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Abstract

Heterogenous catalysis is an important technology used to facilitate chemical
transformations. As increasing demand for chemicals and materials stresses the availability of
resources and the environment, it is becoming ever more important to design catalysts with near
perfect selectivity in the conversion of reactant feedstock to desired products. In traditional
heterogeneous catalysis, heat is used to drive the conversion of reactants to products. An
unintended side effect of this approach is that energy is unselectively deposited into all possible
reaction pathways resulting in the simultaneous activation of undesired reactions, waste of
feedstock resources, and production of chemical waste. An alternative mechanism for activating
chemical reactions employs visible light to deposit energy into reactants. This mechanism could
in principle make it possible to achieve much higher product selectivities but has been considered
impractical as it requires high intensity lasers to produce sufficiently high reaction rates. Recently,
it has been shown that plasmonic metal nanoparticles (Cu, Ag, and Au) can perform light-driven
chemical reactions under relatively low intensity light on the order of sunlight. These findings have
reignited interest in light-driven chemical reactions in heterogeneous catalysis and led to the
emergence of a new field known as plasmonic catalysis. A major limitation of plasmonic catalysis
is that it is restricted to reactions that can be performed by the plasmonic metals, Cu, Ag, and Au.
In this dissertation, we address this limitation through the design of multicomponent plasmonic
catalysts which combine plasmonic metals with catalytically-active materials. In particular, we
focus on combining plasmonic metals, such as Ag, with catalytically-active metals, such as Pt,

through the fabrication of bimetallic nanoparticles. We consider two extremes for synthesizing

xii



nanoparticles composed of both metals: 1) alloy nanoparticles in which both metals are well-mixed
and 2) core-shell structures in which a large Ag core is completely surrounded with a thin shell of
Pt. We develop novel synthesis approaches for creating both structures and use a suite of
characterization tools to shed light on the nanoscale structure and composition of the resulting
materials. We then use the well-defined core-shell nanoparticles to perform a mechanistic
investigation of the energy transfer mechanisms which allow for energy to be transferred from
photoexcited plasmonic metals to catalytically-active sites. These studies demonstrate that coating
a thin layer of a catalytic metal, such as Pt, on a plasmonic metal drastically biases the flow of
energy in the nanoparticles towards absorption in the catalytic metal. We then design reactor
studies showing that this re-routing of plasmonic energy enables plasmon-driven reactions to take
place on non-plasmonic metal surfaces. These discoveries not only introduce new methods for
precision synthesis of multimetallic nanostructures but also present a clear understanding for the
physical mechanisms which allow for energy transfer from plasmonic metals to catalytically active
sites thereby paving the way for the design of new hybrid plasmonic-catalytic materials for

performing light-driven chemical reactions.
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Chapter 1 Introduction

1.1 Summary

This chapter introduces the field of heterogeneous catalysis. Several examples aimed to
highlight the impact of heterogenous catalysis on society are discussed. The focus then turns to an
important subset of heterogeneous catalysts, supported metal nanoparticles. We describe the
physical characteristics of metal nanoparticles that grant them their catalytic properties and
highlight the widespread application of these materials as commercial catalysts. We then discuss
the activation of chemical bonds on metal surfaces at elevated temperatures and the accompanying
challenges associated with product selectivity. This temperature-driven activation of chemical
bonds is contrasted with an alternative mechanism for activating chemical bonds on metals which
relies on energetic charge carriers. We discuss the implications and potential benefits of using
energetic charge carriers to drive chemical reactions and introduce plasmonic metal nanoparticles
as a class of materials that has recently been shown to allow for high rates of charge carrier-
mediated reactions. Finally, the chapter concludes by outlining the overall scope of this

dissertation.



1.2 Heterogeneous Catalysis

As the global population continues to grow and standard of living around the world
improves, the demand for energy and commaodity chemicals is expected to rise rapidly.>? To meet
this increasing demand, the energy and chemical industries will need to push production to larger
scales while simultaneously improving energy efficiency and minimizing production of chemical
by-products. Heterogeneous catalysis has become an indispensable technology for operating
within these constraints. Catalysts are materials that accelerate the rates of chemical reactions
without being consumed in the process. There are two main advantages to implementing catalysts
for chemical transformations. First, catalysts allow chemical transformations to take place at
significantly lower temperatures compared to non-catalytic chemical transformations. They do so
by providing new pathways for the evolution of reactants to the product state via the formation of
chemical intermediates stabilized by the catalyst surface. This allows for chemical transformations
that would otherwise require harsh, energy-intensive conditions to take place.

