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SUMMARY

Crucial in a myriad of applications ranging from catalysis to biomedicine, noble-
metal nanocrystals exhibit physicochemical properties strongly governed by their size,
morphology, and composition. The strong correlations offer opportunities to optimize their
figures of merit, thereby augmenting their overall effectiveness. As research advances from
simple mono-metallic nanocrystals to multi-metallic and hybrid nanostructures with
diverse architectures and atomic distributions, the escalating complexity presents synthetic
chemists with ever-increasing challenges. In this dissertation, | develop two general
strategies, namely template-mediated growth and dropwise injection of precursor, aiming
to control the structural characteristics of mono-, bi-, and multi-metallic nanocrystals,

while exploring their potential applications in catalysis and biomedicine.

First, amorphous Se nanospheres were employed as templates to mediate the
nucleation and growth of Au nanoparticles through a galvanic replacement reaction. By
leveraging the reducing power of Se and the pH-sensitive reaction kinetics, precise control
over the size and number of Au particles on each Se sphere was achieved, resulting in
hybrid nanoparticles with diverse morphologies. The presence of Au patches on these
hybrid nanoparticles provides an experimental handle to optimize the ligand distribution,
significantly augmenting cellular uptake and cytotoxicity for the Se nanospheres. Shifting
focus to a bi-metallic system, | employed Pd cubic nanocrystals as templates to direct the
surface deposition of Rh in a layer-by-layer manner. With rigorous regulation of the
reaction Kkinetics, | successfully synthesized Pd@Rh nanocrystals featuring smooth, well-

defined {100} facets and large sizes. The strong Rh—Rh binding within the shell imparted

Xiii



exceptional thermal stability to the core—shell nanocubes. Afterwards, chemical wet
etching was employed to fabricate Rh nanocages with well-defined {100} surface and
ultrathin walls from the core—shell nanocubes. Building upon these insights, | extended the
two strategies to control the composition of complex alloys. By utilizing well-defined and
highly stable Rh cubic nanocrystals as templates, together with a tight control over the
reduction kinetics through dropwise injection of the precursor mixture, cubic-shaped
nanocrystals featuring a nearly equimolar RuRhPdPt alloy surface were obtained. These
alloy nanocubes demonstrated superior thermal stability in terms of both shape and

composition, along with enhanced catalytic performance toward ethanol oxidation.
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CHAPTER 1. INTRODUCTION

1.1  Noble-Metal Nanocrystals: Structures, Properties, and Applications

A noble metal is ordinarily considered as a metallic element that is resistant to
corrosion and is usually found in nature as an elementary substance. Most often, Au, Ag,
Pt, Pd, Rh, Ir, Ru, and Os are the eight elements classified as noble metals. Constituting a
major class of nanomaterials, noble-metal nanocrystals can be broadly defined as noble-
metal structures or particles possessing a crystalline lattice and at least one dimension in
the range of 1-100 nm. Due to their profound impacts on fundamental sciences and
practical applications in the context of plasmonics [1-3], photonics [4-6], electronics [7—
9], sensing [10, 11], catalysis [12-14], and biomedicine [15-17], noble-metal nanocrystals

represent one of today’s most viable and exciting research topics.

In principle, a nanocrystal should adopt the same crystal structure as its bulk
counterpart. In fact, most noble-metal nanocrystals (except Ru) are crystallized in the face-
centered cubic (fcc) structure under ambient conditions, the same as their intrinsic bulk
crystal structure. The crystal structure further dictates the geometric shape of these
nanocrystals. Specifically, the high symmetry order of an fcc unit cell accounts for the
highly symmetric shapes (e.g., cube, cuboctahedron, or octahedron) that are often adopted
by these metal nanocrystals. However, the confinement imposed by the inherent symmetry
of the crystal structure can be lifted to a certain extent to obtain nanocrystals with exotic
shapes [18]. For instance, it is not uncommon to observe two or multiple fcc crystal grains
combined together to form one whole nanocrystal with singly- or multiply-twinned

structures with the corresponding symmetry orders different from the fcc crystal lattice.



Common shapes taken by these twinned structures include singly-twinned right bipyramid,
penta-twinned decahedron, and 20-fold twinned icosahedron [19-21]. Alternatively,
uneven distribution of atoms along different directions of the single crystal lattice can also
break the geometric symmetry of the nanocrystal. As a simple example, asymmetric growth
of cubic nanocrystals along one of the six side faces can lead to the development of bar-
shaped nanocrystals possessing lower symmetry than the original cubic shape [22].
Through this so-called “symmetry breaking” process, a vast collection of metal
nanocrystals with different or lower symmetry relative to the unit cell have been prepared

in recent years with a high degree of precision (Figure 1.1) [18].

Figure 1.1. Schematic illustration of the concept of symmetry breaking in a colloidal
synthesis of nanocrystals made of an fcc metal. The metal atoms presented in the center are
formed via the reduction or decomposition of a precursor (shown on the top), followed by



their aggregation into nuclei, evolution into different types of seeds with distinct internal
structures and in diverse symmetry groups (shown in the middle ring), and then growth
into nanocrystals with various shapes (depicted in the outer ring). Twin defects or stacking
faults are indicated by the red lines, while the {100}, {110}, and {111} facets are
represented by the green, purple, and yellow colors, respectively. The light orange color of
the outermost ring signifies that the final nanocrystals have reduced symmetry relative to
that of the initially formed seeds. Reprinted with permission from ref [18]. Copyright 2023
American Chemical Society.

Going beyond the realm of shape evolution, the architectural diversity of noble-
metal nanocrystals can be significantly expanded when two or more distinct metals are
brought together. For simplicity, the bi-metallic system can serve as an example to illustrate
the concept. Based on the spatial distribution of the two constituent elements, the primary
structures that can be adopted by bi-metallic nanocrystals include Janus, core—shell,
intermetallic compounds, and alloys. From these foundational structures, a multitude of
possible architectures can be achieved, with core—frame, core—satellite, and nanocage
being a few notable examples (Figure 1.2) [23]. By manipulating the elemental
composition and the spatial distributions of the two elements in the crystal lattice, the
properties and performance of bi-metallic nanocrystals can be augmented for diverse
applications. For example, the immediate merits and advantages that can be offered by the
core—shell structure include: i) an avenue to produce cost-effective catalysts by replacing
the bulk of a catalytic particle with an inexpensive and abundant metal [24, 25]; ii) the
ability to process noble metals with high cohesive energies into nanocrystals with well-
defined surface structures by replicating the atomic structures of the core [26, 27]; iii) the
capability to access new crystal phases for the metal in the shell by templating against the
atomic packing of the metal in the core [28-30]; and iv) an opportunity to enhance the
properties of the shell metal by leveraging its electronic and/or geometric interactions with

the core, and such enhancement will be particularly strong if the shell thickness is



controlled below six atomic layers [31]. As for the alloy structure, notable examples of
novel and enhanced properties include the intensification of localized surface plasmon
resonance with the incorporation of Ag into Au nanocrystals [32] and the discovery of
highly active fuel cell catalysts by alloying Pt and Ni in a stoichiometric ratio of 3:1 [33].
The current trend toward fabrication of catalysts based on complex multi-metallic alloys
or so-called “high-entropy alloys” highlights the increasing importance and urgency in
studying alloy nanocrystals [34, 35]. With multiple elements combined into a single
particle, the inherent compositional complexity and numerous possible atomic
configurations make multi-metallic alloy nanocrystals an innovation platform for the

advancement of efficient heterogeneous catalysts [36].

Figure 1.2. Schematic illustration depicting the evolution process from two types of metal
atoms (yellow and gray) at the center, progressing to four types of atomic distributions in
the middle ring, and then a diverse array of bi-metallic nanocrystals with distinct



architectures in the outer ring. The presence of an alloy or intermetallic compound is
represented by an orange color, signifying the integration and blending of the two different
metal atoms. Reprinted with permission from ref [23]. Copyright 2016 American Chemical
Society.

In addition to the combination of metals, the integration of metallic and nonmetallic
components into hybrid nanostructures offers a promising avenue to broaden the scope of
nanoscale synthesis and achieve heterogeneous systems with a variety of new properties.
These hybrid nanoparticles not only manifest a combination of the original properties of
their constituents but also holds the potential to reveal unique synergistic effects. For
example, among a myriad of possible hybrid architectures, the metal-semiconductor
nanojunction is of particular interest as a basis for their utilization in photocatalysis,
bioimaging, and photothermal therapies owing to the light-induced charge-separation

characteristic [37].

1.2 Opportunities and Challenges in Controlling Noble-Metal Nanocrystals

Starting as a scientific curiosity, research on nanocrystals has spanned from the
development of methods for engineering their properties in a controllable manner to the
exploration of new applications superior to their bulk counterparts, which is a result of the
realization that the properties and applications of nanocrystals could be greatly augmented
by posing a tight control over their internal structure [38, 39], size [40-42], morphology

[43-45], and elemental composition [23, 46].

For mono-metallic nanocrystals, size and geometric shape are primary determinants
of numerous physicochemical properties as they dictate the arrangement of atoms on the
surface and influence the distribution of surface charges. A prototypical example of how

nanocrystal properties rely heavily on the particle size and geometric shape can be found



in Ag nanocrystals, a class of multifunctional nanomaterials with extensive use in
plasmonics, electronics, and catalysis. By simply adjusting the size of polycrystalline Ag
nanoparticles in a pseudo-spherical shape within the range of 40-90 nm, the
ultraviolet—visible (UV—vis) extinction spectra displayed a tunable resonance peak ranging
from 410—-500 nm [47, 48]. Transitioning to Ag nanocubes with an edge length of 90 nm
would lead to the appearance of multiple resonance peaks in the spectra, with the most
intense peak shifting to around 600 nm due to the presence of sharp edges and corners on
the surface [47, 49]. In this scenario, the shape of metal nanocrystals provides a more
effective means than size to tailor their surface plasmonic properties. When serving as
catalysts, Ag nanocubes encased by {100} facets exhibit greater selective toward ethylene
epoxidation relative to the conventional Ag nanoparticles with a quasi-spherical shape.
This advantage arises from the favorable transformation of the surface oxametallacycle
intermediate to ethylene epoxide on the Ag(100) surface [50, 51]. Similar correlations
between other catalytic properties and size/shape have also been demonstrated for
nanocrystals composed of other metals such as Au, Pt, Pd, and Rh [12]. These examples
manifest the promise of size and shape controls in augmenting the performance and thereby
accomplishing cost-effective utilization of precious metals notoriously known for their

scarcity in the Earth’s crust.

When considering bi- and multi-metallic nanocrystals, the morphology and
elemental distribution become two pivotal factors that govern their properties. In particular,
the surface composition and arrangement of atoms play a crucial role in determining their
potential in industrially important applications. The PdPt bi-metallic system can serve as

an example to illustrate the strong relationship between the surface structure and their



performance as heterogeneous catalysts, the major use of these two elements. Through
rationally designed synthetic protocols, PdPt nanocrystals can be prepared as Pd—Pt alloys
or Pd@Pt core—shell structures [52]. When comparing these two structures in terms of their
catalytic activity toward the oxygen reduction reaction (ORR), it is evident that the Pd@Pt
core-shell nanocrystals exhibit significantly higher specific and mass activities than the
alloys. The substantial enhancement observed in the core—shell structure can be attributed
not only to the increased exposure of Pt—the catalytically more active element—on the
nanocrystal surface but more essentially to the geometric and ligand effects inherent in the
core—shell interaction [53-55]. Furthermore, this interplay can be manipulated by using Pd
nanocrystals with different geometric shapes (e.g., cube, octahedron, decahedron,
icosahedron) as the core [55-58] or by simply tuning the thickness of the Pt shell during
the synthesis [55, 56]. Similar correlations have also been demonstrated in many other
combinations of bi- and multi-metallic systems and target reactions, although the influence

can vary in a case-specific and sometimes intricate manner [23].

Even with only a limited number of noble-metal elements, nanocrystals can be
possibly designed and produced with a nearly infinite variety of compositions, shapes,
morphologies, and architectures. This vast landscape of potential developments holds
numerous breakthroughs yet to be uncovered. However, along with the opportunities
provided by this expanding family of materials comes the growing challenge of
comprehending and managing these intricate structural features through chemical
processes. Despite the development of numerous synthetic methods aimed at regulating
size, morphology, and composition, there remains a growing disparity in our abilities to

control these distinct aspects of synthesis.



For size control of mono-metallic nanocrystals, the strategy has proven to be
straightforward. As the average size is inversely proportional to the number of particles
and directly proportional to the feeding amount of precursor, separation of nucleation and
successive template-mediated growth are two simple and efficient routes for precise tuning
of nanocrystal size [59, 60]. However, when dealing with more complex structures like
Janus and core-shell architectures, controlling the size of each constituent part (e.g.,
interface area and shell thickness) becomes more challenging. In comparison, achieving
morphology control in nanocrystals is a more complicated endeavor. Fundamentally, it is
governed by the intrinsic crystal structure, which is typically shared by a group of similar
elements [18]. Our progressive knowledge of the thermodynamic and kinetic parameter
involved over the past two decades has facilitated systematic shape control of numerous
noble metals [12]. Current research efforts aim to apply this knowledge to elements with
high surface energies, such as Ir, Rh, and Ru, or to fabricate sophisticated hierarchical
structures using well-understood materials such as Au, Ag, Pd, and Pt. On the other hand,
composition control poses a significantly more abstruse scientific puzzle yet to be solved.
As a prerequisite of control, understanding the composition of nanocrystals and how it is
formed has been challenging, as it entails the three-dimensional distribution of multiple
elements, which is not nearly as easy to visualize or quantify as shape or size. Even the
most advanced tools are deficient to a certain extent when utilized to analyze the surface
composition. To gain a better understanding of the composition and ultimately establish
general guidelines for synthetic control of these nanomaterials, we need to explore an
alternative and often overlooked approach—taking a closer look at the chemical reaction

that rules their formation processes.



1.3 General Strategies for Controlled Synthesis

1.3.1 Template-Mediated Growth
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Figure 1.3. Plot of the concentration of atoms as a function of reaction time. This plot
illustrates the major steps involved in a synthesis, including the generation of atoms,
homogeneous nucleation, and growth. Reprinted with permission from ref [61]. Copyright
1950 American Chemical Society.

The synthesis of colloidal metal nanocrystals is traditionally based on the one-pot
approach. This process begins with the formation of nuclei or seeds, which are created
through the aggregation of freshly generated metal atoms in a homogeneous manner. These
nuclei then act as templates to mediate the size increase and shape evolution through
surface deposition. This process of particle formation follows the so-called LaMer model
established in the 1950s (Figure 1.3) [61, 62]. Typically, the nucleation and growth
processes usually happen simultaneously and compete with each other, especially under

conditions of high supersaturation of metal atoms. These temporal and spatial variations



can result in polydisperse products, characterized by variations in size, shape, and internal

structure.

A solution to address the issue of nonuniformity is to separate growth from
nucleation through the introduction of well-defined nanocrystals as pre-formed templates,
a technique called “seed-mediated growth” [63]. Through seed mediation, the final shape
taken by the product becomes highly correlated sigh the structure of the seed. For instance,
the growth of single-crystal nanocrystals often leads to the formation of cuboctahedral,
cubic, octahedral, or rhombic dodecahedral nanocrystals as the final output. Both the initial
seed and the product exhibit the same symmetry as the underlying fcc unit cells.
Remarkably, if these symmetric products are used as seeds for a subsequent overgrowth,
nanocrystals with symmetry-broken shapes, such as tetrahedra, rectangular bars, and
octagonal rods, will be created [64-66]. Moreover, by employing twinned and stacking-
fault-lined nanocrystals as seeds, seed-mediated growth opens up pathways to generate

even more exotic shapes [67-69].

It is worth emphasizing that the role of the template extends beyond a physical
support. The chemical features of the seed can also be utilized to direct and regulate the
growth behavior of metal structures, especially through a spontaneous electrochemical
process called “galvanic replacement” [70]. In a galvanic replacement synthesis, atoms
from the metal template (substrate) undergo oxidation and dissolution (anode half reaction);
meanwhile, electrons are released and transferred to the salt precursor containing another
metal with a higher reduction potential (cathode half reaction). Consequently. the precursor
is then reduced to form metal atoms that are then deposited onto the substrate. Galvanic

replacement can be considered as a chemical redox reaction without the involvement of an

10



external reducing agent involved or as an electrochemical reaction with no physical
separation between the anode and cathode. Notably, a distinctive characteristic of galvanic
replacement synthesis is that the overall shape or morphology of the resulting product tends
to replicate that of the substrate. For example, the reaction between Ag nanocubes (serving
as the template) and HAuUCI4 (the salt precursor) yields Ag—Au alloy cubic nanocages in a
single step, offering an alternative approach for the fabrication of complex metal

nanostructures [71].

.Se nanospheres
Pt nanoparticle

300-450 °C Pt' precursor

—_ 5 —_—

Se melts In situ growth |
and diffuses
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Loadmg

Figure 1.4. (A) Schematic showing the preparation of a Se-stabilized Pt/C catalyst. (B)
TEM and (C) high-resolution TEM image of the Se-stabilized Pt/C catalyst. (D) Schematic
showing how to anchor a Pt nanoparticle to the carbon surface through the Pt—Se—C linkage.
Reproduced with permission from ref [75]. Copyright 2019 American Chemical Society.

While metal templates are naturally well-suited for mediating many metal
nanostructures owing to their matching crystal structure, high crystallinity, and well-

defined attributes, galvanic replacement also can be initiated on reductive nonmetallic

11



substrates such as Se [72], Te [73], and Si [74]. Due to the large lattice mismatch between
these nonmetal elements and most noble metals, distinct surface nucleation and growth
behaviors can be anticipated. For instance, the reaction between amorphous Se (a-Se) and
a Pt precursor on a carbon support allows for the in situ synthesis of ultrasmall Pt
nanoparticles linked to the Se thin film via Pt—Se bonds, generating an electrocatalyst with

exceptional stability (Figure 1.4) [75].

