells were grown around them; then, reductive annealing was 

conducted in a tube furnace. Three different polymers, poly(ethylene oxide) (PEO), poly(acrylic 

acid) (PAA), and poly(ethylene oxide)-b-poly(2-vinylpyridine) (PEO-b-P2VP), were explored in 

this process; these polymers were chosen because they have varying interaction strengths with 

the metal salt and synthetic microemulsion environment. The highest yield of single gold 

nanoparticles within the nanoreactors was obtained when polyethylene oxide (PEO) was used; 

when polymer was not used, multiple particles were often observed in each nanoreactor. This 

result along with correlative electron microscopy indicates that the presence of a polymer matrix 

that facilitates diffusion of the reduced metal is important for producing the desired single 

particle products in this process.  

3.2 Incorporation of Polymer within Hollow Silica Shell Nanoreactors 
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Water-in-oil microemulsion droplets were loaded with metal salts and aqueous polymers to 

investigate the role of the polymer in the coarsening dynamics and single-particle yield within 

hollow silica shells. The microemulsion droplets were loaded with metal salts before silica shell 

growth to ensure precursor confinement, and prevent non-specific growth or particle growth 

within the shell itself.113  Briefly, the metal salt (HAuCl4) and the polymer were dissolved in 

water before being introduced to a vigorously stirred solution of the oil-phase solvent n-decane 

and two surfactants (Igepal CO-520 and n-hexanol) (Figure 3.1).  

 

Figure 3.1: Scheme showing the four stages in the synthesis process of gold nanoparticles within 
silica shells. 1) Metal salt and polymer molecules dissolved in water are dispersed in an oil-phase 
solvent stabilized by two surfactants. 2) Silane precursors are introduced, with a base catalyst to 

commence silica shell formation. 3) Warm water is used to remove surfactants and residual 
uncondensed silica. 4) Reductive thermal annealing is carried out in two stages in a tube furnace 

to promote the formation of single metal nanoparticles. 

3.3 Bulk Characterization of Nanoparticle Products 

This large molar volume solvent was selected rather than typical a cyclohexane microemulsion 

as this increases the equilibrium aqueous phase droplet diameter.114 This facilitates simpler 

characterization through electron microscopy of the resultant particles, but also increases the 

difficulty of achieving complete coarsening given the larger dimensions of the nanoreactor. Next, 

silane precursors were introduced along with ammonia hydroxide catalyst to form the silica 
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shells, and after three days of stirring, the shells were washed twice via centrifugation to remove 

residual surfactant, organic molecules, and residual silica within the cores. Finally, the shells 

were annealed in a reductive H2 environment, typically in two steps at 200 °C (below the 

decomposition temperature of the polymer) and 600 °C (above the decomposition temperature of 

the polymer) (Figure 3.2A). The lower temperature step facilitates nanoparticle nucleation and 

growth, while the higher temperature step facilitates further structural evolution analogous to that 

seen in the SPBCL-based system.69,115 PEO was utilized in this synthetic scheme because it is 

water soluble, facilitates particle diffusion,116 and is relatively residue-free after thermal 

annealing (> 99 % mass loss above 500 °C, Figure 3.2B,C), leaving the metal particle surface 

clean for further use. 

 

Figure 3.2: A) Two-step reductive annealing profile for nanoparticle growth within hollow silica 
shells. B) Thermogravimetric analysis showing weight vs. temperature for the three tested 

polymers. C) Derivatives of the TGA data show peaks in weight loss at certain temperatures for 
each polymer.  

The reaction products were imaged using scanning electron microscopy (SEM) and scanning 

transmission electron microscopy (STEM). Further, energy-dispersive x-ray spectroscopy (EDS) 

was used to map the chemical identities of the shell contents. Hollow spherical shells were 
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observed, with diameters (40 ± 6 nm) dictated by the microemulsion templating process (Figure 

3.3A); the low-contrast region within each shell observable in transmission or high-angle annular 

dark-field microscopy modes indicates that they are hollow (Figure 3.3A, 2B,i.). Higher 

contrast, smaller diameter (5.7 ± 0.7 nm) spheres were observed within the hollow shells that 

were comprised of gold metal (Figure 3.3B,ii.). The X-ray diffraction pattern of these structures 

matched that of FCC Au (i.e., powder diffraction files from the International Center for 

Diffraction Data (ICDD)) (Figure 3.3C); the amorphous silica only contributes a broad 

background to the diffraction pattern. UV-vis spectroscopy also revealed the presence of a 

plasmon absorption band centered at approximately 540 nm (characteristic of gold particles of 

this size) that was not present before annealing (Figure 3.3D).117 Finally, X-ray photoelectron 

spectroscopy was used to monitor the oxidation state of the gold before and after the reductive 

annealing steps (Figure 3.3E).  
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Figure 3.3: Characterization of the Au metal salt-PEO ink incorporated within hollow silica 
shells (HSS). A) A SEM image of the external surfaces of the silica shells, and B) i) a STEM 
image and ii) elemental map of gold particles isolated within silica shells. C) XRD data and 

literature powder diffraction pattern showing the presence of FCC gold in the annealed samples. 
D) UV-vis data shows the emergence of the LSPR band that is characteristic of Au nanoparticles. 

The inset shows a photograph of a small vial containing the collected products after reductive 
annealing. E) XPS data of the unannealed and annealed samples, showing a clear decrease in the 
oxidation state of the Au 4f electrons after reductive annealing. The dotted lines represent peak 
deconvolution into contributions from oxidized gold (higher binding energy) and reduced gold 

(lower binding energy); indicating the presence of zero-valent Au in the final product. 

Before reductive annealing, some quantity of gold salt was in reduced form, perhaps due to 

photoreduction from the ambient light or impinging X-rays,88,89 but the majority of the gold 

present was in the 3+ oxidation state. After reductive annealing, two peaks corresponding to the 

spectra from zero-valent Au 4f photoelectrons were observed, indicating that the metal ions were 

reduced to metallic solid particles. The surface area and porosity were revealed based on N2 

adsorption isotherms (Figure 3.4); the pore-size distribution was bimodal including smaller 
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mesopores on the surface of the silica shell (d < 5 nm), and then a large cavity arising from the 

hollow silica shell itself (d ~ 40 nm). 

 

Figure 3.4: A) N2 adsorption isotherm after reductive annealing and synthesis of gold 
nanoparticles with PEO polymer incorporated within hollow silica shells. B) Pore size 

distribution showing bimodal pore distribution, including small mesopores on the surface of the 
silica shell, and a larger cavity within the silica shell. Specific surface area using the Brunauer-

Emmett-Teller (BET) method: 6.6 m2/g. 