Second, catalytic chemical transformations are often highly selective, preferentially
converting reactants to the desired product while mitigating conversion of reactants to waste
products. This feature of chemical catalysis is becoming increasingly more important as chemical
conversion processes grow to larger scales, feedstock resources become increasingly scarce, and
the environmental impact of and costs associated with chemical waste become more pronounced.>#
For these reasons, the discovery and development of new catalysts which increase product
selectivity by even a few percentage points can significantly reduce costs and improve process
sustainability.

The discovery of heterogeneous catalysts has had a monumental impact on society in the

past several decades. For instance, in 1908 Fritz Haber reported the discovery of a catalyst which



enabled the synthesis of ammonia from elemental N2 and H..° Prior to this finding, reactive
nitrogen was primarily mined from depleting salt and coal reservoirs.® The scarcity and costly
extraction of reactive nitrogen rendered many nitrogen-based chemicals a luxury. The advent of
large-scale catalytic production of ammonia (also known as the Haber-Bosch process) significantly
drove down the cost of reactive nitrogen and paved the way for the industrial scale production of
many nitrogen-based compounds, most importantly including crop fertilizers. The modern day
scale of the Haber-Bosch process is so profound that it is estimated that nearly 1% of the total
global energy produced yearly is consumed by this process.” Furthermore, it is argued that
approximately 27% of the world’s population in the 20th century (4 billion people) was supported
by Haber-Bosch ammonia-derived fertilizer.

In addition to the discovery of the ammonia synthesis catalyst, the 20th century also
witnessed the development and widespread integration of the automotive catalytic converter for
exhaust pollution mitigation.®® The large scale adoption of gasoline-powered vehicles combined
with increasing urbanization resulted in significant accumulation of pollution from vehicle
emissions. The catalytic converter, a device consisting of metal nanoparticle catalysts supported
on aluminum oxide, was introduced to motor vehicles to chemically convert unburned gasoline,
toxic carbon monoxide, and nitrogen oxides into relatively benign compounds such as water,
nitrogen, and carbon dioxide. This significantly improved air quality particularly in large
metropolitan areas of the United States in the late 20th century. The success of the catalytic
converter for emissions control led to the integration of the device in nearly all gasoline-powered
automobiles manufactured in 1975 and onwards in the United States.

Beyond ammonia synthesis and emissions control, heterogeneous catalysis plays a key role

in the production of many other chemicals and materials including sulfuric acid (the highest



volume commodity chemical produced in the US), ethylene, propylene, benzene, acetic acid, and
many more.® The challenge moving forward in the field of heterogeneous catalysis is centered on
the discovery of new catalytic materials that can approach 100% efficiency in the conversion of
reactants to desired products. A particularly important and versatile class of catalytic materials for
performing highly-selective chemical catalysis are nanostructured metals supported on high
surface area oxide supports. In the following sections, we will discuss physical characteristics of
these materials which make them of widespread interest in catalysis research and discuss the
mechanisms of chemical bond activation on metal surfaces.
1.3 Metal Nanoparticle Catalysts

The catalytic properties of metal nanoparticles emerge from the relatively high energy of
metal surface atoms.!! If we consider a metal nanoparticle of arbitrary shape, there are essentially
two types of metal atoms in this structure: bulk metal atoms which are completely surrounded by
other metal atoms (i.e. highly-coordinated) and surface metal atoms which are bonded with
underlying metal atoms but lacking chemical bonds at the surface (i.e. under-coordinated). This
deficiency of chemical bonds experienced by metal surface atoms renders them higher in energy
and more likely to seek out other atoms with which to share electron density and create chemical
bonds. When a metal surface atom creates a chemical bond with a molecule, the bonds in the
molecule become weaker making it easier to break those bonds. Furthermore, once bonds in a
molecule break, adjacent metal surface atoms can chemically bond with the resulting fragments
thereby stabilizing those fragments. These chemical fragments can then react with other chemical
fragments on the metal surface and eventually desorb resulting in the synthesis of a new molecule.
In this way, metal surface atoms facilitate chemical reactions (i.e. the making and breaking of

chemical bonds).