1.3.2 Dropwise Injection of the Precursor Solution

In a conventional synthesis of colloidal nanocrystals, the precursor is typically
introduced via “hot injection” or “heat up” method to achieve a tight control over the size
distribution of the products [76]. In both approaches, the precursor solution is rapidly
injected into the reaction mixture as a single shot (Figure 1.5A), followed by thermally-
triggered reaction(s) and burst nucleation to initiate nanocrystal formation. Since
nucleation involves a much higher energy barrier than growth, it necessitates a
tremendously higher level of supersaturation to commence this process. The one-shot
injection method fulfills this requirement by enabling a fast reaction kinetics at the initial

stages when the precursor concentration is at its highest level.
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Figure 1.5. (A and B) Experimental setup for a colloidal synthesis involving one-shot
injection of the precursor solution and plot of the instantaneous concentration of precursor
as a function of reaction time. co = 1 M (equals to 1000 droplets of precursor solution), k =
0.5 sL. (C and D) Experimental setup for a synthesis involving dropwise injection of the
precursor solution and plot of the instantaneous concentration of precursor as a function of
reaction time. co = 1 mM, k = 0.5 s7%, r = 1 s. Note that the instantaneous concentrations
(the vertical axis), and thereby the reaction rates, differ by several orders of magnitude
between these two syntheses.

However, one notable drawback associated with one-shot injection is the
exponential decay of precursor concentration and thus reaction rate over time (Figure
1.5B), which can pose challenges in certain aspects of synthetic control. For instance, when
the system involves two or more metals, this feature is responsible for the spatial variations
in composition, which is determined by the relative reduction rates of the respective

precursors. When multiple metal precursors are reduced in the same solution, the
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composition of each nanocrystal would constantly vary along the radial direction,
depending on the ratio between the reduction rates of different precursors [52]. In this case,
attempting to tune the reduction rate of any one of them by means of temperature and/or
ligand exchange can lead to complex effects on the synthetic outcome, making it essentially

impractical to experimentally control the spatial distribution of elements.

Since the variation in reaction rate is deeply rooted in the conversion and
consumption of the precursor, a straightforward way to mitigate such variation is to
maintain a constant precursor concentration by continually supplementing additional
precursor into the system to compensate for consumption. By dividing the precursor
solution into small droplets and introducing them into the reaction solution in multiple runs,
rather than all at once, a steady level of concentration can be intuitively expected [77]. To
simplify the analysis, we can create a model in which the precursor is added as droplets of
a consistent size at a specific rate, while disregarding the consequent temperature
fluctuations and volume increase in the reaction solution (Figure 1.5C). The reaction of the
precursor from each droplet can be treated as an independent event, with its concentration
following the same exponential decay as observed in the case of one-shot injection. For
instance, the addition of the first droplet causes to a rapid increase in concentration, which
then gradually decrease until the second droplet is added. The second droplet induces
another sudden increase in precursor concentration, establishing a new starting point for
the subsequent exponential decay (Figure 1.5D). Taken together, the concentration
fluctuates up and down along with the addition of more droplets, while maintaining an
overall upward trend. As the peak concentration continues to rise, the consumption rate of

precursor also increases in proportion, eventually leading to an interesting situation in
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which the decrease in concentration due to decay during the addition of two consecutive
droplets is nearly identical to the increase in precursor concentration resulting from the
subsequent droplet addition. This equilibrium leads to the establishment of a steady state.
In this steady state, the precursor concentration fluctuates only between two extreme

values, defined as the upper limit (cup) and lower limit (ciow), SO as the reaction rate.

The steady state achieved through dropwise precursor introduction offers many
merits when compared to the inherent concentration variation associated with the one-shot
injection method. First, it allows for the maintenance of a significantly lower precursor
concentration, which is crucial for preventing self-nucleation during seed-mediated growth.
By operating at a slower reaction rate, the growth behavior becomes predominantly
controlled by surface diffusion, ensuring accurate replication of the template's morphology.
Additionally, the precursor concentration in the steady state can be readily tuned by
controlling the injection rate using a syringe pump. Interestingly, the reaction rate in the
steady state is independent of the reactivity of the precursor, enabling the simultaneous
reduction of precursors to different metals at the same rate. This facilitates the production

of alloy nanocrystals with uniform and tunable compositions.

1.4 Scope of This Work

This work aims to explore several strategies for controlling the size, morphology,
and composition of mono-, bi-, and multi-metallic nanocrystals, and to elucidate the
mechanisms responsible for the formation of unique nanostructures, alongside an
evaluation of their properties towards biomedical and catalytic applications. This

dissertation is organized into three components: i) controlling the size and morphology of
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Au nanoparticles on a-Se nanosphere templates to form hybrid nanostructures; ii)
controlling the morphology of Rh shell on Pd cubic template to form bi-metallic core—shell
nanocrystals; and iii) controlling the morphology and composition of a quaternary alloy

shell on Rh cubic template to generate multi-metallic core—shell nanocrystals.

In Chapter 2, in collaboration with Dr. Haoyan Cheng, | report a comprehensive
investigation of the nucleation and growth patterns of Au nanoparticles on the surface of
a-Se nanospheres. With dropwise injection of Au precursor, its galvanic reaction with
elemental Se results in the formation of Au atoms in situ. These atoms then undergo
heterogeneous nucleation and growth right on the surface of the a-Se nanospheres. Without
involving additional reducing agents, this process confines the nucleation of Au
nanoparticles only on the surface of the a-Se nanospheres, with the number and size of the
resultant Au particles being determined by the initially formed nuclei. The number of the
initially formed Au nuclei on each a-Se nanosphere can be gradually increased from 1 to
2, 3, and 10 by increasing the pH value of the reaction mixture and thereby elevating the
initial reduction rate. The as-obtained Au nanoparticles can serve as patches for the
conjugation of a targeting ligand, such as folic acid-terminated poly(ethylene glycol)

disulfide, to enhance the cellular uptake of a-Se nanospheres.

In Chapter 3, co-authored with Dr. Ying Lyu, | demonstrate a facile route to
regulate the growth of a Rh overlayer on a Pd cubic template, enabling the synthesis of
Pd@Rh nanocrystals. The product features smooth, well-defined {100} facets for the
preparation of Rh nanocages. With slow dropwise injection of sodium
hexachlororhodate(111) (NasRhCls), a precursor with lower reactivity than rhodium acetate

(Rh(OAC)3), the reaction can be maintained at a decelerated pace to avoid homogeneous
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nucleation. The Br-ions from KBr serve as a bifunctional ligand to further slowdown the
reaction via ligand exchange and ensure the formation of Rh(100) surface. The reaction is
conducted at a high temperature of 210 °C to promote surface diffusion. Benefiting from
the conformal coverage of an atomically thin Rh overlayer, the core-shell nanocubes
exhibit enhanced thermal stability compared to the Pd mono-metallic counterparts, as
evidenced by in situ electron microscopy observation. The subsequent chemical wet
etching of the core—shell nanocubes leads to the generation of Rh nanocages with well-

defined {100} surface and ultrathin walls.

In Chapter 4, | further explore the potential of template-mediated growth combined
with dropwise injection of precursor to develop a transformative method for the creation
of multi-metallic nanocrystals with controlled elemental compositions and surface
structures. Through the use of Rh cubic seeds with excellent thermal stability, halide-free
precursors to avoid oxidative etching, and a tight control over the reduction kinetics, I
develop a robust protocol for the synthesis of nanocrystals featuring {100} facets and a
nearly equimolar RURhPdPt alloy on the surface. This work demonstrates the feasibility of
not only controlling the surface composition of multi-metallic nanocrystals but also
manipulating their facet or atomic arrangement on the surface. The as-prepared alloy
nanocubes exhibited superior thermal stability in both shape and composition, as well as

enhanced catalytic performance toward ethanol oxidation.

1.5 Notes to Chapter 1

Part of this Chapter is adapted from the review articles co-authored by me:

“Colloidal Synthesis of Metal Nanocrystals: From Asymmetrical Growth to Symmetry
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Breaking” published in Chemical Reviews [18], “Galvanic Replacement Synthesis of Metal

Nanostructures: Bridging the Gap between Chemical and Electrochemical Approaches”

published in Accounts of Chemical Research [70], and “Bi-metallic Core—Shell

Nanocrystals: Opportunities and Challenges” published in Nanoscale Horizons [78].
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CHAPTER 2. CONTROLLING THE NUCLEATION AND
GROWTH OF GOLD ON AMORPHOUS SELENIUM
NANOSPHERES TO ENHANCE THEIR CELLULAR UPTAKE

AND CYTOTOXICITY

2.1 Introduction

The development of nanomedicine and related applications calls for the
optimization of cellular uptake of nanoparticles by tailoring the interaction between the cell
membrane and nanoparticles [1—3]. For synthetic nanoparticles, this can be achieved by
functionalizing their surface with a ligand to specifically target the receptor expressed on
the cell membrane. To this end, it is often necessary to tightly control both the coverage
density and spatial distribution of the ligand on the surface of nanoparticles in order to
optimize their cellular uptake and cytotoxicity [4]. Despite some progress in manipulating
the coverage density of ligands, it remains a challenge to experimentally tailor the surface

distribution of the ligand in a controllable fashion.

Nanospheres made of amorphous selenium (a-Se) have recently received
increasing interest as a new platform material for nanomedicine owing to their biological
activity and pharmacological actions [5—7]. Upon internalization, they can kill cancer cells
by generating reactive oxygen species (ROS) and thereby inducing mitochondria-mediated
apoptosis in a dosage-dependent manner [8]. Their relatively inert surface, however, calls
for modification with a noble metal, followed by conjugation with a bioactive ligand. To

this end, the strong reducing power of elemental Se has been leveraged for the in situ
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deposition of noble-metal nanoparticles on its surface through a galvanic replacement
mechanism [9, 10], and a-Se nanospheres could also serve as templates for the fabrication
of hollow particles made of Pt and other inorganic materials [11—13]. In such a synthesis,
metal atoms are generated in situ on the surface of each a-Se nanosphere, followed by their
heterogeneous nucleation and growth into a polycrystalline shell with a controllable
thickness [14]. Significantly, the strong reducing power and the amorphous structure of a-
Se nanospheres offer a simple and versatile system to control the nucleation and growth of
noble-metal nanoparticles without involving the interferences from faceting and surface
capping agents. In principle, if the as-deposited noble metal is gold, it would offer a robust
handle to further conjugate thiol-terminated compounds through the Au—S covalent
bonding [15]. Nevertheless, how to control the number of Au patches and thus the

distribution of the ligand on the surface of an a-Se nanosphere remain to be demonstrated.

Herein, I investigate the nucleation and growth of Au nanoparticles from the surface
of a-Se nanospheres. The galvanic reaction between ionic Au precursor and elemental Se
results in the formation of Au atoms in situ, followed by their heterogeneous nucleation
and growth right on the surface of the a-Se nanospheres. Different from other systems
involving additional reducing agents, Au atoms can only be generated on the surface of the
a-Se nanospheres during the nucleation stage. As a result, the initial nucleation on the
surface of the a-Se nanosphere plays a pivotal role in determining the number and size of
the resultant Au nanoparticles. The number of the initially formed Au nuclei on each a-Se
nanosphere can be gradually increased from 1 to 2, 3, and 10 by increasing the pH value
of the reaction mixture and thereby increasing the initial reduction rate. The as-formed Au

nanoparticles can serve as patches for the conjugation of a targeting ligand such as folic
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acid-terminated poly(ethylene glycol) disulfide. This work allows one to control the
nucleation and growth pattern of Au nanoparticles and thus the distribution of targeting

ligand on the surface of a-Se nanospheres to enhance their uptake by cells.

2.2 Results and Discussion

Controlling the Nucleation and Growth of Au on the Surface of a-Se
Nanospheres. When an aqueous suspension of HAuUCIs is dropwise injected into an
aqueous suspension containing a-Se nanospheres, galvanic replacement will be initiated
immediately between the Au precursor and Se atoms due to their significant difference in
reduction potential. In the initial step of the reaction, Se atoms will be oxidized and
dissolved into the reaction mixture (Figure 2.1A). At the same time, the electrons generated
in the oxidation process will be captured by Au precursor to generate Au atoms via a
reduction reaction. In this synthesis, the a-Se nanospheres serve the dual roles as a reducing
agent and a substrate for the heterogeneous nucleation of Au atoms formed in situ. Since
the surface of a-Se nanospheres is amorphous in structure, the Au atoms tend to nucleate
and grow by themselves, contributing to the persistence of an island growth mode. In
addition, the Au atoms should be confined to the original site of formation due to the large
lattice mismatch between crystalline Au and a-Se, as well as the strong binding between
Au and Se. This is very different from the case involving the galvanic replacement reaction
between Ag nanocubes and Au ions [16, 17]. Because Au and Ag solids share the same
face-centered cubic (fcc) structure, together with closely matched lattice constants (4.0786
A and 4.0862 A for Au and Ag, respectively), the Au atoms are able to epitaxially nucleate
from and diffuse across the entire surface of the Ag template. In the following step, the Se

atoms will be continuously oxidized to release electrons, which can be easily transported
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to the Au surface. The Au ions tend to be reduced to Au atoms on the newly formed Au
surface because Au is a good electron conductor, and the energy barrier should be lower
than that on the Se surface [18]. By separating oxidation and reduction to different sites on
the surface, one can mitigate the transport issue of chemical reagents involved [19]. The
overall reaction underlying this galvanic replacement process between Se atoms and Au

ions can be summarized as follows:

4Au*"+3Se +180H™ — 4Au + 3Se03” + 9H,0 (2.1)

Since the reaction involved the use of hydroxide ions (OH"), I was able to control
the reduction rate of the Au precursor by preadjusting the pH value of the reaction solution,
thereby controlling the initial number of Au nuclei and thus the average number of Au
nanoparticles on each a-Se nanosphere. The formation of different number of Au
nanoparticles on the surface of each a-Se nanosphere can be attributed to the nucleation of
Au on one/multiple sites when the reduction kinetics is changed by pH variation (Figure
2.1B). As a unique feature of this system, the morphology of the final product is determined
by the number of nucleation sites formed in the initial stage of a synthesis, which, in turn,
can be readily controlled by adjusting the experimental parameters that affect the initial
reduction rate. In a sense, the formed Au atoms only contribute to the size enlargement of

the Au nanoparticles.
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Figure 2.1. (A) Schematic illustration of the different stages involved in the reduction of a
Au precursor to Au atom on the surface of an a-Se nanosphere through a galvanic
replacement reaction, as well as the nucleation and growth of Au nanoparticles. (B)
Depending on the pH value of the reaction mixture, the initial reduction rate can be readily
controlled to generate different numbers of Au nanoparticles on the surface of each a-Se
nanosphere.

I confirmed this proposed mechanism by sampling the particles formed at different
stages of a standard synthesis for transmission electron microscopy (TEM) analysis.
Indeed, on each a-Se nanosphere, the size of the Au nanoparticle increased with prolonging
the reaction time while no additional nucleation site was observed during the growth
process. After the introduction of HAuUCIs for 25 min, there was a tiny Au nanoparticle
with an average diameter of 1.3 nm on each a-Se nanosphere (Figure 2.2A), indicating
slow nucleation and growth in the first 25 min. As the reaction proceeded to 1 h, the Au
nanoparticles grew to an average diameter of 10.4+2.1 nm (Figure 2.2B). When the reaction
time was further prolonged to 2 h, the average diameter of the Au nanoparticles increased

to 14.3£3.4 nm (Figure 2.2C). During the growth process, no additional nucleation site was
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observed and the average number of Au nanoparticles per a-Se nanosphere was essentially
kept at one. To further support my argument, | also analyzed the particles obtained by
injecting different volumes of Au precursor solution into the reaction mixture. The average
sizes of the Au nanoparticles increased from 5.5+1.3 t0 9.7+2.4 and 18.8+3.5 nm when the
volume of the precursor solution was increased from 0.125 to 0.25 and 1.0 mL (Figure
2.2D-F). Despite the change in size, the number of Au nanoparticles on each a-Se
nanosphere remained the same (one Au nanoparticle per a-Se nanosphere) regardless of

the amount of the precursor solution added.

——— 100 nm

Figure 2.2. (A—C) TEM images of Se—Au dimers obtained at different time points into a
standard synthesis: (A) 25 min, (B) 1 h, and (C) 2 h. (D—F) TEM images of Se—Au dimers
obtained at room temperature by injecting (D) 0.125, (E) 0.25, and (F) 1.0 mL of 0.4 mM
HAuUCIs solution into an aqueous mixture containing a-Se nanospheres and
cetyltrimethylammonium bromide. The initial pH of the reaction solution was set to 8.2
while all other conditions were kept the same as the standard synthesis.