 

3.4 Polymer-ink Dependent Coarsening within Hollow Silica Shell Nanoreactors 

As a control, the same reaction was run with silica shells that did not contain polymer, and the 

reaction also was run with shells that incorporated PAA or PEO-b-2VP, instead of PEO. These 

polymers also coordinate or associate with the metal salts, and the block copolymer PEO-b-2VP, 

in particular, is known to increase the mobility of metal salts and atoms leading to large single 

nanoparticle formation in the SPBCL system.70 Qualitatively, a higher yield of individual 

nanoparticles within each reactor was observed when a polymer was used (Figure 3.5A); the 

polymer-free system yielded a large number of shells with multiple particles, indicating that 

coarsening was incomplete (Figure 3.5B). The highest yield of single particles (76%) was 

attained when PEO was used. The average particle size also increased when PEO was used, and 

the particle size distribution decreased (no polymer: 3.1 ± 1.7 nm, PEO: 5.7 ± 0.7 nm), indicating 
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that the polymer-containing silica shell is acting as an effective nanoreactor and driving all 

trapped precursors into a single particle product (Figure 3.5C). The single particle yields and 

final particle sizes and size distributions for the PAA and PEO-b-P2VP systems (PAA: 54%, 4.0 

± 1.3 and PEO-b-P2VP: 50%, 3.6 ± 0.9 nm) were found to be in between those of the polymer-

free and PEO systems.   

 

Figure 3.5: Particles per nanoreactor and particle sizes as a function of presence and type of 
incorporated polymer. A) STEM images of the nanoparticles after reductive annealing with i. no 

polymer incorporated, ii. PEO incorporated, iii. PAA incorporated, and iv. PEO-b-P2VP 
incorporated. All of the images in the insets were taken at the same magnification, and the scale 

bar for the inset in i. is 50 nm. B) Histograms showing the number of nanoparticles per 
nanoreactor for each polymer type, and the yield of individual, single nanoparticles in each case. 

C) Histograms of the nanoparticle sizes and associated dispersity as a function of polymer 
presence and type. The dotted lines represent the fit with a normal distribution. The sizes are: no 

polymer: 3.1 ± 1.7 nm, PEO: 5.7 ± 0.7 nm, PAA: 4.0 ± 1.3, and PEO-b-P2VP: 3.6 ± 0.9 nm. 

The role of polymer chemistry on nanoreactor single particle yield can be understood based on 

three general factors: the reduction dynamics of the metal salt, the mobility of the metal ions and 
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atoms in the polymer, and the effect of the polymers on the structure of the microemulsion 

droplets. Given the weakly coordinating nature of the ether subunits within the PEO polymer,118–

120 it was hypothesized that the dynamics of the transition from metal salt to reduced metal atoms 

that occurs within the hollow shell system may be modified when PEO is present. To test this 

hypothesis, temperature programmed reduction was applied to monitor the uptake of H2 of the 

metal salt HAuCl4 x 3 H2O in the absence and presence of PEO. When PEO is not incorporated, 

we observe two large H2 consumption peaks, as well as HCl evolution, which we associate with 

the reduction of the metal salt (Figure 3.6).  

 

Figure 3.6: Temperature programmed reduction for metal salt precursor HAuCl4 x 3 H2O, and 
the metal salt mixed with PEO. A) Mass spectrometry of the effluent stream from the gold salt 
alone during reductive annealing in H2. Two H2 absorption peaks are observed, which broadly 
overlap with HCl production, with maxima at T = 170 °C and 310 °C. B) Mass spectrometry of 

the effluent during H2 reduction of HAuCl4 mixed with PEO in the same mass ratio (2:1) as 
within the silica shells. One collective peak is observed at T = 165 °C, overlapping with that of 
HCl production. Carbon peaks due to the decomposition of the polymer are monitored with the 

CO2 and formaldehyde produced. 

This process occurs in the range of approximately 120 °C to 350 °C, and the two-step 

reduction process in this temperature range has been previously attributed to two-stage reduction 

from Au3+ to Au+ and then from Au+ to Au0.121 However, the difference in the H2 consumed and 

HCl produced between the two peaks implies that some quantity of gold salt may be fully 

reduced in the first stage. In contrast, when PEO is incorporated in the same mass ratio as 

utilized in the hollow shell experiments, we observe one slightly broader collective H2 
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consumption peak, which strongly overlaps with the HCl production peak, occurring at 165 °C. 

Based on this evidence, it appears that the PEO serves as a weak reducing agent, which is in 

agreement with past reports,122,123 and leads to completion of the reduction process at a lower 

temperature (~ 250 °C vs. 350 °C) in our experiments. Based on this evidence, we infer that 

within the silica shells, despite using the same thermal treatment, PEO incorporation may 

accelerate the reduction process and therefore jump-start the nucleation and growth of reduced 

metal atoms.  

 

Figure 3.7: A) Schematic representation of drop-casted precursor on the same wafer to compare 
how polymer inks effect coarsening. B) Polymer-free, C) PEO-containing, D) PAA-containing, 
and E) PEO-b-P2VP-containing inks were used to prepare these nanoparticle-coated wafers. All 

inks contained polymer at 2 mg/mL and metal salt at 4 mg/mL. The particle diameters were 
calculated based on higher magnification images. 

In order to directly investigate the mobility of the metals with the three polymers used, 

polymer-metal ink mixtures were drop-cast onto untreated silicon wafers and subjected to 

reductive annealing (Figure 3.7). Because the wetting of the inks on the wafers were similar 

(Figure 3.8), it was assumed that the observed differences in coarsening were caused exclusively 

by differences in diffusion through the dried polymer-matrix. When inks of the same 

concentrations were subjected to identical annealing conditions as those used for the shell-based 
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reactions, significantly more coarsening was observed for inks containing PEO and PEO-b-P2VP 

compared to those containing PAA or those not containing polymer (Figure 3.9). For example, 

the gold nanoparticle diameter produced in the no-polymer system was 19 ± 7 nm; it was 150 ± 

60 nm in diameter when PEO was used. These results imply that PEO and PEO-b-P2VP 

facilitate diffusion to a greater extent than PAA, and that more diffusion occurs when polymers 

are present. This information helps one interpret the low yield of single particles in the presence 

of PAA (54%). Based on the observed data, the strength of the interaction of the ligand to the 

metal salt itself is not highly predictive of the degree of coarsening observed in unconfined 

media. Indeed, the average particle size is not correlated with the spectrochemical series for the 

repeat units within each polymer; their interaction strengths are comparable and depend on metal 

ion oxidation state/geometry, but generally decrease in the order: pyridine > ether > 

acrylate.120,124–127 This observation implies that the diffusion of the reduced metal through the 

polymer dictates final particle size rather than the interaction of the unreduced metal salt with the 

polymer.  
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Figure 3.8: Contact angle goniometry data from gold precursor solutions that are A) polymer-
free, b) PEO-containing, c) PAA-containing, and D) PEO-b-P2VP-containing. The similarity in 

contact angles demonstrate that the polymer incorporation does not significantly change the 
surface tension. 