Given the importance of metal surface atoms for catalysis, the synthesis of metal
nanoparticle catalysts has been aimed at maximizing the availability of metal surface atoms per
mass of the metal. Metal nanoparticle catalysts are typically synthesized using a technique known
as wet impregnation.*? This method involves physically mixing a metal precursor (solvated metal
ions or transition metal complexes) with a metal oxide support material such as SiO2, Al203, ZrOa,
TiO2, and others. The metal precursor anchors onto the oxide support and is then dried and treated
at high temperatures to decompose/reduce the metal precursor into small metal nanoparticles on
the metal oxide support.’®* The end result is a catalyst of small metal nanoparticles with clean
surfaces which provides the largest number of metal surface sites per mass of metal for surface

chemistry (Figure 1.1).

A
)

Metal nanoparticles Electron micrograph of Atomistic depiction of a
supported on fumed SiO, metal nanoparticles metal nanoparticle

Figure 1.1 Supported metal nanoparticle catalysts. A picture of metal nanoparticles supported
on fumed SiO> prepared using the wet impregnation technique. The individual metal nanoparticles
formed on the metal oxide support can be viewed under an electron microscope. The inert oxide
support facilitates the dispersion of the metal nanoparticles so surface area is not lost from
aggregation of nanoparticles. The atomistic depiction of a metal nanoparticle emphasizes the
heterogeneity of the metal surface which can express many different crystal facets.

The ultimate effectiveness of a catalyst is primarily accessed based on two metrics: the
chemical activity for a specified reaction and the selectivity towards the desired reaction products.
The activity of a catalyst is a measure of the rate at which reactants are converted to products per

mass (or surface area) of the catalyst. The catalysts which produce the highest activities are those



that bind the relevant reactants “not too strongly or too weakly”.}* Weak binding of the reactant
(or adsorbate) with the surface may not be sufficient for activating chemical bonds of the reactant
whereas strong binding may make it very difficult to desorb the product once formed.

The chemical reactivity (i.e. the propensity to form strong chemical bonds) of a metal can
be tuned in many different ways. One of the most versatile methods for tuning the chemical
reactivity of metal surfaces is by alloying of two or more metals.'>® The chemical reactivity of
transition metals generally correlates with the filling of the d-orbitals for a specific metal. Cu, Ag,
and Au are all d'° metals and thus have completely full d-states. This characteristic of the metals
makes them the least chemically reactive of the transition metals.!” As we move to the left across
the periodic table, the filling of the d-states of the transition metals decreases and the chemical
reactivity of the metals in general increases. Given these inherent differences in chemical reactivity
of transition metals, the reactivity of a given metal can be modified by combining the metal with
another transition metal to make bimetallic nanoparticles.

While the catalyst activity has largely been the center of attention in catalyst research, the
focus has increasingly shifted toward catalyst selectivity in the past several decades.!® The
selectivity of a catalyst is defined as the fraction of reactants converted to the desired product
relative to the total amount of reactants converted to all products. Catalytic processes that produce
low or even moderate product selectivities are often too costly and environmentally unsustainable,
particularly for large scale processes. The production of unselective chemical by-products not only
wastes a portion of the reactant feedstock but also must be separated from the desired product and
disposed of in an environmentally benign way. For these reasons, the best catalyst for a given
chemical conversion should display high chemical activity and ideally produce 100% selectivity

towards the desired product. The unintentional production of chemical by-products (i.e. low



selectivity) is in large part a consequence of inadvertently activating chemical bonds of adsorbates
that favor unselective reaction pathways. To understand why this is the case, we review the
activation of chemical bonds on metal surfaces in the following section.
1.4 Activation of chemical bonds on metal surfaces