28



To elucidate the composition, phase, and structure of the hybrid nanoparticles, |
analyzed freshly prepared Se—Aui dimers (similar to the one shown in Figure 2.2C) by X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and advanced electron
microscopy. The results are summarized in Figure 2.3. For the XRD data, the peaks at 20
of 38.1°, 44.4°,64.6°, 77.5°, and 81.7° can be assigned to the diffraction from (111), (200),
(220), (311), and (222) planes of fcc Au (Figure 2.3A). The XPS spectrum further
confirmed that the Au in the hybrid nanoparticles was dominated by Au® in the zerovalent
state (Figure 2.3B). The high-resolution transmission electron microscopy (HRTEM) and
high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) images indicated that the as-formed Au nanoparticle was polycrystalline (Figure
2.3C,D). The lattice spacing of 0.236 nm can be indexed to the (111) plane of fcc Au. The
polycrystalline structure can be attributed to the slow reduction kinetics of the Au
precursor. The prior work of my group indicated that a fast reduction rate tended to favor
the formation of single-crystal Au nanoparticles while a slow reduction rate can lead to the
formation of twinned products [20]. Altogether, the results from these multidimensional
characterizations demonstrated that the nanoparticles formed on the surface of the a-Se
nanospheres were made of Au rather than other Au-containing compounds such as AusSe.
This conclusion is reasonable because all the syntheses of AuSe reported in the literature
[21] were conducted in much harsher conditions (e.g., elevated temperatures) than what
was involved in the current synthesis. However, | cannot exclude the existence of a small
portion of AuSe at the Au—Se interface between polycrystalline Au nanoparticle and

amorphous a-Se nanosphere. At the current stage of technological development, it is
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challenging to characterize this nonflat interface. Nevertheless, the exposed surface on the

as-formed Au nanoparticles should be made of Au rather than AuSe.
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Figure 2.3. (A) XRD pattern recorded from a freshly prepared Se—Aui sample. The red
bars indicate the diffraction peaks of fcc Au (PDF# 04-0874). (B) XPS spectrum recorded
from the same batch of sample, indicating the dominance of zerovalent Au. (C) HRTEM
and (D) HAADF-STEM images of a Au nanoparticle on one Se—Aui particle. The lattice
spacing of 0.236 nm can be assigned to the (111) plane of fcc Au. Both the HRTEM and
HAADF-STEM images suggest a polycrystalline structure for the Au nanoparticle. Inset
in panel C: a TEM image of the whole Se—Aua particle.

The influence of the initial pH on the morphology of the particles can be seen in
Figure 2.4. When the initial pH was set to 6.0 prior to the introduction of HAuCls, Au only
nucleated and grew on ca. 35% of the a-Se nanospheres to generate Se—Au hybrid
nanoparticles with a Janus structure (Figure 2.4A). The percent of Se—Au Janus

nanoparticles increased to 82% when the initial pH was increased to 8.2 (Figure 2.4B). If
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the initial pH was further increased, more than one Au nanoparticles would start to form
on the surface of each a-Se nanosphere. On average, 2, 3, and 10 Au nanoparticles would
be formed on the surface of each a-Se nanosphere when the initial pH was adjusted to 9.0,
10.0, and 11.0, respectively (Figure 2.4C—E). It should be pointed out that, due to the strong
contrast between Se and Au under TEM imaging, essentially all the Au nanoparticles on
each a-Se nanosphere could be easily resolved even though they overlapped along the
direction of electron beam. At a higher pH of 11.7, Au nanoparticles were able to nucleate
and grow from numerous sites on the surface of each a-Se nanosphere, resulting in the

formation of Se—Au hybrid structure with a relatively rough surface (Figure 2.4F).

" — 100 nm

Figure 2.4. TEM images of Se—Au hybrid nanoparticles obtained at different initial pH
values of (A) 6.0, (B) 8.2, (C) 9.0, (D) 10.0, (E) 11.0, and (F) 11.7, respectively. Insets: the
corresponding two-dimensional models.
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As more nucleation sites were involved at a higher initial pH, the size of the
resultant Au nanoparticles decreased (Figure 2.5). Specifically, the average diameter of the
Au nanoparticles decreased from 18.1+2.9 nmto 17.8+2.2, 15.6+2.1, 11.7+2.0,and 7.2+1.8
nm, respectively, when the initial pH was set to 6.0, 8.2, 9.0, 10.0, and 11.0. According to
the heterogeneous nucleation and growth theory, the growth mode of a second material on
the surface of a substrate was mainly determined by the surface energies, supersaturation,
atomic bonding, and lattice mismatch [22-24]. Generally speaking, island growth is
expected to dominate over conformal deposition if the lattices of the two materials are
heavily mismatched [25]. When the substrate was made of an amorphous material, the
lattice of the Au nanoparticles could not match with that of the substrate at all, leading to
island growth of Au on the surface of a-Se nanospheres. A similar phenomenon was also
observed in the synthesis of SiO2@Au core—shell nanoparticles, where the SiO2 surface

also had an amorphous structure [26].
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Figure 2.5. The average diameters and numbers of Au nanoparticles on each a-Se
nanosphere at different initial pH values.
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Figure 2.6. TEM image of the Se—Au hybrid nanoparticles prepared using the standard
protocol except for the introduction of Au precursor in one shot. Compared with the sample
shown in Figure 2.4B (i.e., involving dropwise addition), the Au nanoparticles were more
broadly distributed in terms of size and shape.

It is worth emphasizing that the dropwise injection of Au precursor allowed me to
attain the same initial experimental parameters (e.g., pH value and precursor concentration)
at the early stage of each synthesis, leading to essentially identical nucleation on the surface
of the a-Se nanospheres for all the experimental groups. Even though the pH value of the
reaction system might change with reaction time or the introduction of more HAuCls, the
number of Au nanoparticles on each a-Se nanosphere would not change because the
number of nucleation sites had been fixed at the very beginning of the synthesis. When the
introduction of the Au precursor was switched from dropwise titration to one shot injection
while keeping all other experimental parameters the same as the standard protocol, the
much higher initial concentration of the Au precursor resulted in the formation of Au
nanoparticles with broader distributions in size and shape (Figure 2.6). It is worth noting
that the initial pH value would quickly drop from 8.2 to 6.5 if the acidic HAuCl4 precursor

was introduced in one shot. The increase in Au precursor concentration and the decrease
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in pH value tended to have opposite effects on the reaction kinetics, which could influence

the initial number of Au nuclei formed on the surface of each a-Se nanosphere. Our result

indicate that more than one Au nanoparticles could be formed on some of the a-Se

nanospheres.
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Figure 2.7. UV—vis spectra recorded from aqueous suspensions of the a-Se nanospheres,
and the Se—Au hybrid nanoparticles obtained at different initial pH values, as shown in

Figure 2.4B-E.

Ultraviolet—visible (UV—vis) spectroscopy was used to monitor the optical

properties of the a-Se nanospheres before and after the deposition of Au nanoparticles at

different initial pH (Figure 2.7). The absorption peak of pristine a-Se nanospheres was

located at 259 nm. After reacting with the Au precursor, a new peak appeared at 523 nm,

indicating the formation of Au nanoparticles. The intensity of this new peak gradually

increased when the initial pH was increased from 8.2 to 10.0. However, the intensity of

this peak suddenly dropped to the baseline when the initial pH was further increased to

11.0. This change was consistent with the dramatic reduction in size for the Au
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nanoparticles. For all these samples, no obvious alteration was observed for the peak
associated with the a-Se nanospheres because of their negligible change in size before and

after the galvanic reaction.
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Figure 2.8. Plots showing the concentration of Au precursor remaining in the reaction
solution as a function of reaction time at initial pH of 8.2 and 11.0.

Mechanistic Investigation of the Synthesis. To elucidate the mechanistic details,
| tracked the reduction of the Au precursor under different initial pH by injecting the
precursor in one shot, quenching the reaction with concentrated HCI, and then measuring
the concentration of the Au precursor remaining in the reaction mixture using inductively-
coupled plasma mass spectrometry (ICP-MS) (Figure 2.8). The results indicated that, in
the first 10 min of a synthesis, the concentration of Au precursor decreased by a much
greater percent at an initial pH of 11.0 relative to the case with an initial pH of 8.2. In other
words, the reduction of Au precursor in the initial stage of a synthesis was greatly
accelerated at a higher concentration of OH™. In the synthesis, a-Se nanospheres served as

both the reducing agent and substrate by directly donating electrons to the Au precursor at
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the solid-liquid interface. Therefore, at a higher pH, more Au atoms would be generated
on the surface of each a-Se nanosphere, providing a stronger driving force to create more
nucleation sites. It is worth emphasizing that when a large amount of the Au precursor was
added in one shot, as in the case of ICP-MS measurement, the pH would be greatly lowered
due to the acidity of the precursor. As a result, the difference in reduction rate shown in
Figure 2.8 should be an underestimate of the actual difference between two initial pH

values in the case of standard protocol involving dropwise injection of the precursor.

Formation of Se@Au Core—Shell nanospheres. In addition to lattice mismatch,
the bond energy between the substrate and the deposited metal also plays an important role
in determining the formation of a core—shell structure. Since the bond energy of Au—Se
(251.0£14.6 kJ-mol™) is slightly stronger than that of Au—Au (226.2+0.5 kJ-mol™?) [27],
it is feasible to generate Se@Au core—shell structure. If the reduction rate was fast enough
to allow numerous Au nuclei to form on the surface of an a-Se nanosphere, it should be
able to obtain Se@Au core—shell nanospheres despite the large lattice mismatch between

Au and a-Se.
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Figure 2.9. TEM images of the Se—Au hybrid nanoparticles obtained by adding (in one
shot) 1.0 mL of 0.4 mM HAuCI4 solution at different temperatures and then waiting for 4
h: (A) 25, (B) 40, and (C) 60 °C, respectively. (D) TEM image of the Se—Au hybrid
nanoparticles prepared by introducing (in one shot) 2 mL of 0.4 mM HAuUCI4 at 60 °C.

To this end, we investigated the role of reaction temperature, another experimental
parameter that can significantly affect the reaction kinetics. The dropwise addition of
precursor was also replaced by one shot injection to quickly increase the concentration of
Au. Figure 2.9 shows TEM images of the products obtained at different reaction
temperatures, with the initial pH being kept the same. At 25 °C, most of the products were
dimeric particles, with the Au nanoparticles taking an irregular morphology (Figure 2.9A).
In contrast, when the temperature was increased to 40 °C, a mixture of Se—Au dimeric
particles and Se@Au core—shell nanospheres were obtained due to the acceleration in
reduction rate (Figure 2.9B). At 60 °C, the reduction of Au on the surface of a-Se

nanospheres was further accelerated, resulting in a boosted nucleation event and
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simultaneous formation of numerous Au nuclei on the surface of each a-Se nanosphere. In
this case, Se@Au core—shell nanospheres with a relatively smooth surface were obtained
(Figure 2.9C,D). The possible mechanism involved in the formation of Se@Au core—shell
particles is illustrated in Figure 2.10A. The Au shell could be clearly distinguished from
the a-Se core under TEM when viewed at a high magnification (Figure 2.10B). Due to the
high vacuum environment of TEM and high energy of electron beam, the a-Se was quickly
evaporated during electron irradiation to leave Au hollow nanospheres with a relatively

uniform size (Figure 2.10C) under TEM when the microscope was operated at 110 kV.
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Figure 2.10. (A) Schematic illustration of the mechanism involved in the formation of
Se@Au core—shell nanoparticles. Due to the fast initial reduction kinetics, a large number
of Au nuclei are simultaneously formed on the surface of the a-Se nanosphere, resulting in
the formation of a core—shell structure. (B) TEM image of the Se@Au core—shell
nanoparticles obtained by injecting 2 mL of 0.4 mM HAuUCI: solution into the reaction
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solution in one shot. The initial pH value of the reaction solution was set to 8.2 and the
reaction temperature was held at 60 °C for 4 h. (C) TEM image of Au hollow nanoparticles
obtained after the Se in the core had been removed by evaporation as a result of e-beam
irradiation for 1 min in the TEM.

Replacement of CTAB with PVP and KBr. As one of the most commonly used
cationic surfactants for the aqueous synthesis of Au nanoparticles, the Br~ions from CTAB
can coordinate with Au through ligand exchange between CI~ and Br~. This ligand
exchange process can slow down the reduction of Au and help control the synthesis of Au-
Se hybrid nanoparticles with different structures. However, CTAB is also known for its
cytoxcity [28] although it can be repalced by a disulfide- or thiol-based compound due to
the stronger Au—S covalent bonding. To address this potential issue, we attempted to
replace CTAB with non-toxic reagents for the synthesis (Figure 2.11). When 0.5 mL of
CTAB (100 mM) was replaced with 0.5 mL of KBr (100 mM) containing 5.5 mg of PVP,
Se—Au hybrid nanoparticles with a dimeric structure was obtained at an initial pH of 8.6.
When the initial pH was increased to 9.3 and 10.0, the average number of Au nanoparticles
per a-Se nanosphere also increased. This trend is similar to what was observed when CTAB
was used for the synthesis. Compared to the sample shown in Figure 2.4D (i.e., involving
the use of CTAB as a surfactant and at the same initial pH of 10.0), more Au nanoparticles
per a-Se nanosphere were observed in the case of KBr plus PVP. This difference might
originate from the additional reducing power of PVP in enhancing the reduction kinetics

[29].
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Figure 2.11. TEM image of the Se—Au hybrid nanoparticles prepared using the standard
protocol except that CTAB was replaced with equal molar amount of KBr and 5.5 mg of
PVP. The initial pH value was adjusted to (A) 8.6, (B) 9.3 and (C) 10.0, respectively. The
average numbers of Au nanoparticles per a-Se nanosphere were about 1, 2, and 7,
respectively.

Dependence of Cellular Uptake on Ligand Distribution. My collaborators
utilized these Se—Au hybrid nanoparticles with enriched surface properties as a model
system to study the influence of ligand distribution on cellular uptake and cytotoxicity. As
a major advantage, the Au nanoparticles on each a-Se nanosphere could serve as patches
to conjugate various targeting ligands through the Au—S linkage. For the Se@Au
core—shell structure, their cytotoxicity was expected to be compromised because the
biologically active a-Se was completely covered by Au shell with good biocompatibility.
As such, my collaborators chose to focus on Se—Au hybrid nanoparticles with 1, 3 and 10
Au nanoparticles as a model system. After conjugation with OPSS-PEG-FA, the samples
were denoted Se—Aui—Ligand, Se—Aus—Ligand, Se—Auio—Ligand, respectively. Based on
the FT-IR spectra (Figure 2.12), the CTAB adsorbed on the surface of Au nanoparticles
during their synthesis were replaced by the disulfide-based OPSS-PEG-FA due to the

stronger Au—S covalent bonding.
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Figure 2.12. FT-IR spectra of folic acid, OPSS-PEG-SVA, OPSS-PEG-FA, and
Se—Auio—Ligand. The characteristic peaks at 1687 and 1606 cm™ in the spectrum of FA
correspond to N—H bending vibration and C=0O stretching of the —CONH group,
respectively [30]. For OPSS-PEG-SVA, the peaks at 2881 cm™ can be assigned to the
aliphatic C—H stretching vibration [31], whereas the peak at 1105 cm™ is associated with
C-O stretching vibration [32]; both of which are characteristic of PEG. The
Se—Auio—Ligand showed both characteristic peaks of FA and PEG chains, indicating that
folic acid-terminated poly(ethylene glycol) thiol (OPSS-PEG-FA) was successfully
conjugated to the surface of Se—Auio hybrid nanoparticles.

My collaborators then cultured Hela cells with the Se—Au hybrid nanoparticles with
and without conjugation of the OPSS-PEG-FA ligand. The number of the Se—Au hybrid
nanoparticles internalized per cell was measured after removal of the surface-bound
particles using the 12/KI etchant [33]. The etching solution with tolerable cytotoxicity can
selectively dissolve the Se—Au nanoparticles on the cell surface within a short period of
time, leaving behind those inside the cells untouched. Thus, my collaborators were able to
derive the number of nanoparticles internalized by the cells, as well as those attached to
the outer surface of the cell membrane. As shown in Figure 2.13A,B, the Se—Au hybrid

nanoparticles with more Au nanoparticles on the surface gave a much higher endocytosis
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efficiency, which was further increased by ligand modification. This trend indicates that a
larger number of Au nanoparticles on the surface of the a-Se nanospheres, and thus an
increased number of ligands, could greatly enhance the ligand—receptor affinity [34].
Typically, delivery of nanoparticles into a cell involves their binding to the cell surface,
followed by internalization via receptor-mediated endocytosis. The different efficiencies
in cellular uptake might result from their differences in terms of receptor availability,
ligand—receptor interaction, and the equilibrium condition between the ligand distribution

and cell perception.

My collaborators also evaluated the therapeutic effect of the Se—Au hybrid
nanoparticles, with and without ligand modification, by analyzing cell viability (Figure
2.13C). A strong positive correlation was observed between the number of Au
nanoparticles on the surface and the cytotoxicity of these hybrid nanoparticles. Upon
modification with the ligand, the Se—Au hybrid nanoparticles showed more significant
inhibitory effect toward cell viability. My collaborators then evaluated the therapeutic
effect of a series of Se—Au hybrid nanoparticles with different ligand distributions by
observing morphological changes to F-actin of Hela cells through fluorescence microscopy
(Figure 2.14). For the control group with no nanoparticles added (Figure 2.14A), the F-
actin was well-organized and highly elongated. No significant change in morphology was
observed for the cells cultured with the Se nanospheres and Se—Au1 nanoparticles (Figure
2.14B,C), as their F-actin was still well-spread. When incubated with Se—Ausand Se—Auzio
nanoparticles (Figure 2.14D,E), the F-actin gradually became retracted and condensed.
More pronounced collapse of the cell structure was observed when the cells were cultured

with Se—Awi—Ligand, Se—Aus—Ligand, and Se—Auio—Ligand nanoparticles, respectively
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(Figure 2.14F—H). The improved therapeutic effect might have resulted from the enhanced
cellular uptake of Se—Au hybrid nanoparticles, and thereby enhanced cytotoxicity from
elemental Se. Previous studies reported that a-Se nanoparticles exhibited a similar toxicity
to selenite against a number of cancer cell lines, albeit the metabolism mechanism is yet to

be elucidated [35].
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Figure 2.13. (A, B) The number of Se—Au hybrid nanoparticles internalized per Hela cell
in the cases of (A) without and (B) with surface ligand, respectively. The surface-bound
nanoparticles were removed by etching with 12/KI etchant. *p<0.05 when compared with
I2/K1 etchant. *p<0.05 when compared with the group before etching. (C) Comparison of
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the cell viability measured using MTT. *p<0.05 when compared with the group without
ligand.