The effect of the structure of the microemulsion droplets, as dictated by the choice of polymer, 

also plays a role on particle formation. This structure is particularly relevant in the case of PEO-

b-P2VP, for which we would expect, but do not observe, a high yield of single particles based on 

the polymer’s high mobility. However, while the 2VP units on PEO-b-2VP are initially 

approximately 30% protonated (at pH 4),128 the base catalyst added to initiate silane 

condensation may lead to further deprotonation, rendering the polymer hydrophobic. As a result, 

the polymer may be acting as a pore-templating agent, allowing metal to escape during, or even 

after, shell formation. In addition, PEO-b-P2VP has a larger molecular weight than PEO (2.8 k 

g/mol vs. 1.1 k g/mol), and so templates the formation of larger shells (Table 3.1),129 and 

therefore larger pore sizes, which may also facilitate metal escape. This explanation is consistent 

with the observation that, in the PEO-b-P2VP case, a significant number of unencapsulated 

particles were observed (three times more than when PEO was used, Table 3.1). The low yield 
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of single particles in the case of PEO-b-2VP is largely therefore a result of the significant 

number of empty shells (approximately 40%), rather than a result of the observation of multi-

particle shells as seen in the polymer-free case. Thus, appropriate polymer selection in this 

context implies the need to balance metal escape with an improved metal atom mobility.  

 

Figure 3.9: Nanoparticle average diameter attained via drop-coating ink on Si/SiO2 wafers as a 
function of concentration and polymer type for A) PEO, B) PAA, and C) PEO-b-P2VP. D) 

Summary figure showing particle sizes as a function of polymer at 2 mg/mL, the same polymer 
concentration as was used in the experiments with silica shell nanoreactors. 

 

 

 

 

 

Table 3.1: Summary of Nanoparticle Data for each Ink Type 

Ink Type 

Single 
Nanoparticle 

Yield (%) 

Unencapsulated 
Particles/100 

shells 

Average 
Particle 

Diameter (nm) 
Average Shell 

Size (nm) 
No Polymer 6% 0.02 3.1 ± 1.7 nm 36 ± 7 nm 

PEO 76% 0.03 5.7 ± 0.7 nm 40 ± 6 nm 
PAA 54% 0.04 4.0 ± 1.3 nm 45 ± 5 nm 

PEO-b-P2VP 50% 0.10 3.6 ± 0.9 nm 46 ± 6 nm 
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3.5 In situ Observation of Polymer-Enhanced Coarsening within Hollow Silica Shell 

Nanoreactors 

Finally, if polymer-mediated metal nanoparticle growth is facilitated by increased diffusion, 

coarsening should mainly be observed at temperatures below the polymer decomposition 

temperature. In situ scanning/transmission electron microscopy was performed at discrete 

temperature steps to determine the effect of annealing temperature on particle coarsening. The in 

situ STEM experiments were conducted in a 10% H2 environment (90% Ar) at atmospheric 

pressure using a commercial sealable gas chip and a TEM holder, which mitigates metal 

evaporation and creates a reducing atmosphere isolated from the high-vacuum environment 

within the TEM column. In these experiments, silica nanoreactors with metal salts in the absence 

or presence of PEO were monitored during reductive annealing. The PEO-containing shells were 

imaged with a lower e-beam dose (120 e/Å2 vs. 800 e/Å2) than the polymer-free shells due to e-

beam-induced carbon redeposition. After the initial nucleation burst, most particle coarsening 

occurs by 400 °C (the degradation temperature of the polymer) when PEO is used, and 

coarsening continues at higher temperatures in the polymer-free case (Figure 3.10A). 

Furthermore, the particle growth rate is significantly larger when PEO is used, especially at 

temperatures below 400 °C, and a larger average particle size persists thereafter (Figure 3.10B). 

Similarly, after the initial nucleation-burst event where the number of particles per reactor spikes 

(Figure 3.10C), the number of particles drastically decreases and reaches a minimum very 

rapidly (1.3 ± 0.5 NPs/nanoreactor at T = 300 °C). As the temperature is increased above 

approximately 300 °C, the number of particles per reactor and particle diameters do not change 

significantly, defining a polymer-enhanced growth region. In order to control for e-beam-

induced coarsening, the process was monitored after reaction completion at a temperature of 700 
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°C (Figure 3.10, Figure 3.11). The slight decrease in average particle size and increase in 

particles per reactor observed implies a small, but not insignificant, degree of e-beam-induced 

coarsening, which is more pronounced in the polymer-free case (Figure 3.12). 

 

Figure 3.10: In situ monitoring of gold nanoparticle growth in a reductive H2 environment. A) 
HAADF STEM images monitoring i. polymer-free nanoparticle growth, and ii. PEO-based 

nanoparticle growth in a specific region as a function of temperature. A decreased e-beam dose 
was utilized with the PEO-containing system to prevent excessive e-beam-induced sintering and 
carbon redeposition (120 vs. 800 e/Å2). B) Nanoparticle relative diameter (divided by average 

shell size in each case) and C) nanoparticles per nanoreactor as a function of annealing 
temperature for polymer-free and PEO-containing nanoreactors. A separate region is imaged at 
700 °C to examine the effect of e-beam exposure (which is qualitatively large with the polymer-

free system). 

These data show that the majority of the coarsening in PEO-containing shells occurs at 

temperatures below the polymer degradation temperature (400 °C), supporting the hypothesis 

that the polymer matrix facilitates coarsening by promoting diffusion. We have also observed 
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that PEO promotes reduction at a lower temperature, which may accelerate the process of 

nucleating metal atoms. Of the two coarsening mechanisms (i.e., Ostwald ripening and particle 

migration/coalescence), Ostwald ripening tends to dominate at smaller particle sizes immediately 

after particle nucleation,57,130 which may explain the rapid decrease in particles per reactor that 

was observed early on in the annealing process (Figure 3.10). Further, based on the classical 

mean field growth velocity describing particle coarsening, the rate of change of particle size (i.e., 

the coarsening/growth rate) is linearly proportional to the diffusivity of particle atoms in the 

surrounding matrix.131 Thus, it is inferred that increases in the diffusivity at temperatures less 

than 400 °C leads to higher growth rates and the rapid formation of large single particles (Figure 

3.10, Figure 3.13), before a drop in the growth rate above this temperature (due to both polymer 

decomposition and the lack of remaining free gold atoms). 