The catalytic transformation of chemical species on metal surfaces involves multiple
elementary steps which can include adsorption, surface diffusion, chemical bond breakage or
formation, and desorption.'® In order for these elementary steps to take place, additional energy
needs to be supplied to overcome an energetic activation barrier for the process. To illustrate this
point, let’s consider the dissociation of a diatomic molecule on a metal surface. The potential
energy surface for the dissociation reaction can be approximated as a Lennard-Jones potential, as
depicted in Figure 1.2a) where the equilibrium starting position of the adsorbate is at the bottom
of the well (i.e. at the ground state vibrational energy).?° In order for the molecule to dissociate, it
must climb the vibrational energy ladder and overcome the activation barrier for dissociation. The
vibrational energy distribution of the adsorbate is governed by a Boltzmann distribution which
suggests that the population of vibrationally excited (i.e. vibrational energy levels above the
ground state) molecules increases with temperature.?! Thus, to increase the probability of reaction,
vibrational energy is pumped into adsorbates by adding heat to the system. This excites vibrational
modes of the molecules and phonon modes (collective lattice vibrations) of the metal. Phonon
modes of the metal can then couple with molecular vibrations of the adsorbate to drive additional

energy into the adsorbate thereby inducing the reaction.
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Figure 1.2 Activation of chemical reactions on metal surfaces. (a) Temperature-driven
reactions. In order to activate chemical bonds on metal surfaces, energy is provided to the system
in the form of heat. This results in the indiscriminate thermal excitation of all vibrational modes
of all adsorbates and materials in the reactor. The additional vibrational energy gained by
adsorbates increases the probability of reaction by pushing the adsorbate up the vibrational ladder
(depicted as dashed lines in the potential well). (b) Light-driven (or charge carrier-driven)
reactions. The photoexcitation of energetic charge carriers at the adsorbate-metal interface can
excite a molecule from the electronic ground state to an excited state. The molecule evolves along
this excited state potential energy surface to accommodate the additional energy. The molecule
then returns to the ground state with additional vibrational energy thereby increasing the likelihood
of overcoming the activation barrier for reaction.



In cases where there is only one viable reaction pathway, there are not many downsides to
temperature-driven chemical bond activation on metal surfaces. However, when multiple chemical
adsorbates are involved and several reaction outcomes are possible, an unavoidable side effect of
this approach is that energy is unselectively deposited into every available vibrational mode of all
adsorbates on the surface of the metal. This can result in the simultaneous activation of other,
unselective reaction pathways leading to the undesirable formation of by-products and chemical
waste.

Several strategies have emerged for improving selectivity in these temperature-driven
chemical reactions. For example, some research has focused on identifying highly selective surface
facets or active sites of a known catalyst and developing methods for synthesizing metal
nanoparticles which predominately express those selective surface sites. Christopher et al. took
this approach to develop Ag catalysts with inherently higher selectivity in the partial oxidation of
ethylene to ethylene oxide.?? Based on a mechanistic understanding of the elementary steps which
control product selectivity, they identified Ag(100) surface sites as the most selective sites for the
partial oxidation of ethylene. Cubic Ag nanoparticles were synthesized to maximize the
availability of Ag(100) sites relative to all other surface facets and displayed markedly higher
ethylene oxide selectivity. Other strategies for improving product selectivity include, tailoring the
chemical reactivity of a metal surface to favor a particular reaction pathway, deliberately poisoning
unselective active centers, and sterically hindering adsorption of molecules to limit access to
certain chemical bonds.?>2° All these tactics have shown some success but still fight against the
fundamental limitation of indiscriminate energy transfer to all molecular vibrations and the

resulting activation of multiple reaction pathways in temperature-driven catalysis.



An alternative mechanism for activating chemical bonds on metal surfaces involves the
excitation of energetic charge carriers (typically via photoexcitation) at the metal-adsorbate
interface.?6-2® The mechanism of charge carrier-mediated bond activation on metal surfaces was
originally uncovered through studies using high-powered lasers to excite energetic charge carriers
in bulk metal surfaces.®®3! In this mechanism, the photoexcitation of charge carriers at the
adsorbate-metal interface results in the excitation of the adsorbate to a charged or excited state
(Figure 1.2b). This transfer of energy to the molecule forces the molecule to evolve along a charged
(or excited) potential energy surface (i.e. the atoms of in the molecule reconfigure to accommodate
the energy). Once the charged (or excited) state decays, the molecule returns to the ground state
potential energy surface but with additional vibrational energy.