Se-Au,-Ligand E Se-Au,-Ligand m Se-Au,-Ligand

Figure 2.14. Florescence micrographs of Hela cells that were cultured for 24 h with (A)
no nanoparticles (control group), (B) Se, (C) Se—Aui, (D) Se—Aus, (E) Se—Auao,(F)
Se—Auwi—Ligand, (G) Se—Aus—Ligand, and (H) Se—Auio—Ligand, respectively, followed
by staining of F-actin with Phalloidin-Alexa Fluor-555 (red) and nucleus with DAPI (blue).

It has been established that Se-based nanoparticles could induce cell apoptosis
through mitochondrial dysfunction [36]. Loss of the mitochondrial membrane potential due
to changes in permeability represents a step key to the induction of cell death [37]. In this
study, the mitochondrial membrane potential was measured using fluorescence imaging,
with JC-1 serving as a probe [38]. For Hela cells in the control group, the majority of the
mitochondria clustered around the nucleus, simultaneously presenting the bright red and
green fluorescence (Figure 2.15A). In contrast, the Hela cells treated with Se—Aui—Ligand,
Se—Aus—Ligand, and Se—Auio—Ligand exhibited differences in loss of mitochondrial
membrane potential as revealed by the decreased ratio of red to green fluorescence (Figure

2.15B—D), indicating gradually more dysfunctional mitochondria.
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Figure 2.15. Fluorescence micrographs of the JC-1-stained Hela cells that were cultured
(A) without nanoparticles, and with (B) Se—Aui—Ligand, (C) Se—Aus—Ligand, and (D)
Se—Auio—Ligand for 24 h, respectively.

2.3 Conclusion

| have investigated the role of initial reduction rate in controlling the heterogeneous
nucleation and growth of Au on a-Se nanospheres. By controlling the experimental
parameters, especially the initial pH value, the average number of Au nanoparticles formed
on each a-Se nanosphere could be increased from 1 to 2, 3, 10, and more than 10. The
different patterns of nucleation led to the formation of colloidal particles with diverse and
controllable morphologies, enabling a systematic analysis of the cellular uptake of
nanoparticles with different ligand distributions. Owing to their biological activity and
pharmacological actions, the Se—Au hybrid nanoparticles can serve as a class of therapeutic
agents for cancer nanomedicine. Our results suggest that Se—Au hybrid nanoparticles with

a larger number and a more uniform distribution of ligands on the surface would be
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internalized by cells at a greater efficiency, leading to decrease in cell viability and eventual
cell death. Further investigation indicated that the dysfunction of mitochondria, as caused
by the internalized nanoparticles, was mainly responsible for the cell death. This work not
only enriched our understanding of the kinetically controlled nucleation process involving
a metal precursor and an amorphous surface, but also shed light on the design and rational

synthesis of hybrid nanomaterials for biomedical applications.

2.4 Experimental Section

Chemicals. Selenious acid (H2SeOs, >99.99%), hydrazine monohydrate
(N2H4-H20, >98%), poly(vinylpyrrolidone) (PVP, molecular weight = 55 000), gold(III)
chloride trihydrate (HAuCl4-3H20, >99.9%), cetyltrimethylammonium bromide (CTAB,
>99.0%), aqueous solution of hydrochloric acid (HCI, 37%), sodium hydroxide (NaOH, >
99.9%), ethylene diamine (C2HsN2, 99.5%), folic acid (FA, >98%), dimethyl sulfoxide
(DMSO, >99.8%), potassium iodide (KI, >99.0%), iodine (I2, >99.8%), and glutaraldehyde
(50 wt % in H20) were all obtained from Sigma-Aldrich and used as received. Orthopyridyl
disulfide-PEG-succinimidyl valerate (OPSS-PEG-SVA, molecular weight = 50 000) were
ordered from Laysan Bio. Dulbecco's Modified Eagle Medium (DMEM), fetal bovine
serum (FBS), penicillin/streptomycin, phosphate buffered saline (PBS, 10 mM, pH = 7.4),
and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) were

purchased from ThermoFisher Scientific.

Synthesis of a-Se Nanospheres. In this work, a-Se nanospheres served as a
substrate to control the nucleation and growth of Au. They were synthesized by

sequentially adding 100 mg of PVP and 387 mg of H2SeOs into 100 mL of deionized (DlI)
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water and magnetically stirred at room temperature for 10 min.> Then, 1.16 mL of
N2H4-H20 was introduced under magnetic stirring. After reaction at room temperature for
another 3 h, the solid products were collected by centrifugation at a speed of 12 000 rpm
for 20 min and washed three times with DI water. The final products were dispersed in 50

mL of DI water for further use.

Synthesis of Se—Au Hybrid Nanoparticles. In a standard protocol, 0.5 mL of
CTAB (100 mM) and 0.15 mL of the as-prepared a-Se nanospheres were added into 4.5
mL of DI water. The mixture was stirred at room temperature for 10 min and the pH value
of the mixture was adjusted to 8.2 by adding NaOH solution. Then, 0.5 mL of aqueous
HAUCI. solution (0.4 mM) was added dropwise at a rate of 0.02 mL mint into the mixture
under magnetic stirring at room temperature (21 °C) over a period of 4 h. The solid products
were collected by centrifugation at 12 000 rpm for 5 min and washed three times with DI

water.

Synthesis of Se—Au Hybrid Nanoparticles with Different Numbers of Au
Nanoparticles on Each a-Se Nanosphere. The procedure was the same as the standard
protocol for the Se—Au hybrid nanoparticles except that the initial pH of the reaction
solution was adjusted to different values. When the initial pH was set to 9.0, 10.0, 11.0,
and 11.7, the average numbers of Au nanoparticles per a-Se nanosphere were 2, 3, 10, and

greater than 10, respectively.

Synthesis of Se@Au Core—Shell Nanoparticles. In a typical synthesis, 0.15 mL
of the suspension of a-Se nanospheres and 0.5 mL of CTAB (100 mM) were added into

4.5 mL of DI water and the as-obtained mixture was stirred at 60 °C for 10 min. Then, a
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specific amount of the aqueous HAUCI4 solution (0.4 mM) was quickly added in one shot.
The mixture was stirred at 60 °C for 4 h. The solid products were collected by
centrifugation at 12 000 rpm for 5 min and washed twice with DI water, followed by

redispersion in DI water.

Analysis of the Reduction Rates for the Formation of Se—Au Hybrid
Nanoparticles under Two Different Initial pH Values. | compared the reduction rates at
two different initial pH values by analyzing the concentrations of Au precursor remaining
in the reaction solution at different time points using inductively coupled plasma mass
spectrometry (ICP-MS). In a typical procedure, after 0.5 mL of CTAB (100 mM) had been
added into 4.5 mL of water, the pH value of the mixture was adjusted to 8.2 or 11.0. Then,
0.15 mL of a-Se nanospheres and 0.5 mL of HAuCls (0.4 mM) were sequentially
introduced in one shot. At different time points after the introduction of HAuCl4, 0.5 mL
of aliquot was sampled from the reaction mixture using a glass pipet and immediately
injected into 1 mL of 37 wt % HCI to quickly quench the reaction. The sample was then
centrifuged for 5 min to precipitate out all the nanoparticles, leaving behind Au precursor

in the supernatant for collection, dilution, and ICP-MS analysis.

Conjugation of Ligand to the Surface of Au Nanoparticles. In a typical process,
FA (200 mg), OPSS-PEG-SVA (20 mg), and 10 pL of ethylenediamine were dissolved in
10 mL of DMSO and stirred in the dark for 36 h to generate folic acid-terminated
poly(ethylene glycol) disulfide conjugate (OPSS-PEG-FA). The mixture was then purified
by dialysis (2 000 Da) for 3 days in DI water to remove free FA, DMSO, and

ethylenediamine. Finally, the sample was dried under a vacuum to obtain OPSS-PEG-FA.
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To single out the impact of ligand distribution on cellular uptake, | varied the
average number of Au nanoparticles per a-Se nanosphere while keeping the size of the Au
nanoparticles essentially the same. This was achieved by raising the initial pH to increase
the number of Au nanoparticles per a-Se nanosphere while increasing the volume of
HAuUCI4 accordingly to enlarge the size of the resultant Au nanoparticles. Specifically, a
set of Se—Au hybrid nanoparticles was synthesized by following the standard protocol
except that 0.25, 0.75, and 2.5 mL of HAuCl4 (0.4 mM) were introduced into the reaction
solution, with the initial pH adjusted to 8.2, 10.0, and 11.0, respectively. The average
numbers of Au nanoparticles per a-Se nanosphere were about 1, 3, and 10, so the as-
obtained Se—Au hybrid nanoparticles were denoted Se—Aui, Se—Aus, and Se—Auio,
respectively. For the conjugation of OPSS-PEG-FA to the Au surface, the Se—Aui,
Se—Aus, and Se—Auio (Se: 2 umol) were washed and centrifuged twice with DI water,
followed by dispersion in 100, 300, and 1 000 uL, respectively, of aqueous OPSS-PEG-
FA solution (4.8 mg mL™). The mixture was stirred in the dark for 24 h and then
centrifuged at 12 000 rpm for 5 min to remove the free OPSS-PEG-FA. The supernatant
was discarded, and the retrieved solid was washed three times with DI water and then
redispersed in 1 mL of DI water. According to the average numbers of Au nanoparticles
per a-Se nanosphere, the final products were denoted Se—Aui—Ligand, Se—Aus—Ligand,

and Se—Auio—Ligand, respectively.

Cell Culture. Human cervical carcinoma cell line (Hela) was obtained from
American Type Culture Collection (ATCC) and cultured in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin. The cells were maintained in an incubator at 37

°C under a humidified atmosphere of 5% COa.
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Cellular Uptake. 1 quantified the number of Se—Au hybrid nanoparticles
internalized per cell by removing the surface-bound particles with an etchant [33]. First, I
prepared the etching solution by adding I2 and Kl into PBS at a molar ratio of 1:20. The
concentration of 12 was set to 0.34 mM. The Hela cells were seeded in a 6-well plate and
cultured at 37 °C for one day. The cells were then incubated with 1 mL of the culture
medium containing a-Se, Se—Aui, Se—Aus, Se—Auio, Se—Aui—Ligand, Se—Aus—Ligand, or
Se—Auio—Ligand (the concentration of a-Se was fixed at 5 uM) at 37 °C for 8 h. After the
cells had been washed twice with 1 mL of fresh medium to remove the nonspecifically
bound nanoparticles, the number of cells in each well was counted using hemocytometer.
Then, the culture medium was replaced with 1 mL of the I12/KI1 etching solution to remove
the surface-bound nanoparticles. After incubation at room temperature for 4 min, the cells
were repeatedly frozen and thawed five times to disrupt the cell membrane. Finally, the
cell debris was dissolved with aqua regia. The concentration of Se was analyzed using ICP-
MS. The cellular uptake of the Se—Au hybrid nanoparticles was derived from the

concentration of Se, the diameter of a-Se nanospheres, and the number of cells.

Cell Viability. After Hela cells had been seeded in 96-well plate and cultured
overnight, 150 pL of a-Se, Se—Aui, Se—Aus, Se—Auio, Se—Aui—Ligand, Se—Aus—Ligand,
or Se—Auio—Ligand (the concentration of Se was set to 5 uM) was added into the well,
followed by incubation at 37 °C for 24 h. The culture medium was then replaced with 200
pL of 10% MTT (v/v) in a serum-free medium, followed by incubation at 37 °C for 4 h.
Following that, the medium was replaced with DMSO (150 uL per well). After shaking for
10 min in the dark, the optical absorbance of each well at 490 nm was measured using a

microplate reader (TECAN Infinite 200).
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Analysis of Cell Morphology. The morphology of the cells was analyzed by
fluorescence microscopy. Hela cells were seeded in 24-well plate and cultured overnight.
The Se, Se—Auz1, Se—Aus, Se—Auio, Se—Aui—Ligand, Se—Aus—Ligand, or Se—Auio—Ligand
samples was added to achieve the Se concentration of 5 uM in the culture medium and
incubated with the cells (1 mL per well) at 37 °C for 24 h. Afterward, the cells were washed
twice with PBS, followed by fixation with 3% glutaraldehyde (vol/vol) in PBS (pH=7.4)
at room temperature for 10 min. Finally, the cells were permeabilized with 0.2% Triton X-
100 (v/v) for 20 min. The F-actin and nucleus were labeled with Phalloidin-Alexa Fluor
555 for 20 min and DAPI for 10 min, respectively. The morphology of the cell was

analyzed by imaging with a fluorescence microscope.

Analysis of Mitochondrial Membrane Potential. The mitochondrial membrane
potential was analyzed through JC-1 staining. Generally, JC-1 can exist as aggregates (red
fluorescence) or monomers (green fluorescence), corresponding to the preservation and
loss of mitochondrial membrane potential, respectively [39]. The Hela cells were seeded
in a 24-well plate and cultured at 37 °C overnight, followed by the introduction of the
suspension of Se—Aui—Ligand, Se—Aus—Ligand, or Se—Auio—Ligand sample to achieve
the Se concentration of 5 uM in the culture medium and incubation for 24 h. The cells were
then stained with JC-1 and DAPI (for nucleus) for 15 min. Finally, the sample was washed

repeatedly with serum-free medium and analyzed using a fluorescence microscope.

Characterizations. The sample for transmission electron microscopy (TEM) was
dispersed in DI water, followed by deposition on a carbon-coated copper grid. All images
were captured using a Hitachi HT7700 microscope (Japan) operated at 110 kV. High-

resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field
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scanning transmission electron microscopy (HAADF-STEM) analyses were performed
using a Hitachi HD2700 aberration-corrected STEM operated at 200 kV. The instantaneous
concentrations of Au precursor were determined by inductively coupled plasma mass
spectrometry (ICP-MS) (NexION 300Q, PerkinElmer). The pH was measured using a Five
Easy pH Meter (Mettler Toledo, Columbus, OH). The ultraviolet—visible (UV—vis) spectra
were collected using a Cary 60 spectrometer (Agilent Technologies, Santa Clara, CA). Size
distributions of the particles were determined using a Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK). The FT-IR spectra were recorded on a Varian 640 IR
spectrometer (Agilent Technologies, Santa Clara, CA). The as-prepared sample was also
characterized by powder X-ray diffraction (XRD) on a Si zero-background holder using a
Rigaku MiniFlex 600 diffractometer with a Cu Ka X-ray source (A =1.5406 A) in the range
of 20-90° (20). X-ray photoelectron spectroscopy (XPS) measurement was performed
using a Thermo K-alpha spectrometer with an Al Ko X-ray source (Thermo Scientific,
Waltham, MA). The fluorescence micrographs of cells were acquired using a Leica DMI

6000B fluorescence microscope (Leica Microsystems, Buffalo Grove, IL).

2.5 Notes to Chapter 2

Part of this Chapter is adapted from the article “Controlling the Nucleation and Growth of Au
on a-Se Nanospheres to Enhance Their Cellular Uptake and Cytotoxicity” published in Journal

of the American Chemical Society [40].
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CHAPTER 3. SYNTHESIS OF PALLADIUM@RHODIUM
NANOCUBES WITH WELL-DEFINED {100} SURFACE AND

CONTROLLED SHELL THICKNESSES

3.1 Introduction

Nanocrystals based on Rh have received great interests as heterogeneous catalysts
with superior performance in a wide variety of reactions, including CO oxidation [1], NO
reduction[2], and hydrogenations [3]. They have found commercial use as one of the key
components in the three-way catalytic converters for automobiles [4]. However, as one of
the rarest elements in the Earth’s crust [5], the scarcity and thus high price of Rh have
hindered its large-scale applications. As such, there is an urgent need to increase the
utilization efficiency of Rh atoms. To this end, Rh nanocrystals with controlled shapes and
twin structures, including cubes [6, 7], octahedra [7], decahedra [8], icosahedra [9],
hexagonal plates [10], and concave cubes [11], have been synthesized and tested as
heterogeneous catalysts in an effort to enhance the specific activity by optimizing their
surface structures. As an alternative to this strategy, core—shell structures, with Rh as the
shell and another metal as the core, have been synthesized with different shapes to help
increase the surface exposure of Rh atoms [12]. The interior atoms in these structures,
however, are still blocked from interacting with reactant molecules. As a solution to this
issue, hollow nanostructures such as nanoframes have been fabricated, but this type of

nanostructures fail to control the type of facet exposed on the surface [11].
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In recent years, nanocages have emerged as a new type of hollow nanostructure
featuring both high surface exposure and well-defined surface structure [13]. With sub-
nanometer thin walls and capped by a certain type of facets (usually {100} or {111}), they
have emerged as promising candidates for catalytic applications with both high activity
and selectivity. Notable examples include Pt-based octahedral nanocages toward oxygen
reduction [14], Ir-based cubic nanocages toward water oxidation [15], and Ru-based
icosahedral nanocages for hydrazine decomposition [16]. The nanocages were prepared by
depositing a thin layer of the desired metal onto Pd nanocrystals (i.e., seeds or templates)
of different shapes, followed by removal of the Pd core through selective etching to leave
behind the nanocages. Despite successful synthesis of several types of nanocages of
platinum-group metals (PGMs), it remains a challenge to produce Rh-based nanocages
through the same approach. In a previous study, our research group demonstrated the
synthesis of PA@Rh nanocrystals by depositing Rh on Pd nanocrystals of 67 nm in size
using Rh(OAC)s as the precursor [12]. Due to the fast reduction kinetics of this precursor,
the reaction temperature was restricted to 185 °C to avoid homogeneous nucleation, which
limited the surface diffusion of Rh adatoms on the surface of the seeds. This was especially
problematic in the case of nanocubes where the lower coordination of atoms on the {100}
surface of cubic seeds (as compared with the {111} surface of octahedral seeds) carries a
higher energy barrier to surface diffusion [17]. As a result, layer-by-layer growth mode
were only partially achieved when seeds of very small sizes (6—7 nm) were involved and
the synthesis failed when switching to seeds of larger sizes (i.e., 18 and 37 nm in that
study). Moreover, when examined under high-resolution transmission electron microscope

(HRTEM), concavities, terraces, and steps were observed on the side faces due to
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inadequate surface diffusion. When these particles are subject to oxidative etching, the
three-dimensional structure of the nanocages tend to collapse due to their uneven shell

thickness and thus weak mechanical strength.