 

Figure 3.11: HAADF STEM images taken after in situ ramping to 700 °C and holding for 30 
mins in a non-e-beam-exposed reference region. A) Without e-beam exposure, the coarsening 
conditions are not sufficient to drive large single nanoparticle growth within individual shells 
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without polymer incorporation, due to the shorter annealing times. B) Regardless of e-beam 
exposure, the PEO-containing system yields large single nanoparticles at 700 °C. 

 

Figure 3.12: HAADF STEM images taken at 60 °C during initial stages of the in situ experiment 
resulting in significant carbon redeposition as well as gold particle coarsening (clear when 
compared with the unexposed region). Continuous e-beam examination at high magnification 
(approximately 1 M x, 15 µA emission current, 200 kV acceleration voltage) appears to 
significantly challenge the ability to produce results similar to those seen for ex situ experiments. 

 

 

Figure 3.13: Ex situ samples taken with extremely brief annealing times (1 h at maximum 
temperature) for comparison to in situ data.  A) Polymer-containing nanoparticles are larger at 
every temperature range, indicating that polymer fosters the coarsening process starting at low 

temperatures. B) The number of nanoparticles per nanoreactor varies significantly in the 
polymer-free system, while the polymer-containing system quickly produces single particles 

(although many multi-particle shells remain with these brief annealing times). 

3.6 Characteristics of Particle Products With and Without Incorporated Polymer 
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With the polymer-free shells, it is exceptionally difficult to produce coarsening conditions that 

yield a monodisperse particle population; at low and intermediate temperatures (T < 750 °C), 

small freshly nucleated particles form that are not uniform in size, while at high temperatures (T 

> 750 °C), particles escape and potentially enter adjacent silica shells (Figure 3.14). In contrast, 

polymer (specifically, PEO) incorporation results in particles with uniform sizes at intermediate 

temperatures (600 °C < T < 750 °C), where particle escape from the silica shell is also 

prohibited. There is therefore a large temperature range (T < 750 °C) in which these particles can 

be used, where they remain unaffected by temperature, and do not undergo further coarsening or 

escape.  

 

Figure 3.14: Schematic of the observed products with and without polymer. A), B) At low 
temperatures, nucleation bursts occur, and metal salts are reduced to zero-valent atoms. At 

intermediate temperatures, PEO-containing shells support complete coarsening into large single 
nanoparticles, while polymer-free shells retain multiple particles. At excessively high 

temperatures, global coarsening is promoted, and the particles escape the shells to grow un-
templated or enter adjacent shells (regardless of polymer incorporation). 

To finally confirm that the polymer residue does not result in dead catalyst, a test reaction of 

CO oxidation was also performed (Figure 3.15), and the temperature necessary to achieve 50% 

conversion (T50) was significantly lower than that of the control system (310 °C vs. 480 °C), 

using a low mass-loading (0.001 wt.%). On the basis of this evidence, these polymer-containing 
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silica shells can be defined as nanoreactors, as control over the degree of conversion of the 

contents is fully exploited and complete confinement is achieved, while leaving the surfaces 

intact for downstream applications. 

 

Figure 3.15: Catalytic oxidation of CO in the presence of O2 over the metal particles was 
attempted in order to confirm that any polymer residue present in the system does not prevent 
catalytic activity. Directly after reductive annealing, the PEO containing silica shells are active 
even at low mass loading of 0.001 wt%, with a 50% conversion temperature of T50 = 310 °C, 

compared to 480 °C for the inert SiO2 control (representing purely thermal oxidation). 

3.7 Experimental Methods 

Polymer-Incorporated Hollow Silica Shell Synthesis. Hollow silica shells based on water-in-

oil microemulsions were formed by preparing an aqueous ink mixture consisting of gold salt 

(HAuCl4 x 3 H2O, Sigma Aldrich, 99.99 %) and aqueous polymer typically in a mass ratio of 2:1 

metal to polymer (e. g., 4 mg/mL and 2 mg/mL). The polymer is omitted in the polymer-free 

systems. The polymers, poly(ethylene oxide) and poly(acrylic acid) (Sigma Aldrich), and 

poly(ethylene oxide)-block-poly(2-vinyl pyridine) (Polymer Source) had molecular weights of 

1.1 k, 2 k, and 1.8 k-b-1 k g/mol, respectively. The oil solution was prepared by mixing 10 g of 

n-decane (Sigma Aldrich, 99.9%) with 0.6 g of Igepal CO-520 (Sigma Aldrich), and 0.2 g of n-

hexanol (Sigma Aldrich, 99.9%). Practically, larger volumes were mixed to minimize error, and 

then volumes corresponding to 10.8 g of the oil mixture were aliquoted into 20-mL vials and 
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stirred. After stirring for 5 minutes, 70 µL of aqueous ink solution was injected, and the sample 

was stirred for another 5 mins to form a stable microemulsion. The silanes used were tetraethyl 

orthosilicate (TEOS, 99 %) and (3-aminopropyl)trimethoxysilane (APTMS, Sigma Aldrich, 

97%). The APTMS was diluted in ethanol (Sigma Aldrich, 99.5 %) in a ratio of 1:7 silane to 

alcohol by volume (e.g., 100 µL:700 µL). The two silanes - 40 µL of TEOS and 8.5 µL of 

ethanolic APTMS - were then introduced to the microemulsion simultaneously. After 2 hours of 

stirring at room temperature, 100 µL of ammonia hydroxide (Sigma Aldrich, 28-30 %) was 

added to initiate silane condensation. After three days of stirring, the microemulsion was 

disrupted with ethanol, and washed twice by centrifugation. The dry solids were then mixed into 

15 mL of warm water and stirred at 45 °C for 1.5 hours. Finally, the mixture was isolated by 

centrifugation and placed in a ceramic combustion boat (Thermo Fisher) for reductive annealing. 