It is important to stress that this process does not require charge extraction out of the metal
(i.e. the metal nanoparticle does not end up in a charged state). This process only leads to a transient
electronic exchange between the metal and reactant, yielding transient adsorbate ions or excited
states. These adsorbate ions survive on metal surfaces tens of picoseconds before the relaxation of
the electronic excitation is transferred back to the metal. This mechanism of bond activation is
known in the surface chemistry community as desorption induced by electronic transitions (DIET),
where the reference to desorption comes from the fact that the initial reports of laser-induced
surface chemistry were focused on desorption from metal surfaces.*°

In contrast to temperature-driven activation of chemical bonds, this mechanism makes it
possible to selectively provide energy to specific adsorbates by using photons that only target
excitations associated with the desired adsorbates. By only allowing for energy to be transferred
to select chemical bonds, it is possible to mitigate the production of by-products by pushing the

chemical transformation of reactants predominantly along the desired reaction pathway. Although
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this mechanism of activating chemical bonds on metal surfaces generated some excitement in the
surface chemistry community, the need to use high intensity lasers on bulk metal surfaces made
this mechanism of activating chemical reactions generally impractical for technological
applications such as heterogeneous catalysis. However, in recent years it has been shown that
nanoparticles made of plasmonic metals can perform charge carrier-mediated reactions under low
intensity visible light illumination.33* These findings on nanostructured, plasmonic metal
catalysts have reignited interest in charge carrier-mediated transformations on metal surfaces and
led to the emergence of a vibrant, new area of research in heterogeneous catalysis known as
plasmonic catalysis.
1.5 Scope of Dissertation

When | began my doctoral dissertation in 2013, plasmonic catalysis was a relatively new
field with nearly all studies focused on nanoparticles of Cu, Ag, and Au for driving plasmon-
enhanced chemical reactions. We were interested in expanding the field beyond surface chemistry
that could take place only on these three materials. In particular, we focused on answering the
question — can we combine the optical properties of plasmonic metals (Cu, Ag, and Au) with the
catalytic properties of other, catalytically-relevant materials? The objective of this dissertation is
to develop a fundamental understanding of the energy transfer processes at work in
multicomponent plasmonic materials and to use this understanding to guide the design of
plasmonic catalysts for catalytic transformations beyond those that can be performed by the
plasmonic metals. To do this, we considered the case of bimetallic nanoparticles containing a
plasmonic metal (Ag) and a catalytic metal (Pt). Synthesis techniques were developed for
fabricating bimetallic nanoparticles of these materials in two distinct architectures: alloy

nanoparticles in which both metals were completely mixed, and core-shell nanoparticles in which
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a large Ag core was surrounded by an ultra-thin Pt shell. We perform detailed characterization and
reactor studies of these materials to uncover the mechanism for the transfer of energy from
photoexcited plasmonic metals to other catalytic materials. The chapters of this dissertation are
organized a follows.

In chapter 2, essential background information on plasmonic catalysis is covered in detail.
In particular, the physical characteristics of plasmonic nanostructures enabling charge carrier-
mediated chemical transformations to take at low intensities are outlined. These characteristics
include the excitation of localized surface plasmon resonance, photon absorption pathways in
metals, and excitation/relaxation of energetic charge carriers in metals. We then discuss the
mechanisms by which energy can be transferred from photoexcited plasmonic metals to
chemically attached materials. Finally, the chapter concludes with a discussion on the limitations
of plasmonic catalysis and our rationale for focusing on the design of bimetallic Ag-Pt
nanoparticles to understand energy flow in multicomponent plasmonic nanoparticles.

In chapter 3, the experimental and theoretical methods and tools used to carry out the work
presented in the dissertation are described. Strong emphasis will be placed on nanoparticle
synthesis techniques as the development of novel synthesis methods for new materials sets the
foundation for drawing meaningful conclusions from experiments in this dissertation.
Characterization tools used to study the optical and catalytic properties of materials as well as the
design of reactor experiments will also be discussed.

In chapter 4, we set out to develop a synthesis method for creating well-mixed Ag-Pt
bimetallic alloy nanoparticles. We outline the challenges of forming alloy nanoparticles of
immiscible metals and strategies for overcoming those challenges. By borrowing aspects of

previously successful methods for synthesizing alloy nanoparticles and leveraging the optical
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properties of Ag, we invent a creative synthesis approach designed to coerce the mixing of Ag and
Pt atoms into a single, kinetically-stable alloy nanostructure. We characterize the nanoparticles at
several stages of the synthesis and discuss the advantages and disadvantages of the newly-
discovered synthesis.