Herein | report a synthetic protocol to synthesize PA@Rh nanocrystals featuring
smooth, well-defined {100} facets and larger size for the successful preparation of Rh
nanocages. Sodium hexachlororhodate(l1l) (NasRhCls) with lower reactivity than
Rh(OAC)3 (0.431 V versus the standard hydrogen electrode, Vste, for RhCle® + 3e — Rh
+ 6CI-, as compared with 0.758 Vske for Rh®* + 3e — Rh) [18] was used as a precursor to
reduce the reaction rate and thus avoid homogeneous nucleation. The Br—ions from KBr
serve as a bifunctional ligand to further slowdown the reaction through ligand exchange
[19] and promote the formation of Rh(100) surface [6]. The reaction was conducted at a
high temperature of 210 °C to promote surface diffusion. Benefiting from the complete
coverage of atomically thin Rh overlayer, the core—shell nanocubes exhibited significantly
improved thermal stability when benchmarked against Pd mono-metallic counterparts
through in situ electron microscopy observation. Through chemical wet etching of the
core-shell nanocubes, Rh nanocages with well-defined {100} surface and ultrathin walls

were successfully fabricated.

3.2 Results and Discussion

| first synthesized Pd nanocubes with an average edge length of 16.2 nm according
to a protocol developed by our group [20]. After that, |1 deposited Rh shells on the Pd
nanocubes in a layer-by-layer manner by dropwise adding a triethylene glycol (TEG)

solution containing NasRhCls and poly(vinyl pyrrolidone) (PVP) into another solution
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containing TEG, PVP, potassium bromide (KBr), and L-ascorbic acid (AA) under magnetic
stirring over a course of 20 h. In this synthesis, AA acted as a reducing agent; TEG served
as both a solvent and a precursor to a co-reducing agent; PVP was a colloidal stabilizer.
On the other hand, KBr was an additive that had a multifaceted impact on the outcome of
the synthesis, which will be discussed later in detail. The synthesis was conducted at a
temperature of 210 °C to promote the diffusion of Rh adatoms on Pd surface. Figure 3.1A
shows a typical transmission electron microscopy (TEM) image of the as-obtained PA@Rh
core-shell nanocubes, confirming a uniform size and shape of the sample. Unlike
previously reported products that were plagued by island growth of Rh and a second
population of Rh particles arising from homogeneous nucleation [12], the current product
shows 100% layer-by-layer growth for the Rh atoms. The atomic composition of the
product was determined to be PdsisRhisa using inductively coupled plasma mass
spectrometry (ICP-MS), which corresponds to ca. three atomic overlayers of Rh on the Pd
surface based on an inter-planar distance of 0.19 nm for the {200} planes of face-centered

cubic (fcc) Rh and the 16.2-nm size of the Pd nanocubes.

Figure 3.1B-E shows high-angle annular dark-field scanning TEM (HAADF-
STEM) images taken from a number of adjacent core—shell nanocubes, demonstrating
smooth side faces and sharp corners for each nanocube. No atomic terraces, steps, or
concavity was observed in the atomic-resolution image shown in Figure 3.1E. Figure 3.1F
shows energy-dispersive X-ray (EDX) mapping of an individual PA@Rh nanocube,
revealing the core—shell spatial distribution of the two elements. It is worth mentioning that
similar product could be obtained when the NasRhCle precursor is replaced with the same

amount of Rh(acac)s (Figure 3.2), because Rh(acac)s is known to have moderate reduction

59



Kinetics even at elevated temperatures [7]. The chemical states of the two metals were
further analyzed by X-ray photoelectron spectroscopy (XPS). As shown in Figure 3.3, the
characteristic doublets of 3d orbitals of Rh and Pd were clearly resolved. Each elemental
peak was dominated by the zero-valent state, with a very small portion for the oxidated

Species.

Figure 3.1. (A) A typical TEM image of the Pd@RhsL nanocubes. (B—E) HAADF-STEM
images of the Pd@RhsL nanocubes at different magnifications. (F) HAADF-STEM image
of an individual Pd@RhsL nanocube and the corresponding EDX mappings of Pd and Rh
elements.
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Figure 3.2. A typical TEM image of the Pd@Rh nanocubes obtained using the standard
protocol except for replacing NasRhCls with the same amount of Rh(acac)s.
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Figure 3.3. High-resolution XPS spectra and the corresponding fitted curves of Pd and Rh
in the core—shell nanocubes. The zero-valent component is in dominance for both metals.
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In order to verify the layer-by-layer growth mode during this synthesis, | reduced
the volume of Rh precursor solution added from 5 mL to 3 and 1 mL, respectively. From
the TEM images and corresponding HAADF-STEM images of the two samples shown in
Figure 3.4, they exhibit a morphology similar to that of the Pd@RhsL sample, including
smooth side faces down to atomic scale. No self-nucleated particles were observed,
eliminating the possible involvement of Ostwald ripening in the deposition of Rh onto the
surface of Pd seeds. The atomic compositions (summarized in Table 3.1) of these two
products were determined to be PdesoRhso and Pdso7Rhios, respectively, which
corresponds to 0.6 and 1.5 atomic layers of Rh. In other words, the Rh atoms were indeed
deposited on the seeds in a layer-by-layer fashion, with every 1 mL of the precursor
solution contributing to ca. 0.5 layers of the Rh shell. Note that the atomic percentages of
Rh in these samples were lower than the ideal values calculated from the amounts of Pd
cubes and Rh precursor added. Specifically, the ideal atomic percentages of Rh were
supposed to be 10.9, 19.5, and 26.6% after the addition of 1, 3, and 5 mL of Rh precursor
solutions, respectively. The loss of Rh mass during the synthesis can be attributed to the
incomplete reduction of the precursor and the formation of Rh clusters that were too small

to be collected through centrifugation.
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Figure 3.4. (A) TEM and HAADF-STEM (inset) images of the Pd@Rho.sL nanocubes. (B)
TEM and HAADF-STEM (inset) images of Pd@Rh1.5. nanocubes.

Table 3.1. Compositions of Pd@Rh nanocubes with different shell thicknesses determined
using ICP-MS.

Sample Atomic percentage (%)

Pd Rh
Pd@Rho.sL 96.0 4.0
Pd@RhzsL 89.7 10.3
Pd@RhaL 81.6 18.4

Next, | analyzed the surface compositions of the core—shell nanocubes with
different shell thicknesses through cyclic voltammetry (CV) scanning in an aqueous
electrolyte containing 0.1 M HCIO4 (Figure 3.5). It has been established that the Pd (100)
surface shows characteristic voltametric peaks in the hydrogen underpotential deposition
region between 0.2-0.3 V versus the reversible hydrogen electrode (Vrre) but there is no
such peak for Rh(100) [7, 21]. Indeed, two distinct peaks could be observed in the CV
curve of pristine Pd nanocubes (Figure 3.5A). As more Rh was deposited onto the Pd{100}
facets to form 0.6, 1.5, and finally 3 atomic layers of Rh (Figure 3.5B-D), the relative

intensities of the voltametric peaks of Pd gradually decreased and eventually became
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negligible. These results indicated that the surface of the Pd@Rhs. nanocubes was
dominated by Rh instead of Pd—Rh alloy, which can be attributed to the immiscibility and
thus spontaneous phase segregation between Rh and Pd over the entire composition range

[22].
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Figure 3.5. CV curves obtained from Pd nanocubes and Pd@Rh nanocubes of different
thicknesses in an aqueous electrolyte containing 0.1 M HCIOa.

It is worth emphasizing that a careful control over the reaction conditions, including
the injection rate and amount of precursor solution, the reaction temperature, and the
additives, is essential to the formation of a smooth surface. During the synthesis, the
injection rate of the precursor had to be controlled at a low level in order to keep the
concentration of Rh atoms in the reaction mixture at a low level to avoid supersaturation

and homogeneous nucleation. In the standard protocol, the injection rate was carefully
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controlled at 0.25 mL h=* using a syringe pump. As a comparison, when this rate was
increased to 0.5 mL h, a second population of particles (arising from homogeneous
nucleation) with sizes significantly smaller than the Pd cubic seeds became visible in the
TEM image (Figure 3.6A). As discussed in Figure 3.4, the amount of precursor injected is
also important as it directly controls the thickness of the Rh shell. Unfortunately, the Rh
shell could not grow thicker than three atomic layers without altering the growth mode. As
shown in Figure 3.6, when 7.8 mL of precursor solution was added, island growth was
triggered on top of the smooth Rh shell due to inadequate surface diffusion, generating
spikes from the corners of each nanocube. Interestingly, each spike has a rectangular shape
with right angles under TEM, indicating a {100}-terminated surface. This could be
attributed to the {100}-selective capping effect from Br- ions [6, 23]. Moreover, the
complex roles of KBr additive should not be overlooked. It has been established that Br-
could bind to Rh(l1I) ions to form a stable complex with low reactivity, thus changing the
reaction rate constant of the precursor and slowing down the redox reaction [19]. Indeed,
without the addition of KBr, the fast reduction of the Rh precursor would result in
homogeneous nucleation and formation of tiny Rh particles instead of Rh shell (Figure
3.6C). Taken together, all the reaction parameters must be optimized in order to generate
Pd@Rh nanocubes with a smooth surface while eliminating impurities such as surface

islands and small Rh particles.
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Figure 3.6. (A—C) TEM images of products obtained using the standard protocol expect
that (A) the injection rate of the precursor was increased to 0.5 mL h™%, (B) the amount of
precursor solution injected was increased to 7.8 mL, and (C) no KBr was introduced.

Similar to the injection rate, reaction temperature is another essential parameter that
must be carefully controlled because it influences both the reduction rate of the Rh
precursors (i.e., the deposition rate of the Rh atoms) and the surface diffusion rate of Rh
adatoms. If the temperature was reduced to 190 °C (Figure 3.7A), the Rh metal mainly
existed as self-nucleated small particles instead of a shell on the surface of Pd cubes. This
could be attributed to the stronger binding of Br- to the Pd(100) surface at a relatively low
temperature. The surface-adsorbed Br- would block the access of Rh atoms to the Pd
surface and force them to self-nucleate and generate individual particles [24]. On the other
hand, when subject to a higher temperature of 230 °C (Figure 3.7B), the faster reduction
of the precursor and thus a higher rate of atom supply led to a deposition rate greater than

surface diffusion, triggering island growth that made the surface rough and irregular.
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Figure 3.7. (A and B) TEM images of products obtained using the standard protocol expect
that the temperature was changed to (A) 190 °C and (B) 230 °C, respectively.

As a catalytic metal, Rh is widely used to promote heterogeneous thermal catalytic
reactions, such as syngas production and vehicle exhaust treatment, that are operated at
elevated temperatures. In order to study the thermal stability of PdA@Rh nanocubes for
potential application as thermal catalysts, | loaded the Pd and Pd@Rh samples onto a chip
with 30-50 nm-thick SiNx membrane surrounded by a heating circuit and subjected them
to in situ heating and observation in TEM. As shown in Figure 3.8, the original shapes of
both samples exhibited sharp corners and smooth edges at room temperature. However, as
the temperature was elevated, the shape evolution of these two samples started to differ.
After being heated at 300 °C in vacuum for 30 min, the corners of each Pd cube became
truncated and those close to each other started to merge together. For PA@Rh cubes, in
contrast, essentially no shape change was observed. When the temperature was further
increased to 400 °C and then 500 °C, individual Pd cubes became more rounded and the
particles in touch started to fuse into one particle with uniform contrast under TEM. On the
contrary, the cubic shape of the Pd@Rh nanocubes was still well preserved, with only slight
corner truncation. At a high temperature of 600 °C, the Pd nanocubes became near-

spherical while the Pd@Rh nanocubes possessed a morphology similar to that of the Pd

67



sample at 300 °C. Taken together, with the full coverage by and protection from refractory
Rh overlayer on Pd surface, the PdA@Rh nanocubes exhibited a thermal stability almost 300
°C higher than pristine Pd nanocubes of similar sizes, making the former promising

candidate as thermal catalysts with higher utilization efficiency than pure Rh nanocrystals

and uncompromised great thermal stability.
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Figure 3.8. In situ TEM images recorded from the same (1) Pd cubes and (2) Pd@Rhsc.
cubes at (A) room temperature and then heated to (B) 300, (C) 400, (D) 500, and (E) 600
°C for 30 min, respectively. The scale bar in (A1) applies to all panels.

As noted earlier, the well-defined core—shell structure with smooth, three atomic
layer-thick Rh shell could benefit the production of Rh nanocages by removing Pd in the
core to leave behind Rh shell only. Owing to the relatively large difference in redox
potential between Fe**/Fe?* and PdBrs>/Pd (0.77 Vsue for Fe3*/Fe?* vs. 0.49 Vsue for
PdBr4s?/Pd) [11], this process can be easily achieved by treating the core—shell particles in
an aqueous etchant containing KBr, FeCls, and HCI at 80 °C for 1 h. In the etching process,
the Fe®* from FeCls served as an oxidizing agent to react with the Pd atoms in the core

whereas Br- coordinated with the resultant Pd?* to form PdBrs2- which was then dissolved
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into the aqueous solution and removed from the nanocrystals. The use of HCI helped
prevent both Fe** and Fe?*from hydrolysis. Figure 3.9A and B shows typical TEM and
HAADF-STEM images of the as-obtained Rh nanocages, respectively. A lattice spacing
of 1.9 A could be measured from the atomic-resolution image in Figure 3.9C, in agreement
with the value obtained in Figure 3.1E. This result demonstrated that the crystal structure
of the Rh shell was well-preserved during the etching process. | conducted ICP-MS to
quantitatively analyze the elemental composition of the product. The atomic percentage of
Rh increased from 18.4% to over 90% after the etching of Pd core, indicating a highly
efficient and selective Pd removal process. Taken together, these data confirmed that the
nanocages were essentially made of Rh. In order to demonstrate the necessity of using Pd
nanocubes of larger sizes as seeds, Pd@Rh nanocrystals of smaller sizes were also prepared
by employing Pd cubes of smaller sizes as seeds for the production of Rh nanocages as a
comparison (Figure 3.10). It is obvious from the TEM images that core—shell nanocrystals
possess different types of structural defects, including corner truncations, terraces, and
steps (Figure 3.10A). The nanocages produced from these products are comprised of

incomplete structure and debris (Figure 3.10B).
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Figure 3.9. (A) A TEM image of Rh nanocages obtained by etching away Pd in Pd@RhsL
cubes using an FeCls-based etchant. (B and C) HAADF-STEM images of Rh cages at two
different magnifications.

Figure 3.10. (A) Pd@Rh nanocubes prepared by using 6-nm Pd cubes as seeds. (B) Rh
nanocages produced through etching of the PA@Rh nanocubes in (A).

3.3 Conclusion

In summary, | have demonstrated the synthesis of PA@Rh core—shell nanocubes
with an ultrathin Rh shell and well-defined {100} facets. Under optimized injection rate of
the precursor and reaction temperature, together with the addition of KBr, the growth mode
was adjusted to layer-by-layer instead of surface island growth or self-nucleation. The

complete coating of Pd nanocubes by a Rh shell significantly enhanced their thermal
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stability, as established by in situ TEM observation. Moreover, Rh nanocages with ultrathin
walls could be readily fabricated through wet etching. I also found that the size of the Pd
seeds is of critical importance for generating a uniform shell with high mechanical strength
to keep the nanocages from collapse during the etching process. It is expected that the
method reported here will facilitate the development of novel catalysts with high utilization

efficiency of precious metals in addition to high thermal stability.

3.4 Experimental Section

Chemicals and Materials. Triethylene glycol (TEG, 99%) was purchased from J.
T. Baker. Poly(vinyl pyrrolidone) (PVP, with an average molecular weight of 55,000),
potassium chloride (KCI, 99%), potassium bromide (KBr, 99%), hydrochloric acid (HCI,
37%), iron(l11) chloride (FeCls, 97%), sodium hexachlororhodate(l11) (NasRhCls, 97%),
rhodium(l11) acetylacetonate (Rh(acac)s, 97%) were obtained from Sigma-Aldrich. -
ascorbic acid (AA, 99%) was ordered from BioXtra. Ethanol (anhydrous) was ordered from
KOPTEC. Acetone was obtained from VWR Chemicals BDH. Syringes and syringe pump
were purchased from KD Scientific. The temperatures of all syntheses were monitored
using a thermal sensor acquired from ACE Glass. Aqueous solutions were prepared using

deionized (DI) water with a resistivity of 18.2 MQ-cm at room temperature.

Synthesis of Pd Cubes with different sizes. Pd cubes were synthesized according
to a protocol reported by our group. In a typical synthesis of 18-nm Pd cubes, 8.0 mL of an
aqueous solution containing PVP (105 mg), AA (60 mg), and KBr (600 mg) was placed in
a 20-mL vial and pre-heated at 80 °C for 10 min under magnetic stirring (400 rpm).

Afterwards, 3.0 mL of an aqueous solution containing 57 mg of Na2PdCls was added using
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a pipette. After the vial had been capped, the reaction was continued at 80 °C for 3 h. The
solid products were collected by centrifugation and washed three times with water, and
then re-dispersed in water for further use. For the synthesis of 6-nm cubes, 5 mg KBr and

185 mg KCI were added instead.