Reductive Thermal Annealing.  Reductive annealing was performed in a tube furnace (Thermo 

Fisher) fitted with a quartz tube. The gas was ultra-high purity H2, flowed at 100 sccm. The 

annealing process proceeds in two steps (Figure 3.2A) - a lower temperature step at 200 °C for 

10 hours, and then a higher temperature step at 600 °C for 10 hours. The ramp rates were 

typically 3-5 °C/min. For the supplemental ex situ experiments, the annealing process was 

drastically shortened to simplify comparison with the in situ experiments, and the higher 

temperature annealing step was only performed for 1 hour (Figure 3.11). This change introduces 

some error because the time spent ramping and cooling (1-2 h) is approximately as long as the 

annealing time, and with non-forced/natural convective cooling processes, the total heat transfer 

applied during ramping and cooling for the high temperature ex situ measurements is likely 

larger than desired.  
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Bulk Characterization. X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB 

250XI) experiments were performed on particles within silica shells deposited on flat silicon 

wafers. A standard XPS workflow was followed,89 and charge compensation was enabled. The 

peaks were all shifted using the carbon 1s peak to calibrate the peak position and determine the 

oxidation state. Thermo Fisher Avantage software was used to identify the different chemical 

states. X-ray diffraction (XRD, Rigaku Ultima) data was collected using a Cu Kα source and 

compared to the ICDD’s online powder diffraction file, PDF: 01-071-4073. UV-vis (Agilent 

Cary-60) data were collected using dilute solutions of the unannealed or reduced particles in 

silica shells. Surface area and pore-size distribution measurements were collected using N2 

adsorption and desorption isotherms (Micromeritics, 3Flex) at 77 K. The specific surface area 

was determined using the Brunauer−Emmett−Teller (BET) model from the N2 sorption data. 

Pore size distributions were obtained using the Barrett-Joyner-Halenda (BJH) method. Contact 

angle goniometry (Rame-Hart Instruments) was used to investigate the wetting properties of the 

dilute metal-polymer mixtures. Thermogravimetric analysis (TA instruments, Discovery) on the 

polymer inks was conducted in a N2 environment with a 10 °C/min ramp rate. Temperature 

programmed reduction (Altamira, AMI-200) was accomplished in a quartz U-boat with a flow 

rate of 30 sccm H2 in N2 (10%), and a ramp rate of 10 °C/min. The effluent was monitored using 

a sampling mass spectrometer (Stanford Research Systems, Universal Gas Analyzer MS). 

Inductively-coupled plasma optical emission spectroscopy (Thermo iCap7600 ICP-OES) was 

used to quantify the metal loading. The catalytic oxidation was achieved in a packed bed reactor 

(Altamira, BenchCat 4000) with an inline gas chromatography sampling the effluent (Agilent 

7890A GC).  
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Scanning and Scanning Transmission Electron Microscopy. The nanoparticle-containing 

silica shells as well as the nanoparticles themselves were characterized by scanning electron 

microscopy (SEM) (Hitachi SU-8030), using an accelerating voltage of 5 kV, operating current 

of 20 µA, and working distance of 2 mm. Scanning transmission electron microscopy (STEM) 

images were taken with either a Hitachi HD-2300 STEM or an aberration-corrected JEOL JEM-

ARM 200CF S/TEM. Both microscopes operate with an acceleration voltage of 200 kV. Energy 

dispersive X-ray spectra were collected using the ARM 200CF. The Lα peaks of Au and the Kα 

peaks of Si and O in the energy-dispersive x-ray spectroscopy (EDS) spectra were used for 

elemental mapping.  

In Situ Reductive Annealing. The in situ gas experiments were carried out using an 

aberration-corrected JEOL JEM-ARM 200CF S/TEM, using a commercially available gas-

delivering TEM holder (Protochips Atmosphere gas system). This microscope was equipped 

with a cold field emission gun and dual EDS silicon drift detectors. Before assembly, the two 

wafer-chips used for imaging the samples were cleaned with methanol and acetone before being 

plasma-cleaned in O2 for 1.5 mins at 30 W to render them hydrophilic. The inner surface of one 

chip was used to disperse the sample and then it was sandwiched with a second chip, which seals 

against an elastomeric O-ring. The gas lines were purged using ultra high-purity (UHP) Ar gas in 

a pump/purge process. The samples were imaged at room temperature, and then a pre-bake 

process was applied, where O2 was introduced at 0.1 sccm, 760 torr to the holder, and the system 

was warmed to 80 °C at 1 °C/s to purge any adventitious carbon. This process drastically 

decreases carbon build-up during imaging. The polymers within the silica shells do not degrade 

in this temperature range (Figure 3.2B,C). After that step, 10 % H2 in 90% Ar process gas was 

introduced at 0.1 sccm and 760 torr, and heated at 0.45 °C/s to each set point temperature (e.g., 
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100 °C, 200 °C) for imaging. Due to challenges with carbon build-up, and e-beam-induced 

coarsening during continuous monitoring (Figure 3.11), the samples were imaged only at set 

intervals of temperature. After heating to the final temperature, the images were collected outside 

of the region directly exposed to the e-beam for comparison. STEM imaging convergence angle 

and high angle annular dark field (HAADF) image collection angle ranges were 27.5 or 20.6 

mrad, and 90-370 or 68-280 mrad for the polymer-free and polymer-containing systems, 

respectively. The emission current was 15 µA, with a constant acquisition time of 20.97 s. At a 

magnification of 500k, the e-beam dose was therefore approximately 800 e/Å2. Due to carbon 

build-up in the polymer-containing silica shells as well as to minimize any e-beam induced 

coarsening, these samples utilized a slightly lower e-beam dose (with a smaller convergence 

angle and lower image magnification of 300k), resulting in a nominal dose of approximately 120 

e/Å2. 

3.8 Conclusions and Outlook 

This work establishes polymer incorporation as a means to control particle coarsening within 

hollow silica shell nanoreactors. At all of the annealing temperatures studied, in the polymer-free 

systems, the precursors are not converted into single particle products, and incomplete 

confinement and particle escape occurred. Our results show that both the metal precursor and 

polymer must be present for enhanced coarsening to occur (whether in confined or unconfined 

volumes, under the conditions explored), supporting the argument that enhanced diffusion 

through the polymer matrix drives particle coarsening. Finally, by looking at three different 

polymers in this synthesis scheme, it was discovered that for the polymer to mediate single-

particle coarsening in the nanoreactors, it must promote metal atom diffusion while not adversely 

affecting the structure of the microemulsion. Taken together, these experiments provide design 
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rules for preparing effective nanoreactor systems, as well as offer a method to improve the 

uniformity of single particle products within hollow silica shell reactors. Given the large number 

of downstream experiments or applications where fine-control over particle structure is 

important while remaining scalable (e.g., catalysis, optics), this methodology may become useful 

towards preferentially forming desired complex particles.  
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CHAPTER FOUR 

Fabrication of a Reactor cell and Capillary Probe towards Rapid Discovery of Heterogeneous 

Catalysts 
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4.1 Introduction 

Measuring the catalytic properties of multicomponent particles synthesized by SPBCL has 

only been demonstrated in isolated situations, such as for carbon nanotube growth,74 nitrobenzene 

hydrogenation,70 and electrochemical catalysis (i.e. hydrogen evolution reaction).73,107 Thus far the 

gas-phase catalytic properties have not been demonstrated. The challenge stems from the lack of 

active sites available for catalytic turnover, the planar substrate geometry, and therefore the 

challenges associated with measuring the gaseous products. The small number of total active sites 

results from the low maximum achievable particle density on the planar substrate (~1 NP/µm2)70. 