In chapter 5, we turn our attention to developing a highly-scalable synthesis for coating
large Ag nanoparticles with ultra-thin shells of Pt. We hypothesize that coating a thin layer of Pt
onto large Ag nanoparticles should allow for the creation of hybrid plasmonic nanoparticles which
manifest the optical properties of Ag while displaying the surface chemical properties of Pt. We
outline obstacles in the synthesis of core-shell nanoparticles with ultra-thin shells and formulate a
unique approach for surmounting these obstacles. We focus on seed-mediated syntheses in which
Pt is slowly coated on the surface of Ag nanoparticles. We explore methods aimed to tailor the
reactivity of Pt metal precursors through ligand exchange. We then use spectroscopic tools to
characterize the optical and surface chemical properties of the nanostructures to assess whether the
Ag-Pt nanoparticles express the hybrid optical-catalytic properties we desire.

In chapter 6, we employ our newly-discovered Ag-Pt core-shell nanoparticles as platforms
to study the underlying physical mechanisms governing energy flow from plasmonic metals to
other, catalytically-relevant transition metals. We probe the flow of energy in these materials using
a combined experimental and theoretical approach. Optical integrating sphere spectroscopy
combined with UV-vis transmission spectroscopy allow us to study changes in the optical
properties of Ag nanoparticles when coated with a thin layer of Pt. These experiments show that
the thin layer of Pt results in a drastic change in the optical properties of the nanoparticles.

Electrodynamic simulations are used to augment the spectroscopic experiments and show that
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most of the energy captured by the plasmonic Ag core in directed into the thin coating of Pt at the
surface.

In chapter 7, we test whether the funneling of plasmonic energy from the Ag core to the
Pt shell of the nanoparticles can be used to perform plasmonic catalysis on the surface of non-
plasmonic metals. We design reactor studies focusing on the preferential oxidation of carbon
monoxide in excess hydrogen. The results of variable temperature photoreactor studies
demonstrate that the rate of the reaction can be accelerated by shining low intensity visible light
on the catalyst. A series of mass spectrometry, diffuse reflectance UV-vis spectroscopy and
wavelength-dependent reactor experiments build strong evidence that plasmon excitation of the
Ag core is directly responsible for the enhanced rates of reaction observed under visible light
illumination. We discuss the implications of these results for the future design of multicomponent
plasmonic catalysts.

In chapter 8, we conclude by summarizing the main findings of this dissertation. A
perspective of the current state of the field and opportunities for future advancements are also
discussed.
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Chapter 2 Essential Background for Plasmonic Catalysis

2.1 Summary

This chapter provides a review of plasmonic catalysis. We start by introducing plasmonic
metal nanoparticles and the excitation of localized surface plasmon resonance. We discuss the
physical characteristics of metals that allow for plasmon excitation and various plasmon relaxation
pathways in isolated, monometallic plasmonic nanoparticles. In particular, we focus on plasmon-
induced absorption (i.e. the excitation of energetic charge carriers) in metal nanoparticles. This
includes the various absorption channels in metals, initial excitation of charge carriers, and
relaxation of energetic charge carriers. We then delve into the activation of chemical bonds on
photoexcited plasmonic metal nanoparticles and mechanisms by which energy can be transferred
from plasmons to adsorbates. This is followed by a discussion on the limitations of plasmonic
catalysis with particular focus on the limitations imposed by monometallic nanoparticles. The
chapter concludes by considering the possibility of alleviating these restrictions through the design
of multicomponent plasmonic nanomaterials.
2.2 Plasmonic metal nanoparticles

Plasmonic metal nanoparticles are light-harvesting materials that interact strongly with
visible light through the excitation of localized surface plasmon resonance (LSPR).1? LSPR is

established when light of wavelengths much longer than the size of the metal nanoparticles causes
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a resonant, collective oscillation of the free electrons in the metal nanoparticles. This physical
process allows the nanoparticles to collect the energy of visible light, concentrate it near the surface
of the particles, and convert light energy into the energy of excited charge carriers. We present a
detailed discussion of these processes in the following sections.
2.2.1 Plasmon excitation