Synthesis of PA@Rh nanocubes with different sizes and shell thicknesses. In a
typical synthesis of 18-nm Pd@RhsL nanocubes, 5 mL of a TEG solution containing Pd
cubes (0.48 mg), AA (25 mg), KBr (50 mg), and PVP (100 mg) was transferred into a glass
vial and heated at 210 °C under magnetic stirring (380 rpm) for 10 min. After that, 5 mL
of another TEG solution containing 0.63 mg of NasRhCls and 100 mg PVP was added into
the flask at 0.25 mL h. After all the precursor solution had been added, the reaction was
continued for another one hour and solid products were then collected by precipitation with
acetone, washed three times with a mixture of ethanol and acetone, and finally re-dispersed
in water for further use. To obtain Pd@Rh1s. and PAd@RhosL, the amounts of precursor
solution added were reduced to 3 mL and 1 mL, respectively. To obtain 8-nm Pd@Rh

nanocubes, 0.18 mg of the 6-nm Pd cubes were used instead.

Formation of Rh nanocages. Chemical etching was conducted in an acidic
aqueous solution to generate Rh nanocages. Typically, 1 mL of the as-prepared Pd@Rh
nanocubes was dispersed in a mixture containing 50 mg of KBr, 50 mg of PVP, 10 mg of
FeCls, 0.06 mL of HCI (37%), and 6 mL of H20 and then heated at 80 °C under magnetic
stirring (380 rpm) for 1 h. Afterwards, the solid product was collected by centrifugation,
washed three times with ethanol, and finally re-dispersed in water for further

characterization.
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Characterizations. Transmission electron microscopy (TEM) images were taken
using a Hitachi HT7700 microscope operated at 120 kV. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images and energy-
dispersive X-ray (EDX) spectroscopy mapping data were acquired on an aberration-
corrected Hitachi HD-2700 STEM operated at 200 kV. Inductively coupled plasma mass
spectrometry (ICP-MS, NexION 300Q, PerkinElmer) was used to determine the metal
contents in the as-obtained nanocrystals. X-ray diffraction (XRD) patterns were obtained
with a PANalytical X’Pert PRO Alpha-1 diffractometer using a 1.8 kW ceramic copper
tube source. The X-ray photoelectron spectroscopy (XPS) data were collected on a Thermo

K-Alpha spectrometer with an Al Ka source.

3.5 Notes to Chapter 3

Part of this Chapter is adapted from the article “Synthesis of PdA@Rh Nanocubes with Well-
Defined {100} Surface and Controlled Shell Thicknesses for the Fabrication of Rhodium

Nanocages” published in Surface Science [25].
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CHAPTER 4. FACET-CONTROLLED SYNTHESIS OF
PLATINUM-GROUP-METAL QUATERNARY ALLOYS: THE

CASE OF NANOCUBES AND {100} FACETS

4.1 Introduction

Multi-metallic alloys refer to solid solutions comprised of three or more elements
[1-3], and they have received ever-increasing interest as an innovation platform for the
rapid development of more effective heterogeneous catalysts [4—7]. Because of the
inherent complexity in composition and thus numerous possible atomic configurations, the
surface of multi-metallic nanoparticles (MMNPs) offers an extremely large number of
distinctive coordination environments to generate a near-continuum distribution of
adsorption energies for the key intermediates of various reactions [8], especially those
involving complex electron transfer processes [9]. More significantly, the optimal binding
sites can dominate the catalytic process and thereby determine the overall activity and
selectivity. When prepared as nanocrystals featuring well-controlled compositions and
surface atomic structures, MMNPs hold great promises for the accelerated discovery of
advanced catalytic materials with exceptional activity and selectivity. Furthermore, various
studies have demonstrated that the high-entropy nature of MMNPs (e.g., RURhPdPtCe
nanoparticles) would endow them with high durability and efficiency when used as
catalysts toward high-temperature reactions such as ammonia oxidation [4, 10], suggesting

a viable system for the fabrication of robust catalysts.
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A number of techniques have been developed to generate MMNPs, with the
simplest one based on cryomilling [11]. The samples obtained using this technique
typically lack controls in terms of size, composition, and morphology. The samples have
been greatly improved in quality by switching to advanced techniques [2, 4, 12, 13],
including those involving carbothermal shock [4], fast moving bed pyrolysis [12] and
nanoreactor-confined calcination [2, 13]. These techniques rely on the fast heating of a
mixture of metal precursors to a temperature greater than 900 °C, followed by fast
guenching, to generate a single-phase MMNPs. Recently, a number of solution-phase
methods have also been explored for the synthesis of MMNPs [9, 14—17], with notable
examples including those built on polyol reduction [9], laser ablation towards water [14],
ultrasonication-assisted wet chemistry [15], droplet-mediated electrodeposition [16], and
solvothermal conditions [17]. A combination of solution-phase colloidal synthesis and
thermal annealing has also been explored [18]. Despite remarkable progress, it remains an
unmet challenge for the robust synthesis of MMNPs featuring all merits key to the
establishment of structure-property relationship and thus theory-guided design of catalytic
materials. In general, the MMNPs reported in literature are often plagued by the following
issues: i) relatively large (>10 nm) and/or broadly distributed sizes; ii) a poorly defined
surface in terms of both composition and atomic structure; iii) a polycrystalline structure
with multiple domains in the same particle; and iv) multiple phases rather than a single
phase. Due to these issues, no prior study has been able to provide atomistic information
about the surface in terms of elemental composition and distribution. As a result, we still

do not have a quantitative and accurate description of the structure-property relationship
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for MMNPs, not mentioning its implication for the rational development of improved or

new catalysts.

Among all the aforementioned techniques, solution-phase colloidal synthesis is one
of the most promising approaches toward robust and controlled synthesis of MMNPs. For
instance, it was recently reported that multi-metallic nanoribbons could be synthesized
through a multi-step process involving galvanic exchange between metal precursors and
Ag nanowire template and subsequent removal of the template [19]. Nevertheless, the
product of this synthesis was essentially polycrystalline. So far, none of the synthetic
protocols has succeeded in producing MMNPs with well-controlled composition and shape
(or surface atomic structure). The failure can be attributed to two main reasons. As for
composition, there is a lack of control over the rates at which the constituent metal atoms
are formed. In the case of surface structure, a robust and universal strategy is yet to be

demonstrated for regulating the shape evolution.

The opportunities and challenges noted above motivate me to develop a
transformative method capable of generating MMNPs with controlled elemental
compositions and surface structures. | focus on platinum-group metals (PGMs) for their
similarity in crystal structure, widespread use in industrial catalysis, and recent
advancement in their synthesis as nanocrystals with well-controlled shapes [20, 21].
Through the use of seed-mediated growth involving well-defined and stable cubic seeds
and halide-free precursors, together with a tight control over the reduction kinetics, here |
report a robust method for the synthesis of nanocrystals featuring {100} facets and a nearly
equimolar RuRhPdPt alloy on the surface. Although many previous studies reported the

capability to manipulate the compositions of MMNPs, this work demonstrates the
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feasibility to not only control the surface composition of MMNPs, but also manipulate their
facet or atomic arrangement on the surface. The as-prepared alloy nanocubes exhibited
superior thermal stability in terms of both shape and composition, as well as enhanced

catalytic performance toward ethanol oxidation.

4.2 Results and Discussion

Synthesis and Characterization of Rhn@RuRhPdPt Alloy Nanocubes. | began
with the preparation of cubic seeds for the eventual presentation of {100} facets on the
alloy nanocrystals. To ensure adequate surface diffusion of adatoms across the surface [22],
the seeds are supposed to be compact in size, chemically and thermally stable, and well-
defined in terms of facet or surface atomic structure. Among the candidates, Rh nanocubes
stand out as an optimal choice because they can be readily synthesized with an edge length
down to 4.5 nm [23], together with an outstanding thermal stability because of the high
Rh—Rh bond energy (285 kJ mol %, as compared to 100 kJ mol™ for Pd—Pd) [24]. If needed,
Rh nanocrystals in other shapes and surface atomic structures can also be synthesized using
colloidal methods. Figure 4.1A shows a typical transmission electron microscopy (TEM)
image of Rh cubes synthesized using a published protocol [23]. | then conducted seed-
mediated growth to conformally deposit an alloy shell on the Rh cubic seeds for the
generation of Rh@alloy nanocrystals with a cubic shape (denoted Rh@A thereafter). To
enable the epitaxial growth of an ultrathin, conformal shell, 1 used a relatively high
temperature of 220 °C and a relatively weak reducing agent based on tetraethylene glycol
(TTEG) to promote the surface diffusion of adatoms and decelerate the reduction of metal
precursors, respectively. To avoid the possible involvement of oxidative etching, | used

halide-free metal acetylacetonate complexes, M(acac)x, as the precursors [22, 25]. A major
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challenge in utilizing these precursors is their enormous difference in reactivity and thus
reduction kinetics. When added into the reaction solution in one shot without any
intervention, these precursors will be reduced sequentially rather than simultaneously,
making it impossible to control the elemental composition and surface atomic structure of
the as-deposited shell [22]. Figure 4.1B shows a TEM image of the products obtained by
injecting a mixture of the precursors in one shot. The truncated octahedral or cuboctahedral
shape of the products suggested a growth mode in which the atoms were piled up on the
{100} facets of the seeds in the form of pyramids to generate {111} facets, rather than
being deposited in a layer-by-layer fashion to replicate the {100} facets on the seeds. The
appearance of particles smaller than the seeds also indicated the occurrence of
homogeneous nucleation in the reaction solution, in addition to the desired heterogeneous

nucleation on the seeds.

To address the issues of homogeneous nucleation and inadequate surface diffusion,
a syringe pump and a capillary tube were employed to introduce the precursor mixture in
the form of tiny droplets, with only a small quantity of precursors (ca. 2.2 nmol for each
metal element) in each droplet. During the dropwise addition at a rate of 10 mL h™?, the
atoms freshly formed from all the four precursors were deposited onto the seeds
concurrently and then allowed to diffuse across the surface to form a uniform layer,
resulting in the formation of a conformal shell comprised of an alloy of the four elements.
After adding 10 mL (Figure 4.1C) and 18 mL (Figure 4.1D) of the precursor mixture (0.5
mM for each precursor) into a reaction solution containing 3.0 mg of the Rh cubic seeds,
nanocubes with a well-retained cubic shape but enlarged sizes were obtained. No self-

nucleation was observed, demonstrating the dominance of surface reduction and layer-by-
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layer growth on the {100} facets of the cubic seeds. The edge length of the cubic
nanocrystals increased from 5.1 nm to 6.6 nm (Figure 4.1E), equivalent to an alloy shell of

3—4 atomic layers in thickness.
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Figure 4.1. TEM images of (A) the Rh cubic seeds and the products prepared via (B) one-
shot injection of 18 mL or dropwise addition of (C) 10 mL and (D) 18 mL of the precursor
mixture, respectively. The arrows in (B) indicate a second population of particles arising
from homogeneous nucleation. The scale bar applies to all panels. (E) Size distributions of
the Rh cubic seeds in panel A and the core—shell cubes in panel D.
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Figure 4.2. (A) XRD pattern recorded from the 6.6-nm core—shell nanocubes. (B)
Comparison of the normalized (111) diffraction peaks from the Rh cubes (i.e., the seeds)

and core—shell cubes.

The single-phase, face-centered cubic (fcc) structure of the product was validated by
the X-ray diffraction (XRD) pattern in Figure 4.2.The characteristic peaks of fcc structure
can be clearly observed in Figure 4.2A. Compared to that of Rh seeds, the normalized (111)
diffraction peak of the Rh@A cubes was narrowed and slightly shifted to a lower 26 value,

indicating an enlarged particle size and the formation of an alloy (Figure 4.2B). According

to the Scherrer Equation:

r = K-M(B-cosB) 4.1)

where r is the mean crystallite size; K is a shape factor that has a typical value of about

0.89; A is the X-ray wavelength; S is the peak width at half the maximum intensity; 0 is the
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Bragg angle. In this work, Acu-k« = 0.154 nm; fa11y = 1.27° = 0.0222 rad; 6(111) = 20.50° =
0.358 rad. As such, the mean crystallite size calculated from the (111) peak was 6.17 nm,
consistent with the edge length derived from TEM images (Figure 4.1E) and further
confirming the single-crystal nature of the product. As a comparison, many of the colloidal
MMNPs reported in previous studies exhibited weak XRD signals and much broadened
XRD peaks, implying the polycrystalline structure of these products [9, 19, 26, 27]. The
elemental states of the four metals were further confirmed by X-ray photoelectron
spectroscopy (XPS). As shown in Figure 4.3 and Figure 4.4, the characteristic doublets of
3d orbitals of Ru, Rh, and Pd and 4f orbitals of Pt were clearly resolved. The valence band
spectrum of Rh@A (Figure 4.5) measured by XPS is “featureless”, revealing a common
characteristic of MMNPs originating from the orbital hybrid [26, 27]. This result indicates
that the atoms in MMNPs have various atomic configurations and thus lower degeneracy
in energy level, in contrast to mono-metallic nanoparticles in which most atoms would
have identical atomic configuration [27]. Table 4.1 shows a summary of the atomic
percentage of each element derived from the inductively-coupled plasma mass

spectrometry (ICP-MS) and XPS data.
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Figure 4.3. Core-level XPS spectra recorded from the core—shell cubes in the regions of
275-350 eV and 6580 eV.
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Figure 4.4. High-resolution XPS spectra and the corresponding fitted curves of the four
metals in the core—shell cubes. The zero-valent component is in dominance for each metal.
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Figure 4.5. XPS valence band structure of the core—shell cubes after background
subtraction. The dashed line indicates the position of Fermi energy level (EF).

Table 4.1. Compositions of the core—shell nanocubes derived from ICP-MS and XPS
measurements.

atomic percentage (%)

source

Rh Ru Pd Pt
ICP-MS 52.9 13.8 17.4 15.8
XPS 43.3 18.7 22.1 15.9

| also characterized the atomic structure and distribution of the elements in each
Rh@A cube using advanced electron microscopy. Figure 4.6A shows a high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) image taken from
a Rh@A cube along the [001] zone axis. The lattice fringe spacing of 1.9 A can be assigned
to the {200} planes. According to the energy-dispersive X-ray spectroscopy (EDX) line
profiles in Figure 4.6B, Rh was distributed throughout the entire particle, but with a higher
intensity over a distance of ca. 5 nm in the middle. In contrast, the other three metals were
mainly distributed in the outmost layer of ca. 1 nm thick on both sides. The EDX mapping
in Figure 4.6C confirms a cubic core comprised of Rh and a shell containing all the four

elements as a uniform alloy.
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Figure 4.6. (A) HAADF-STEM image of a core—shell cube. (B) Line profiles of EDX
intensities across the particle as indicated in panel C. (C) EDX elemental mapping of a
core—shell cube, showing the spatial distributions of Rh, Pt, Pd, and Ru.

Mechanistic Study of the Synthesis. As demonstrated in Figure 4.1, during the
synthesis of Rh@A nanocrystals, the injection rate of the precursor mixture had to be
controlled in order to keep the deposition rates of metal atoms at a low level to avoid
homogeneous nucleation. Besides the injection rate, the reaction temperature is another
important parameter that should be taken into consideration to control both the reduction
rate of the metal precursors (i.e., the deposition rate of the resultant metal atoms) and the
surface diffusion rate of adatoms. In general, the influences of reaction temperature and
injection rate share some similarities, as they both affect the reaction rate directly. It is
necessary to have a sufficiently high temperature to support not only the generation of
metal atoms through reduction reactions but also their surface diffusion. However, if the
temperature is too high, the drastically increased deposition rate could result in a shift of

the growth mode. Figure 4.7 shows TEM images of products prepared using the standard
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protocol except for the use of higher temperatures. At 240 °C (Figure 4.7A) and 250 °C
(Figure 4.7B), nanocrystals featuring octahedral and cuboctahedral shapes instead of a
cubic shape were obtained. Meanwhile, homogeneous nucleation was triggered as the
concentration of freshly formed metal atoms in the reaction mixture was elevated. By
reducing the concentration of each precursor to 0.25 mM at 240 °C (Figure 4.7C), the
reduction rates of the precursors could be reduced to achieve layer-by-layer growth, yet
homogeneous nucleation still occurred. The distinct contrast between the morphologies of
these samples and that of the standard sample shown in Figure 4.1D highlights the

importance to optimize the reaction temperature for the formation of desired products.

Figure 4.7. Influence of the reaction temperature. (A and B) TEM images of the products
prepared using the standard protocol except for the use of higher temperatures: (A) 240 °C
and (B) 250 °C, respectively. (C) TEM image of the product obtained using the standard
protocol except for the use of 240 °C while the concentration of each precursor was reduced
to 0.25 mM.

To achieve a quantitative understanding of the layer-by-layer growth mode, |
analyzed the reduction kinetics of the four precursors under the same experimental
conditions. Figure 4.8A shows a comparison of the concentrations of the precursors
measured using ICP-MS. Even though started at the same concentration, the instantaneous

concentrations of M(acac)x at the same time point differed substantially from each other.

87



Specifically, Pd(acac)2 was almost depleted after 5 min into the reaction whereas nearly
50% of Rh(acac)s still remained after 30 min, confirming their remarkable difference in
term of reactivity. From these data, | obtained the rate constants (Figure 4.8B), which was
further used to calculate the instantaneous concentrations and thus reduction rates of the
precursor under dropwise addition. Below is a detailed discussion of the mathematical

derivation process.

- i
14
- :d Kpy=1.55 min™
= 25} u 13}
: I ——Rh o f i
e 20 & nl Kp,=0.0402 min~"'
= -
2 15F E 10}
- S o
i 10 S A :
S T 8r Kg,=0.0302 min™
= o0sp 7k
00} & °F
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 160
Reaction Time (min) Reaction Time (min)

Figure 4.8. (A) Plots showing the concentrations of M(acac)x remaining in the reaction
solution as a function of reaction time for one-shot injection of the precursor. (B) Plots
showing the linear relationship between —In([M(acac)x]) and reaction time and the fittings
based on the pseudo-first-order kinetics.