If a 2 cm × 2 cm wafer is completely coated with particles patterned by PPL, the total number of 

active sites are still saturated with a large excess of gaseous reactants, not to mention a significant 

likelihood of gas-slip over the planar geometry.5 Further, one of the most promising elements of 

the SPBCL system is the ability to fabricate libraries of unique materials with varying size and 

composition.74  However, the challenge of probing the gas-phase reactivity of these particles is 

further exacerbated when the goal is to probe the reactivity of a small portion of the wafer, rather 

than measuring the wafer as a whole.  

To address this challenge, the following two chapters introduce a strategy to measure the gas-

phase catalytic turnover of complex nanoparticles synthesized by SPBCL. The challenge therein 

consists of firstly fabricating a reactor cell to probe the wafer as a whole, or probe local regions of 

the wafer if a library of materials has been patterned upon it. The second challenge consists of 

designing a technique to increase the concentration of the products in the effluent gas-stream, as 

the typical product concentrations are often in the ppb range, below the detection limit of most 

conventional strategies (e.g. GC/MS, FTIR).5 

4.2 Design of a High Temperature Reactor Cell for Planar Catalysts  
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Understanding the design constraints for the gas-phase reactor cell begins with understanding 

the SPBCL wafer and particles it supports. In a conventional SPBCL synthesis based on PPL,74 

nanoparticles are patterned onto a silicon wafer, with a particle density of ~1 NP/µm2. The 

particles can be patterned such that they are all homogenous in composition, or such that a gradient 

in composition is present in one dimension, and a size gradient is present in the other dimension. 

The first demonstration of a gas-phase reactor cell begins with measuring the reactivity of a 

homogenous wafer with all the same composition and size.  

 
Figure 4.1: Evolution of the reactor cell design, with the final iteration being a symmetrical 
‘sandwich’ design, which presses two homogenous SPBCL-coated wafers towards the interior and 
flows gas through a cavity in the middle.  

Several design constraints were applied to facilitate the fabrication of such a gas-phase reactor 

cell. Firstly, the interaction between the gaseous reactants and the wafer substrate should be 

maximized, to minimize the degree of slip (gas which does not interact with the particle surface). 
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Further, the reactor cell must be amenable to heating in order to increase the turnover frequency 

to a measurable range. Finally the cell should allow low-pressure gases to be circulated without 

leaks from the external environment, as these can interfere with the gas-concentrating step down-

stream and detection processes.  

The design of the reactor cell commenced with several designs investigated ( Figure 4.1) 

including two wafers facing externally, compared to two wafers facing internally. The final design 

was a symmetrical ‘sandwich’ design, which is rectangular on the external faces to facilitate 

machining. The components and final design are listed in Figure 4.2. 

 

Figure 4.2: Components and materials for aluminum reactor cell machined to hold two SPBCL 
wafers, and seal on the surface of the wafers. All materials are high temperature compatible, and 

a thermocouple probe (not shown) can be inserted next to the insertion heater. 

The reactor cell as designed is high-temperature stable to 600 °C at least, given the 

perfluoroelastomer O-ring and all metal/ceramic components included. The cavity within the cell 
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allows gas to be flowed through a 1/32” hole drilled with a proprietary fitting (Valco Instruments). 

The symmetrical reactor top/bottom and the reactor middle are displayed in  Figure 4.3. 

 
Figure 4.3: Reactor schematics with dimensions listed in inches. A) Reactor middle cross-section, 
and a section view detail of the gas inlet. B) Reactor top/bottom drilled such that two holes are 
available for an insertion heater (central blind hole) and thermocouple (off axis thru hole) 
respectively.  

The cell as designed enables isolation of the SPBCL particle-coated wafers from the ambient 

atmosphere, followed by continuous flow of low pressure gas with low concentrations of reactants 

(~5 psi range, 100 ppm – 1% range). This ensures that low product concentrations in the 100 ppb 

– 10 ppm range will not be overwhelmed by the background from the reactants regardless of 

detection scheme (GC/MS, FTIR etc). 

4.3 Experimental Realization of High Temperature Reactor Cell 

The reactor cell as designed was custom-machined by a commercial machine-shop (Xometry 

Ltd), and the specialty small dimension ports were drilled at 1/32” dimensions with tight tolerance 

commercially as well (Valco). The resulting reactor cell looks as shown in Figure 4.4. 
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Figure 4.4: Photographed images of the as fabricated custom reactor cell. A) The reactor cell as 
closed, with a side-port for inlet gas displayed, and top ports for a thermocouple and insertion 
heater. B) Images of the reactor cell upon opening, with an O-ring groove and seat for each wafer 
visible. C) The wafer sits on the reactor top as shown and can be inserted smoothly into the reactor 
cell. 

As visible in the photographs, the machined aluminum cell mates well, and can be sealed with 

a silicon wafer cut to size within. 

4.4 Capillary Probe-based Gas-Phase Catalysis for High Throughput Screening 

Finally, the isolation of two wafers with an identical particle composition for gas-phase 

reaction is an exciting endeavor. However, in order to study the reactivity of a library of materials 

towards high-throughput discovery of superb catalysts, the proposed strategy must be extended.  

To address this challenge, a capillary-tube based distribution system is suggested, which would 

be suitable for locally releasing reactants and then probing the products locally as well.  

The working mechanism involves a pair of concentric gas tubes, the inner tube delivers gas at 

a low total pressure towards a SPBCL wafer substrate. The gases react on the surface of the 

particles, and then they are pumped back into the second outer tube capillary which is at a lower 

relative pressure. The entire chamber must operate below atmospheric pressure, again to create a 

product concentration which is within 3 orders of magnitude of the reactant concentration (in the 

effluent). The detailed schematic is shown in Figure 4.5. 
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Figure 4.5: Schematic of the operating principle for the low pressure capillary-sampling system 
for rapid-screening of the gas-phase reactivity of SPBCL wafers. Top right inset is the cross section 
of the capillary tube, with one gas-delivery tube in the middle, and several sampling tubes arranged 
concentrically. 

As displayed, the local capillary tube method as described seeks to address the challenge of 

local screening of a library of diverse materials, but the low pressure environment of the capillary-

based probe requires further design consideration. In this setup, the heating mechanism must be 

either amenable with a vacuum and highly oxidizing or reducing conditions (in the presence of the 

reactive feed gases). Thus a view-port and halogen lamp are the preferred strategy, with the focal 

length optimized for heating at the surface of the SPBCL wafer (roughly 10 cm away), and can 

heat to a temperature of 800 °C, although these temperatures are not practically necessary. 
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Figure 4.6: A), B) Fabrication-stage build of practical capillary probe for SPBCL planar catalyst, 
with a retracting arm for loading individual wafers. Capillary gas inlets can be delivered from an 
upstream manifold, and the capillary positioner allows manual positioning of the gas-stream 
position. C) Higher magnification image of the concentric capillary tube over a nickel substrate. 

4.4 Conclusions and Outlook 

Several key challenges remain towards the practical implementation of these reactor cells for 

gas-phase detection of SPBCL products. Firstly, the engineering challenges associated with 

implementing the custom reactor cells as designed is non-trivial, not to mention the practical 

question of the total time necessary to finally detect gaseous products. To minimize the time 

associated with these experiments, the following chapter will describe how a down-stream 

concentrator of product molecules can accelerate the measurement of gas-phase reactivity. 
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CHAPTER FIVE 

Cryogenic Distillation for Detection of Low Concentration Reaction Products 
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5.1 Introduction 

In a continuous-flow setup, if the products are not of a high enough concentration to be 

measured by conventional products detection schemes, several strategies can be employed to 

address the challenge. Firstly, a reflux process can be applied to turn the system into a ‘batch’ 

setup effectively rather than continuous flow, in which case the reactant turnover should approach 

the equilibrium concentration as a function of time after multiple feed-throughs.5,8,132 

Alternatively, a separation process can be applied to the effluent stream, with the goal of isolating 

the products from the reactants to facilitate subsequent detection.133 Of various separation 

strategies, one promising option is cryogenic distillation, which seeks to separate materials based 

on their boiling point, which is a function of the vapor-liquid equilibrium that develops in a mixture 

of disparate gases.134 In particular, we propose distilling the gaseous reactants and products from 

the balance gas (e.g. He) which condenses at a significantly lower temperature (4 K) than the 

reaction gases. 

5.2 Probing Low-Density Planar Catalyst Substrates via Cryogenic Distillation  

The strategy to implement the cryogenic distillation of the reaction products is depicted 

visually in  Figure 5.1. As evident from the schematic, after gaseous products are produced from 

the SPBCL catalytic particles, they are sent to the low temperature concentrator cell, where they 

can be isolated from the balance gas (He). In this context, the reaction of choice was 1-butene 

hydrogenation. This reaction was selected because the reaction is structure sensitive, depending 

on the catalyst surface,135 it also results in isomerization reactions which are structure dependent 

and may require selectivity control,135–137 and finally the condensation temperature of 1-butene 

and n-butane are both significantly distinguished from He (~270 K vs. 4 K).135 
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Figure 5.1: Schematic illustration of the operating mechanism for selective gas-phase adsorption 
and detection of both reactant and product molecules. After reaction on a catalytic surface, the 
reactant-product mixture is directed into the concentrator cell, which at low temperature enables 
condensation of the reaction gases. These molecules can be detected with infrared spectroscopy. 
Upon heating the molecules can be desorbed and measured by mass spectrometry.  

Within the concentrator cell, a non-reactive species must be installed with a high surface area 

that is IR transparent, in order to facilitate the adsorption of gases. Based on our experiments, 

Nanodur (Durcrete Inc.) an alumina powder (SA ~10 m2/g) was suitable for this role. 

5.3 Experimental Setup for Infrared Spectroscopy-based Gas Concentration and Detection 

The experimental demonstration of cryogenic gas distillation is represented pictorially in 

Figure x. The distillation of 1-butene proceeds in effectively 5 steps: 1) the concentrator cell is 

heated under Ar to 100 °C to sparge any adsorbates and water that may be on the adsorbent surface. 

2) The concentrator is cooled to below the condensation point of the reactants and all products 

while flowing Ar continuously. 3) The reaction gases (or pure 1-butene in this proof-of-concept) 

are introduced to the reactor at low temperature (e.g. –20 °C) and the infrared spectrum (FTIR) of 
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the cell is monitored continuously. 4) After the gas appears to have saturated the surface of the 

adsorbent, Ar is spurged into the cell to remove any multilayers or molecules trapped in the cell in 

the gas phase, leaving only the condensed liquid. 5) The cell is heated under Ar which is applied 

rapidly should release the gases at a high enough pressure to be detected down-stream by mass 

spectrometry (MS).  

 

Figure 5.2: Schematic illustration of the operating principle of the gas-concentrator in the 
context of butene hydrogenation. 
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Figure 5.3: Photographs of the concentrator cell and peripheral equipment. A) Mass-flow 
controllers and manifold supply gases to the concentrator cell. B) Concentrator cell, with 

thermocouple inserted from above, and gas inlet/outlet supply on either end. Along the long axis 
are windows which allow IR spectroscopy. Copper coiling enables refrigeration of the cell to –
20 °C. C) A precooling stage for inert gas supply to the IR chamber which houses the cell. D) 

Dessicant removes water from the inlet gases. E) Downstream MS measures outlet mass 
fragments. F) Final image of the IR setup as designed.  

5.4 Demonstration of Selective Adsorption and IR Detection of n-Butene 

Upon building the concentrator cell apparatus, the system was applied to detect the gas-phase 

adsorption of 1-butene by cryogenic distillation/condensation. Upon desiccation to remove water, 

the gas source contains 1-butene and He only. The experiment proceeds via the 5-step procedure 

described previously, which involves evolving residual H2O from the adsorbent surface followed 

by locally condensing liquid 1-butene on the alumina surface. The stages can each be observed by 

FTIR, with stages 2 and 3 displayed in Figure 5.4. 
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Figure 5.4: A) During cooling, small changes in the background spectra occur, which can be 
monitored by FTIR until they stabilize near –20 °C. B) Switching from Ar to 1-butene monitored 
by FTIR. The appearance of peaks corresponding to the 1-butene condensate arrive and stabilize 
over the course of 1 hr.  

The background spectrum is collected as a function of temperature in order to subtract any 

effects of temperature on the IR stretch of the powder (alumina) and windows (CaF2). As evident 

from the figure, the absorption peaks near 1400 and 3000 cm–1 corresponding to 1-butene137 can 

be clearly seen to appear and grow after low-temperature introduction to the concentrator-cell. The 

spectral changes do not appear to change significantly after 50 mins to 1 hr under 1-butene, 

indicating the majority of surface sites are saturated.  