A colloidal synthesis typically involves the reduction of a metal precursor (M™) by
a reductant for the production of atoms, followed by their nucleation and growth into seeds
and then nanocrystals [28]. At the beginning of a synthesis, the reduction kinetics should
follow a second-order rate law because of the involvement of collision and electron transfer
between the precursor and reductant molecules [29]. As such, the reduction rate is directly
proportional to the concentrations of the precursor and reductant. When the reductant (i.e.,
TTEG) is used in large excess relative to the precursor, the reduction can be approximated

as a pseudo-first-order reaction, with the overall reaction rate (R) being written as:

88



R = —d[M™]/dt = ki [M™] (4.2)

where ki is the rate constant. After the formation of seeds, the precursor can also be
reduced on the surface of the just-formed seeds (denoted as Sx). As such, the reduction of
a precursor may follow two different pathways: reduction in the solution phase (M"™" + ne~
— M, with a rate constant of k1) or autocatalytic reduction on the surface of the seeds (M™*
+ Sx + ne” — SxM, with a rate constant of k2) [30]. Taken together, the overall reduction

rate involved in a nanocrystal synthesis can be expressed as:

R = ki [M™] + k2 [Sx] [M™] (4.3)

where [Sx] is the concentration of atoms presented on the surface of the seeds and
the rate constants ki and k2 correspond to the solution and surface reduction pathways,

respectively.

In this study, | measured the reduction rate constants of the four precursors by
injecting the precursor mixture into the growth solution containing poly(vinylpyrrolidone)
(PVP), TTEG, and Rh seeds in one shot. In the presence of pre-formed Rh seeds, surface
reduction should dominate the reduction process. Although the one-shot synthesis and
dropwise synthesis would introduce different changes to the composition and shape of the
seeds, here | assume the catalytic effects of the pre-formed seeds and the corresponding
rate constants (kz) in both syntheses are the same, and do not change significantly as the
reaction proceeds. | also assume that the concentration of the surface atoms, [Sx], takes a

fixed, known value in both cases throughout the synthesis. As such, it is feasible to obtain
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k1 and k2 by plotting the precursor concentration as a function of the reaction time and then

fitting the data. For simplicity, the overall reduction rate can be written as:

R =k [M™] (4.4)

where k = k1 + ka2 [Sx]. In this case, the reduction rate law becomes:

IN[M™]: = —k t + IN[M™]o (4.5)

where [M™]o and [M™]: represent the concentrations of the precursor at the
beginning of a synthesis and at a specific time point t, respectively. When —In[M"*]t was
plotted as functions of reaction time in Figure 4.8B, straight lines were obtained, with the

slopes corresponding to k values of each of the four redox reactions.

During one-shot synthesis, the concentration of a precursor in the reaction mixture

can be expressed as:

ct=coe @ (4.6)

where c: represents the instantaneous concentration of a precursor in the reaction
solution; co is the initial concentration of the precursor in the reaction solution; k is the
reduction rate constant of the precursor derived from Figure 4.8B; t is the reaction time. In
the case of dropwise addition as schematically illustrated in Figure 4.9A, ct can be

expressed as a sum of contributions from all the drops added up to this time point:

Ct=coe M+ coe 0 +coe 720 + ... + goe KNI =goe M (1-eNkk7)/(1-eX)  (4.7)
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where co is the increase of concentration contributed by each drop; zis the interval
of time between adjacent droplets; and N is the total number of droplets added into the

solution up to time t.

According to Equation 4.4.7, ct of a precursor in the reaction mixture is determined
by k, co, and 7, and can be calculated for any combination of co and zif k is known. Figure
4.9B illustrates how ct will change as a function of the reaction time. The instantaneous

reduction rate (R) is:

Ri=ctk (4.8)

Precursor

C Co

Copl-- it

Time —

Growth Solution

Figure 4.9. Mathematical description of the reduction process of a precursor during
dropwise addition. (A) Schematic illustration of the experimental setup used for seed-
mediated growth with the dropwise addition of a precursor. (B) Plot showing the
instantaneous concentration (ct) of the precursor in the growth solution as a function of the
reaction time (t), the duration of time between adjacent drops (t), and the increase of
concentration contributed by each drop (co). After the introduction of a certain number of
drops, ct will reach a steady state and only oscillate within a range defined by co. The plot
was modified with permission from ref. [31]. Copyright 2015 American Chemical Society.

During dropwise addition of a precursor, the value of Rt will quickly reach a steady

state, in which it will only fluctuate slightly between a lower limit (Riow) and an upper limit
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(Rup). In the steady state, when a droplet of the precursor solution is introduced, Rt will
quickly increase from Riow t0 Rup, followed by decay from Rup to Riow until the next droplet

is added.

After the establishment of steady state, the instantaneous reaction rate will be Rup
when a new droplet is introduced into the reaction. The increase in reaction rate (co-k)
resulting from the addition of this new droplet should be equal to the decrease in reaction
rate (Rup—Rup-e %7 in the following decay process until the next droplet is added. As such,

we have:

Cok= Rup—Rup'eikT = Rup (1_eik7) (4.9)

Therefore, Rup can be expressed as:

Rup = Co k/(l—e"“) (4.10)

Accordingly, Riow is the reaction rate at the end of this decay process:

Riow = Rup-e k"= cok e ¥7(1-e™*?) (4.11)
The average Rt (Ravg) in the steady state can be calculated as the total area under the
decay curve between two adjacent droplets divided by the duration of time (7):

Ravg = f()TRup eMd/r= {f()T [co kI(1-e*7)] e ¥ dt} 7= col 7 (4.12)

Since the value of Rayg is only dependent on co and z, the reaction rates of all four

precursors, that is, Ru(acac)s, Rh(acac)s, Pd(acac)2, and Pt(acac)2, should stay at
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approximately the same level in the steady state regardless of their difference in reactivity
(i.e., k value). Figure 4.10A illustrates how the reduction rates of the four precursors
changed as a function of time. In the initial stage, they all gradually increased, but at
different paces. As the reaction proceeded, however, a steady state would be established,
in which the reduction rates of all the precursors reaching approximately the same level.
From this analysis, it is clear that dropwise addition can be used to ensure that the
precursors are co-reduced at the same rate to achieve a composition close to nearly
equimolar RuURhPdPt. For comparison, in the case of one-shot injection (Figure 4.10B), the
reduction rates of the precursors are dependent on the values of k, so they tended to follow
drastically different exponential decay curves because of their large difference in reactivity
(i.e., kvalue). The reaction rates of the precursors may differ by many folds at the beginning
and the difference tend to vary as a function of the reaction time, leading to continuous

variations to the compositions of the deposited shell.
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Figure 4.10. Simulated reaction rates as functions of reaction time in the cases of (A)
dropwise injection and (B) one-shot injection of the precursor mixture, respectively. Inset
in panel A: a segment of the curves in the last 0.1 min of the synthesis.

During the standard synthesis of Rh@alloy nanocubes, the total volume of the

reaction solution containing TTEG, PVP, and Rh seeds was 2.40 x 102 L at 220 °C; the
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volume of each droplet was controlled at 4.44 x 1078 L using a capillary; the concentration
of each precursor in the precursor solution was 5.0 x 104 mol L™%; and the injection rate

was setto 1.67 x 1074 L min~1, thus:

Co = (4.44 x 1076 L) x (5.0 x 10~ mol L~1)/(2.40 x 1073 L) = 9.25 x 10~1° mol L

7= (4.44 x 107 L)/(1.67 x 1074 L min~1) = 2.66 x 10~2 min

Using these co and 7 values, as well as the k values measured using ICP-MS, the

values of Rup, Riow, Ravg can be calculated using Equations 4.4.10, 4.4.11, and 4.4.12. As

an example, for the reduction of Pd(acac)2 precursor, ked = 1.55 min~%, thus:

Rup,pd = Co-k/(1—€7¥9)

=(9.25 x 1071 mol L) x (1.55 min~1)/[1—e" (—1.55 min~! x 2.66 x 102 min)]

=3.550 x 108 mol Lt min—?

Riow,pd = Co-k-e k7/(1—e7*?)

=(9.25 x 10719 mol L) x (1.55 min~1) x e" (=1.55 min~1 x 2.66 x 1072 min)/

[1—e” (=1.55 min~! x 2.66 x 1072 min)]

=3.407 x 108 mol Lt min?

Ravg,Pd =colt

=(9.25 x 1071%mol L™%)/(2.66 x 102 min)
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=3.477x108mol Lt min?!

The Rup, Riow, and Ravg Values calculated for the four precursors are listed in Table

4.2.

Table 4.2. Rup, Riow, and Ravg values calculated for the four precursors using Equations
4.4.10,4.4.11, and 4.4.12 and experimental parameters in the standard protocol.

reaction rate (108 mol L™t min™?)

element k (min?)

Rup Riow Ravg
Ru 0.293 3.491 3.464 3.477
Rh 0.0302 3.479 3.476 3.477
Pd 1.55 3.550 3.407 3.477
Pt 0.0402 3.480 3.476 3.477

It is worth emphasizing that well-controlled reaction kinetics is only one of the
many key prerequisites for the successful synthesis of Rh@A nanocrystals with a cubic
shape and thereby {100} facets on the surface. As we do not have a universal capping agent
to regulate the shape of nanocrystals with complex surface compositions, a physical
template (i.e., seed) is indispensable for controlling the shape taken by alloy nanocrystals.
As shown in Figure 4.11, in the absence of Rh seeds to guide heterogeneous nucleation,
different types of twin structures and various shapes, including cubes, rods, and irregular
particles, were formed in the same batch of synthesis. As reported in the literature, multiple
nucleation and growth mechanisms would be involved in the formation of such particles
with diverse shapes and internal structures. The difference in reduction kinetics would also

cause non-uniformity to the surface composition.
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Figure 4.11. Influence of the pre-formed seeds. (A and B) TEM images of the products
obtained using the standard protocol except for the absence of Rh seeds to direct
heterogeneous nucleation. In this case, a variety of nanocrystals with different twin
structures, shapes, morphologies, and compositions were formed, demonstrating the
necessity to control the products with pre-formed seeds.

Evaluation of the Thermal Stability. The quaternary alloy nanocubes featuring a
uniform distribution of elements and a well-controlled surface structure hold promise for a
wide range of applications. For example, multi-metallic catalysts based on Rh, Pd, and Pt
are widely employed in industry as advanced catalysts for reactions such as ammonia
oxidation [4, 10], CO oxidation [32, 33], and NOx reduction [34, 35]. The introduction of
Ru was reported to enhance the resistance to poisoning [34]. To evaluate the potential of
the Rh@A cubes at elevated temperatures, | subjected them to in situ heating under
HAADF-STEM. As shown in Figure 4.12, the cubic shape was well retained when heated
up to 300 °C. At 400 °C, the terraces and steps on the side faces became slightly smoother
due to the accelerated surface diffusion of atoms. Upon further heating to 500 °C, the
particle evolved into a rounded cube, but the side faces were still dominated by {100}
facets. Taken together, the Rn@A cubic nanocrystals could retain their {100} facets when
heated up to 500 °C under vacuum. Moreover, the EDX data in Figure 4.13 indicated the

cubic shell was still made of RhRuPdPt alloy after annealing at 500 °C for 30 min,
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demonstrating excellent thermal stability of the Rh@A cubes in terms of both geometrical

shape and elemental composition.

Figure 4.12. In situ HAADF-STEM images recorded from the same 6.6-nm core—shell
cube at room temperature and then heated to 300 °C for 1 h, 400 °C for 30 min, and 500

°C for 30 min, respectively. The scale bar applies to all panels.
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Figure 4.13. (A, C—F) EDX eclemental mappings of a core—shell cube and (B) the
corresponding line profiles of EDX intensities across the cube after annealing at 500 °C
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for 30 min, showing the spatial distributions of Rh, Pt, Pd, and Ru. The scale bar applies
to all panels.

Evaluation of the Catalytic Performance. Alloy nanoparticles made of PGMs
have been utilized to effectively catalyze ethanol oxidation reaction (EOR), an anodic
reaction pivotal to the operation of direct ethanol fuel cells [9]. As a complex 12-electron
and 12-proton reaction, it requires the integration of multiple dehydrogenation and
oxidation steps with cleavage of the C—C bond to have ethanol completely oxidized to COo.
In general, mono-metallic catalysts such as those based on Pd and Pt can only catalyze 4e-
transfer processes to partially release the chemical energy stored in ethanol molecule [36,
37]. On the contrary, multi-metallic catalysts such as those based on Au@PtIr/C and PGM
alloys have been demonstrated to be able to promote the 12e process with much higher

efficiency [9, 38].

Prior to evaluating the catalytic performance of the as-prepared Rh@A cubes
toward EOR, the electrochemical active surface areas (ECSAS) of the three catalysts were
determined from charges associated with underpotentially deposited Cu for further
analysis. The Cu stripping curves recorded in an aqueous electrolyte containing 0.5 M
H2SO4 and 5 mM CuSOq are shown in Figure 4.14. The ECSAs and total metal loadings
of the three catalysts are provided in Table 4.3. | then benchmarked it against mono-
metallic Pd cubes of a similar size (5.8 nm), as well as a commercial Pt/C catalyst. The CV
curves recorded in 0.1 M HCIO4 are shown in Figure 4.15A. Note that the CV curve of
Rh@A cubes is essentially featureless (with no specific voltametric peaks), indicating an
alloy composition on the surface of the catalytic particles. Figure 4.15B shows the positive-

going EOR polarization curves of the three catalysts recorded in an aqueous electrolyte
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containing 1 M KOH and 1M ethanol, with that of Rh@A cubes exhibiting the highest
specific activity (jspecific, Normalized to ECSA), as well as the most negative oxidative peak
potential relative to the other two catalysts. | further compared the jspecitic values at 0.45 and
0.60 V versus reversible hydrogen electrode (Vrre) directly derived from the positive-
going curves in Figure 4.15B (Figure 4.15C). At 0.45 Vrng, the Rh@A cubes showed a
current density of 1.4 and 0.5 times higher than those of Pd cubes and Pt/carbon catalyst,
respectively. The enhancement was more prominent at 0.60 VrHE, where the Rn@A cubes

was 2.2 and 1.9 times more active than the Pd and Pt mono-metallic counterparts,

respectively.
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Figure 4.14. (A—C) Cyclic voltammetry curves (dashed lines, recorded in 0.5 M H2SO4 at
10 mV s 1) and Cu stripping curves (solid lines, recorded in 0.5 M H2SO4 and 5 mM CuSO4

at 10 mV s1) of (A) Rh@A cubes, (B) Pd cubes, and (C) commercial Pt/carbon catalyst,
respectively.

Table 4.3. The electrochemical active surface areas derived from underpotentially
deposited Cu and the total metal loadings of the three catalysts.

Sample Rh@A cubes Pd cubes Pt/carbon
ECSA (cm?) 0.91 0.75 1.34
Mass (ug) 2.75 1.93 2.10
Specific ECSA (m?/g) 33.1 38.9 63.8
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Figure 4.15. (A, B) Comparison of (A) CV curves and (B) EOR specific activities of three
different catalysts. (C) Comparison of the specific activities of the three catalysts at
potentials of 0.45 and 0.6 VrHe in the forward scan. (D) Stability test of Rhn@A cubes and

Pd cubes at a fixed potential of 0.45 Vrre. Inset in panel D: comparison of the steady state
current densities at t = 1 000 s.

Remarkably, the high EOR activity of Rh@A cubes could be well retained even
after 75 continuous CV scans in the aqueous electrolyte containing 1 M KOH and 1M
ethanol (see the dashed curve in Figure 4.15B and grey columns in Figure 4.15C).
Chronoamperometry was adopted to further demonstrate the superior catalytic durability
of the alloy catalyst. | fixed the electrode potential at 0.45 and 0.60 Vr+E, respectively, and
monitored the current changes to the Rh@A cubes and Pd cubes over a period of 1 000 s
(Figure 4.15D and the inset). After 1 000 s of cycling, the steady current densities of the

Rh@A cubes were 7.6 (at 0.45 Vrre) and 4.9 (at 0.60 Vrre) times higher than those of Pd
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cubes, respectively. To confirm the electrochemical stability of the Rh@A cubes in terms
of both geometric shape and elemental composition, we conducted EDX mapping on the
sample after 75 cycles of CV scanning in the aqueous electrolyte containing 1 M KOH and
1M ethanol. As shown in sFigure 4.16, the cubic shape and core—shell distribution of the
elements were well-preserved during the electrochemical test. These results suggest that
the alloy surface of the Rh@A cubes was stable enough to resist compositional and

structural changes during the electrochemical measurement.

Intensity (a.u.) E

sFigure 4.16. EDX elemental mappings of a core—shell cube and the corresponding line
profiles of EDX intensities across the cube after 75 cycles of CV scanning in the electrolyte
containing 1 M KOH and 1 M ethanol, showing the spatial distributions of Rh, Pt, Pd, and

Ru.
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4.3 Conclusion

In summary, | have demonstrated a facile, robust method for the facet-controlled
synthesis of multi-metallic nanocrystals. The success of this synthesis can be attributed to
a number of factors, including the use of well-controlled and stable seeds to define the type
of facet and thus surface atomic arrange. The use of dropwise addition instead of one-shot
injection allows me to keep the instantaneous reductions rates of different precursors in a
similar range for the formation of an alloy with a uniform and consistent distribution in
elemental composition. The multi-metallic shell of the nanocrystals significantly enhances
their thermal and electrochemical stability without involving surface segregation or phase
separation. It is anticipated that this facile, solution-phase method will find widespread use
in the future exploration of multi-elemental noble-metal catalysts for various electro- and

thermal-chemical reactions.