A representative spectra can be taken at each step, to simplify identification of the 1-butene 

condensed within the concentrator cell Figure 5.5. 

As evident from the time-series shown, at –23 °C under Ar there are no peaks present 

corresponding to 1-butene. However, the peaks arrive after saturating in butene, and persist even 

after Ar purging for 25 m. This implies that the peaks associated with 1-butene must be emerging 

from the liquid condensed phase, as all gaseous butene should be sparged by this point. This 

concept is supported by the observation that as the temperature is increased in situ using a resistive 
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heater, the peaks remain until the boiling point of butene, but disappear upon further heating to 45 

°C.  

 

Figure 5.5: Time-steps of butene introduction to the concentrator cell overlaid. The appearance of 
peaks corresponding to 1-butene are evident in the spectra at –23 °C and are persistent even after 
the switch to Ar for 25 mins. The peaks have disappeared after heating to 45 °C. 

5.5 Generalized Low-Temperature Accumulation and Detection of Gaseous Products 

Gas concentrating while simultaneously detecting the products using IR spectroscopy is 

practically challenging, given a) the small dimensions of a concentrator cell suitable to fit within 

a commercial IR spectrometer, 2) the need for low pressure and low temperature compatible 

windows that seal and 3) the requirement that the total absorption from adsorbent and windows 

cannot contribute too significantly to the background preventing product detection. These 

challenges suggest that although cryogenic distillation appears to help isolate molecules for IR 

detection, various alternative detection schemes post-distillation may be suitable. For example, 

one option is to simply condense the reaction gases in the a condensing column followed by 

releasing the outlet in a rapid burst towards a GCMS. This strategy is perhaps somewhat more 
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general, sacrificing in-situ observation of the accumulation of products for a more facile 

experimental procedure (Figure 5.6, Figure 5.7).  

 

Figure 5.6: Schematic illustration of the operating principle of the gas-concentrator with an 
aluminum ‘u-boat’ replacing the IR-compatible concentrator cell. 

 

Figure 5.7: A) U-boat style cell containing 500 mg p25 TiO2 adsorbent, suitable for adsorption 
of gas-phase products during cryo-condensation. B) Gas-chromatograph for down-stream 

separation of reactants and products. 

5.6 Conclusions and Outlook 

The concentrating mechanism described here appears to be quite robust, and has been 

demonstrated to effectively condense 1-butene within a reasonable time-frame of approximately 1 

hr. However, a key challenge pertains to decreasing the total amount of time necessary to condense 
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the products desired. As the total pressure decreases, and the concentration of products decrease, 

the time necessary to condense a measurable amount of 1-butene will increase. In order to address 

this challenge, some possible strategies may be: 1) increase the surface area of the adsorbent, 2) 

decrease the temperature of the adsorbent, 3) redesign the concentrator cell to minimize slip around 

the adsorbent. These strategies all seek to accelerate the accumulation of products, and the use of 

the U-boat style large-scale concentrator may facilitate this experiment as well. The preliminary 

demonstration of accumulation of 1-butene from a 2% feed is a key first step, and depending on 

the reactivity of the particles in question, the concentrator as-designed may be suitable for 

condensing liquid phase products in a tenable time frame.  
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At its heart, nanoreactor templated particle syntheses serve to democratize the field of 

nanoparticle synthesis and create opportunity for innovation from a variety of researchers with 

interests in materials chemistry, but potentially lacking a synthetic chemistry background. In this 

same vein, the research described here has focused on modular techniques that extrapolate lessons 

learned from solution-phase chemistry to decrease the barriers to robust nanomaterial synthesis. 

In the context of anisotropic nanoreactors, key developments included the ability to synthesize 

a variety of nanomaterials without material-specific process development, while also increasing 

the scale and throughput of the procedure. Further, fundamental insight was developed on the ideal 

nucleation position of the particles synthesized, with potential for unprecedented control over 

particle position in an array. The work therein can be extended to multicomponent particles, but 

the key challenge of characterizing the complex particles synthesized remains difficult to 

overcome. Despite being conceptually amenable to synthesis of polyelemental systems, obtaining 

experimental evidence remains difficult, serving as an opportunity for development in the future. 

In the context of hollow shell nanoreactors, the incorporation of polymer has been shown to 

be a key driving force for coarsening, validating many assumptions about the SPBCL system. The 

ideal nanoreactor in this context was determined to be one that can both 1) isolate the reactor 

contents effectively and 2) facilitate coarsening as effectively as possible within the reactor. 

Indeed, intra-reactor metal atom diffusion must be facilitated while inter/extra reactor diffusion 

must be strictly limited. This is a recurring theme within the field of nanoreactor-templated particle 

synthesis, and key to experimental realization of a high yield of individual particles within each 

reactor. Further avenues for study again consist of extension to multicomponent systems, but in 

this context, challenges pertain to ensuring metal atoms remain localized within the shells, while 
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still being able to coarsen into an individual particle. Preliminary results indicate that this may be 

feasible, but a robust experimental demonstration is required. 

Finally, the engineering challenges associated with detecting minute amounts of gaseous 

products from SPBCL planar catalysts have been tackled, with preliminary results reported here. 

A gas-phase reactor cell, capillary probe for particle library screening, and concentrator cell for 

accumulating gas-phase products are all described to facilitate this goal. The vision for this project 

is the ability to screen a library of particles of varying size and composition for their gas-phase 

reactivity, and in so doing drastically accelerate the ability to both find exceptional catalysts and 

learn new structure-function relationships. However, the practical realization of this goal requires 

further engineering development. Catalyst discovery by sequential measurement of a variety of 

multicomponent particles is an exciting intermediate step, and these experiments are potentially 

quite close to reduction to practice. 

Overall, the lessons learned here merely scratch the surface with regards to opportunities for 

further development in nanoreactor-based synthesis. In the future, one area for further meaningful 

development will be further extension of the ‘designer nanomaterial’ concept, towards 

multicomponent particle synthesis with precise, countable numbers of atoms, each in 

predetermined lattice positions, and a defined global crystal habit. Another area for investigation 

will be rapid synthesis and screening of nanomaterials for enhanced catalytic, optical or electronic 

properties. Besides contributions in the engineering of compatible screening platforms, key 

progress must be made on selection rules for which materials to incorporate within the library. 

This insight may be delivered from the materials prediction, theory, and artificial intelligence 

communities which can aid in short-listing materials, and rapid redesign of experiments to 
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efficiently probe the material-space. I look forward to learning how these research directions 

unfold.  
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