4.4 Experimental Section

Chemicals and Materials. Poly(vinylpyrrolidone) (PVP, with an average
molecular weight of 55 000), potassium chloride (KCI, 99%), potassium bromide (KBr,
99%), hexachlororhodate (NasRhCls, 97%), rhodium(lll) acetylacetonate (Rh(acac)s,
97%), ruthenium(lll) acetylacetonate (Ru(acac)s, 97%), palladium(ll) acetylacetonate
(Pd(acac)z, 97%), platinum(ll) acetylacetonate (Pt(acac)z, 97%), potassium hydroxide
(KOR), tetraethylene glycol (TTEG, 99%), sulfuric acid (H2SOa4, 99.999%), and copper(11)
sulfate (CuSOs, anhydrous powder, 99.99%) were all obtained from Sigma-Aldrich.
Ethylene glycol (EG, 99%) was purchased from J. T. Baker. L-ascorbic acid (AA, 99%)

was ordered from BioXtra. Ethanol (C2HsOH, anhydrous) was purchased from KOPTEC.
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Perchloric acid (HCIO4, 70%, PPT grade) was purchased from GFS Chemicals. Acetone
was obtained from VWR Chemicals BDH. Syringes and syringe pumps were acquired from
KD Scientific. Capillary was purchased from Molex. The temperature of each synthesis
was monitored using a thermal sensor acquired from ACE Glass. All aqueous solutions

were prepared using deionized water with a resistivity of 18.2 MQ-cm at room temperature.

Synthesis of Rh Cubes. | synthesized the 5.1-nm Rh cubes according to a protocol
developed by my research group [22]. Typically, 13 mL of an EG solution containing AA
(52.8 mg), KBr (108 mg), and PVP (133 mg) was transferred into a three-neck flask and
heated at 140 °C under magnetic stirring (600 rpm) for 1 h. Meanwhile, 6 mL of another
EG solution containing 46.2 mg of NasRhCls was added into the flask at 60 mL h* for the
first 1.1 mL and 4 mL h™! for the remaining 4.9 mL, respectively. One hour after all the
precursor solution had been added, the solid products were collected by precipitation with
the addition of 60 mL of acetone, and then washed three times with a mixture of ethanol

and acetone (1:3 v/v).

Synthesis of Pd Cubes. | synthesized the Pd cubes according to a protocol reported
by my research group [39]. In a typical synthesis of 5.8-nm Pd cubes, 8.0 mL of an aqueous
solution containing PVP (105 mg), AA (60 mg), KBr (5 mg), and KCI (185 mg) were
placed in a 20-mL vial and pre-heated at 80 °C for 10 min under magnetic stirring (400
rpm). Afterwards, 3.0 mL of an aqueous solution containing 57 mg of Na2PdCls was added
using a pipette. After the vial had been capped, the reaction was continued at 80 ° C for 3
h. The solid products were collected by centrifugation and washed three times with water,

and then re-dispersed in water for further use.
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Synthesis of Rh@RuRhPdPt Alloy Nanocubes. To avoid the reduction of
precursors in a polyol prior to seed-mediated growth, acetone was used as a solvent to
dissolve all the precursors, which quickly evaporated upon introduction into the reaction
solution. In the standard protocol, 3.0 mg of the as-prepared 5.1-nm Rh cubes and 300 mg
of PVP were mixed in 2 mL of TTEG. The mixture was then transferred into a 20-mL vial
and heated at 220 °C for 10 min under magnetic stirring (400 rpm). Afterwards, 18 mL of
an acetone solution containing Ru(acac)s, Rh(acac)s, Pd(acac)z, and Pt(acac)2 (0.5 mM for
each precursor) was added into the growth solution at a rate of 10 mL h™* using a syringe
pump. The volume of each droplet was controlled at 4.4 uL using a capillary with an inner
diameter of 50 um. After all the precursor solution had been added, the reaction mixture
was cooled down to room temperature and the solid products were collected by
precipitation with acetone and washed three times with a mixture of ethanol and acetone

(2:3 viv).

Instrumentation. Transmission electron microscopy (TEM) images were taken
using a Hitachi HT7700 microscope operated at 120 kV. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images were acquired using
an Cs-corrected Hitachi HD2700 STEM operated at 200 kV. Energy-dispersive X-ray
spectroscopy (EDX) data were acquired using a Cs-corrected FEI Titan 80/300 kV
TEM/STEM at Oak Ridge National Laboratory. X-ray diffraction (XRD) patterns were
recorded on a PANalytical X’Pert PRO Alpha-1 diffractometer using a 1.8 kW ceramic
copper tube source. The X-ray photoelectron spectroscopy (XPS) data were collected on a

Thermo K-Alpha spectrometer with an Al Ka source. Inductively-coupled plasma mass
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spectrometry (ICP-MS, NexION 300Q, PerkinElmer) and XPS were used to determine the

metal contents in the as-synthesized nanocrystals.

Quantitative Analysis of Reduction Kinetics. In a typical study, 0.1 mL aliquot
was sampled from the reaction solution at different time points of a synthesis. The aliquot
was then mixed with 9.9 mL of acetone to help precipitate out all the particles, followed
by centrifugation to only leave behind the unreacted metal precursors in the supernatant.

The supernatant was then collected and diluted for ICP-MS analysis.

Evaluation of Thermal Stability. The thermal stability of the nanocrystals was
evaluated using Hitachi HD2700 STEM coupled with a Hitachi Blaze heating holder. An
aqueous suspension of the as-prepared nanocrystals was drop-cast onto the MEMS
Norcada heating chip with 30—50 nm-thick SiNx membrane and then allowed to dry under
ambient conditions. The sample was then heated to and maintained at various temperatures

in the range of 30—500 °C at a heating rate of 200 °C min?.

Preparation of the Catalysts. In a typical process, 5 mg of carbon black (Vulcan
XC-72) was dispersed in water and sonicated in an ice bath for 1 h, followed by the
introduction of an aqueous suspension of the nanocrystals (ca. 1 mg). The mixture was
sonicated in an ice bath for another 1 h and the resultant powder was collected by
centrifugation at 10 000 rpm for 10 min. The catalyst was then dispersed in 5 mL of acetic
acid and heated at 60 °C for 3 h to clean the surface of the catalytic particles and washed

three times with ethanol. After that, the catalyst was dried in an oven held at 80 °C for 5 h.

Electrochemical Measurements. All electrochemical measurements were carried

out in a three-electrode cell connected to a CHI 600E electrochemical workstation at room
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temperature. Glassy carbon (GC, 5 mm in diameter) and Pt mesh (1x1 cm?) served as
working and counter electrodes, respectively, for all measurements. Reversible hydrogen
electrode (RHE, HydroFlex, Gasketel) served as a reference electrode for the CV scanning
in aqueous electrolytes containing HCIO4 or KOH. For Cu underpotential deposition
(UPD), saturated calomel electrode was used as a reference electrode. Catalyst ink was
prepared by mixing 2.5 mg of the dried carbon-supported nanocrystals, 10 uL. of Nafion (5
wt %, Aldrich), and 2.5 mL of ethanol in a glass vial and sonicated in an ice bath for 1 h.
For each measurement, 10 uL of the catalyst ink was dropped on a pre-cleaned GC
electrode and dried at room temperature. In my discussion, unless otherwise specified, all
potentials were presented with reference to RHE. All data were corrected with 85% iR
compensation to account for the voltage drop between working electrode and reference

electrode.

The catalyst was first cycled in an Ar-saturated HCIO4 solution (0.1 M) between
0.05-1.05 VrHEe at 500 mV s* for several hundred cycles until a stable cyclic voltammetry
(CV) curve was obtained. CV curves were then recorded at a scan rate of 50 mV st in the
same aqueous electrolyte solution. The electrode was then cycled in an Ar-saturated
solution containing 1 M KOH between 0.05—-1.05 Vr+e at a scan rate of 500 mV st until
the current density reached a stable value. Afterwards, the ethanol oxidation activity test
was carried in a mixture of 1 M ethanol and 1 M KOH solution between 0.05—1.05 VrHe

at a scan rate of 50 mV s 1.

The electrochemical active surface areas (ECSASs) of the three catalysts were
further determined using Cuupa for analysis of catalytic performance [9]. Briefly, the

electrode was first cycled in Ar-saturated 0.5 M H2SO4 from 0.02—1.02 VrHE at a scan rate
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of 10 mV s ! after cleaning the electrode at 500 mV s~! for several hundred cycles. Then,
the potential was fixed at 0.26 Vrue for 100 s in an Ar-saturated aqueous electrolyte
containing 0.5 M H2SO4 and 5 mM CuSOa, followed by a linear scan from 0.26—1.02 VrrE
to collect the Cu UPD curve. The ECSAs were calculated by integrating the stripping
charge of Cuupd and subtracting the charge obtained under the same conditions in 0.5 M

H2S04, assuming a charge density of 420 uC cm™2 for all the catalysts.

4.5 Notes to Chapter 4

Part of this Chapter is adapted from the article “Facet-Controlled Synthesis of
Platinum-Group-Metal Quaternary Alloys: The Case of Nanocubes and {100} Facets”

published in Journal of the American Chemical Society [40].
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CHAPTERS. CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions

This dissertation concentrates on the application of a combined approach involving
seed-mediated growth and dropwise injection of precursor for the synthesis of noble-metal
nanocrystals with precise control over their sizes, morphologies, and compositions, which
were then evaluated for biomedical and catalytic applications. The first project delves into
the manipulation of Au nanoparticle’s nucleation and growth behaviors on the surface of
amorphous Se nanosphere through a galvanic replacement reaction. The as-obtained
Se—Au hybrid nanostructures with a spectrum of morphologies showed enhanced cellular
uptake efficiency and cytotoxicity. The second project showcases the successful synthesis
of Pd@Rh cubic nanocrystals with a smooth Rh shell and augmented stability for the
fabrication of Rh nanocages. The third project demonstrates the versatility of the two
synthetic strategies in controlling the size, morphology, and composition of complex multi-

metallic alloy nanocrystals.

Specifically, I investigated the decisive role played by the initial reduction rate in
directing the heterogeneous nucleation and growth behavior of Au on a-Se nanospheres.
By varying the initial pH value of the reaction solution from 8.2 to11.7 through the addition
of NaOH, the galvanic replacement reaction between Se and Au precursor was gradually
accelerated. This led to an increased number of nucleation sites on each a-Se nanosphere,
resulting in the formation of 1 to 2, 3, 10, and more than 10 Au nanoparticles. These Au
nanoparticles exhibited polycrystalline structures and irregular shapes. The distinct

nucleation patterns gave rise to the generation of Se—Au hybrid nanoparticles with diverse
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morphologies. Following the conjugation of ligands to the surface of the Au nanoparticles,
the hybrid nanoparticles were evaluated for their potential as therapeutic agents in cancer
nanomedicine. The findings indicated that Se—Au hybrid nanoparticles with a larger
number of Au nanoparticles on the surface, thus more uniform distribution of ligands,
exhibited enhanced cellular internalization efficiency. Consequently, these nanoparticles
induced a more significant reduction in cell viability, ultimately leading to cell death. By
uncovering new insights into the Kinetically-controlled nucleation process involving a
metal precursor and an amorphous surface, this work provides a new pathway for the

design and rational synthesis of hybrid nanomaterials for biomedical applications.

Transitioning from mono- to bi-metallic system, | controlled the deposition of Rh
overlayers on Pd cubic nanocrystals through polyol reduction and slow dropwise injection
of Rh precursor. By carefully optimizing a series of kinetic parameters including reaction
temperature, injection rate of precursor, and the inclusion of bromide ligand, the deposition
mode was tailored to proceed in a to layer-by-layer fashion, as opposed to island growth
or homogeneous nucleation. The thickness of the Rh shell could be adjusted from 0.6 to
1.5 and 3.0 atomic layers by simply varying the amount of Rh precursor added from 1 to 3
and 5 mL. The complete coating of Pd nanocubes by the Rh shell was demonstrated through
electrochemical characterization. Notably, the Rh shell significantly improved the thermal
stability of the cubic shape, withstanding heating up to 300 °C, as established by in situ
TEM observation. Furthermore, Rh nanocages with ultrathin walls could be readily

fabricated through wet etching of Pd core from the Pd@Rh nanocrystals.

Taking a leap forward, | further explored the composition control for complex

multi-metallic nanocrystals. Building upon the insights gained from the previous two
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projects, which encompassed the significance of reaction temperature, template, injection
rate, and precursor type, | developed a robust synthetic protocol for the generation of
core—shell nanocrystals consisting of a 5.1-nm Rh cube as the core and a well-controlled
RuRhPdPt quaternary alloy as the shell. The success of this synthesis hinged upon several
key factors. Firstly, a high reaction temperature coupled with a slow injection rate of the
precursor facilitated the surface atomic diffusion while controlling the reaction kinetics of
each precursor. Additionally, the use of Rh cubic template with exceptional thermal
stability supported synthesis at a high temperature, whereas halide-free acetylacetonate
precursors were chosen to prevent oxidative etching. This rationally-designed combination
of conditions and precursors played a pivotal role in achieving the desired outcome. The
resulting alloy nanocubes exhibited remarkable thermal stability, maintaining both their
shape and composition up to 500 °C. Moreover, they demonstrated enhanced catalytic
performance toward ethanol oxidation when benchmarked against Pd nanocubes and

commercial Pt/carbon catalyst.

Overall, my research offers a range of synthetic strategies for the production of
noble-metal nanocrystals with precise control over their sizes, morphologies, and
compositions, spanning mono-, bi-, and multi-metallic systems. Leveraging the availability
of state-of-the-art analytical techniques, including in situ TEM and ICP-MS, | further
explored the potential applications of these nanomaterials in the fields of biomedicine and
heterogeneous catalysis. These studies not only offer facile approaches to nanomaterials
synthesis but also reveal the mechanisms underlying their formation, providing guidelines

for the rational synthesis of complex and multifunctional nanostructures.
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5.2 Future Directions

The synthetic protocols and knowledge established in this dissertation seek to
facilitate rational design and engineering of the size, morphology, and composition of
noble-metal nanocrystals for the achievement of improved performance in biomedicine and
catalysis. Despite significant accomplishments, several challenges and opportunities still
demand future attention before the potential of these nanomaterials can be fully harnessed.
In the following discussion, | provide a concise discussion of potential directions that call
for further exploration, with the intention of inspiring readers to embark on new research

projects within this dynamic field.

1. Advancement in Characterization Techniques. While this dissertation has
extensively discussed the synthetic mechanisms and growth pathways of various
nanostructures, such as Se—Au hybrid nanoparticles, Pd@Rh core—shell nanocubes, and
Rh@alloy nanocrystals, it is important to acknowledge the limitations of indirect empirical
observations through ex situ characterization techniques such as TEM imaging and ICP-
MS elemental analysis. The conclusions drawn from these observations may not always be
entirely accurate. This issue is deeply rooted in two factors. First, the weak coupling
between the structural features of a nanocrystal and trackable physical properties (e.g.,
optical absorption and nuclear magnetic resonances, among others) poses challenges in
identifying and monitoring the intermediate products, especially in syntheses involving fast
kinetics. In addition, the variations among particles within the same batch of product due
to random or systematic influences further complicate the analysis. These challenges call
for the development of techniques capable of directly observing the shape evolution of

individual particles in situ and in real time. Advanced characterization techniques hold

114



great promise in revealing intricate and concealed details of the formation process of a
nanocrystal. Noteworthy tools include liquid-cell TEM that enables direct and rapid
imaging in the solution phase [1—3], three-dimensional electron tomography that offers
visualization of the spatial distribution of each element within a single particle [4—6], and
probe-based spectroscopic methods that are capable of in sifu and real-time detection on

large scale [7, 8].

2. Scale-up Production. The utilization of nanomaterials in various application
requires their production in a scalable and cost-effective manner without compromising
their qualities. The studies conducted in this dissertation primarily focused on batch
synthesis typically conducted in small-scale reactors such as 20-mL vials or 50-mL flasks.
However, the limited quantity of particles generated, typically less than 10 mg per batch,
is insufficient for industrial applications. In general, it is impractical to scale up the
production of colloidal nanocrystals by simply increasing the reagent amount in larger
reactors due to spatial/temporal heterogeneity in temperature and chemical composition,
which can cause severe deterioration to product quality [9]. To address this issue, we need
a scalable platform that can be operated in both small and large volumes under nearly
identical conditions for the purposes of parameter optimization and high-volume
production, respectively. The widely applied continuous flow system could not be directly
adopted into the protocols developed here [10]. This is because all the three projects relied
on the gradual dropwise injection of precursor into the reaction solution to achieve a precise
Kinetic control over different attributes of the product. Therefore, the development of a
novel system for high-throughput production is necessary to better accommodate the

requirement for slow and controlled introduction of chemicals.
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3. Practical Assessment through Real-World Testing. The evaluation of the thermal,
biomedical, and catalytic properties of the nanomaterials prepared in the present studies
primarily took place in controlled laboratory environments. For example, the thermal
stability test involved loading the sample onto a SiNx substrate and subjecting it to heating
in vacuum under electron beam exposure for TEM analysis. However, it is important to
note that the physical and chemical environments in these experiments differ from those
encountered in practical scenarios, where factors such as reactive gaseous, moisture, and
substrate may hasten structural degradation [11]. In the future, these nanomaterials should
be comprehensively assessed in a laboratory setup that more closely resembles real-world
conditions in order to acquire comparable data and thus better evaluate their potential in

the targeted applications.

5.3 Notes to Chapter 5

Part of this Chapter is adapted from “Colloidal Synthesis of Metal Nanocrystals:
From Asymmetrical Growth to Symmetry Breaking” published in Chemical Reviews [12],
“Bi-metallic Core—Shell Nanocrystals: Opportunities and Challenges” published in
Nanoscale Horizons [13], “Controlling the Nucleation and Growth of Gold on Amorphous
Selenium Nanospheres to Enhance Their Cellular Uptake and Cytotoxicity” published in
Journal of the American Chemical Society [14], “Synthesis of Pd@Rh Nanocubes with
Well-Defined {100} Surface and Controlled Shell Thicknesses for the Fabrication of Rh
Nanocages” published in Surface Science [15], and “Facet-Controlled Synthesis of
Platinum-Group-Metal Quaternary Alloys: The Case of Nanocubes and {100} Facets”

published in Journal of the American Chemical Society [16].
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