A key characteristic of plasmon excitation is a large optical extinction cross section of the
metal nanoparticles at resonant frequencies.>* At these frequencies, the extinction cross-section of
plasmonic nanoparticles can be up to 10 times their geometric cross-section.®> This produces an
antenna effect whereby photons not directly in the path of the particles can nevertheless interact
with the nanoparticles through LSPR excitation. Assuming Mie theory for a spherical nanoparticle,
the extinction cross section (oext) is related to the complex dielectric function of the metal as

follows

&2
[e14+2&m]%+&3

Ooxt ~ (equation 1)

where &1 is the real part of the dielectric function of the metal, > is the imaginary part of the
dielectric function of the metal, and &m is the dielectric constant of the medium.® This relationship
allows us to identify physical criteria that must be satisfied for a metal to undergo plasmon
excitation. It is clear that the extinction cross section is the largest as the denominator approaches
zero. This stipulates that &1 ~ -2em and &2 should be very small for plasmon excitation to occur. The
real part of the dielectric function (1) describes the polarizability of the metal with respect to
wavelength and is generally negative for metals across a wide range of frequencies. The value of

€1 as a function of wavelength as well as em of air is plotted in Figure 2.1a. From these data, it can
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be seen that the first condition for plasmon excitation (e1 =~ -2em) can be established for many
metals in air at UV-visible frequencies.

The imaginary part of the dielectric function (e2) is directly related to the probability for
photon absorption in the metal at a particular frequency (Figure 2.1b). This physical property of
metals is inextricably linked to their electronic structure. Transition metals are generally
characterized by a half-filled s-band and a partially-filled d-band. There are two types of electronic
excitations that can take place in these materials. The first are excitations from filled s-states below
the Fermi level to empty s-states above the Fermi level, known as intraband excitations. These
excitations are generally available for all transition metals in the visible range. The second are
excitations from filled d-states below the Fermi level to empty s-states above the Fermi level,
known as interband excitations. The availability of these transitions in the visible range depends
on the location of the d-states in each metal relative to the Fermi level. For instance, Ag is
characterized by a full d-band that lies well-below the Fermi level (Figure 2.1c). Consequently, d-
to-s interband excitations cannot be induced by visible light photons in Ag which results in a low
value of &> throughout the visible range. Au and Cu are also characterized by a full d-band which
lies below the Fermi level (Figure 2.1c), but visible light photons above a specific threshold energy
are able to induce interband excitations in these metals which translates to higher values of & at
short visible light wavelengths. In contrast to the noble metals, where we define noble metals as
metals with completely filled d-states, the d-states for the non-noble transition metals are not
completely full and intersect the Fermi level (Figure 2.1c). As a result, these metals can absorb
photons via interband excitations throughout the visible range, and consequently, have high &z in
the visible region. This feature of the imaginary part of the dielectric function for non-noble

transition metals compromises their ability to undergo plasmon excitation in the visible range and
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results in small extinction cross sections for nanoparticles of these metals. The combination of &;
~ -2em and low &2 is why Ag, Au and Cu exhibit LSPR in the visible range and are typically

regarded as the “plasmonic” metals.
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Figure 2.1 Optical properties of metals. (a) The real part of the dielectric function for
the plasmonic metals (Ag, Cu, Au) and other transition metals. The black dotted line
represents em for air. (b) The imaginary part of the dielectric function for the plasmonic
metals and other transition metals. (c) Sketches of the representative density of states of
a plasmonic metal (left) and a typical transition metal (right). Intraband s-to-s transitions
are low energy transitions and are accessible with visible light photons for both groups
metals. However, because the d-band lies far before the Fermi level (Ef) for plasmonic
metals, only high energy photons can induce interband d-to-s excitations for these metals.
In the case of non-noble metals, the d-band intersects Ef allowing for d-to-s excitations to
take place throughout the visible range.
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2.2.2 Field confinement and plasmon decay

A direct consequence of plasmon excitation is the confinement of light energy near the
surface of metal nanoparticles in the form of elevated electric fields.” The distribution of the
confined electric fields in the metal is spatially inhomogeneous with the maximum field intensities
localized at the surface of the nanoparticles.® The intensity of these fields decay dramatically with
distance from the surface. For isolated particles, the elevated field intensities can be up to 102
times the intensity of the incoming electromagnetic field and up to 10° times the intensity at corners
or other sharp features of the nanoparticles.® Furthermore, the field confinement can reach 10%-108
times the intensity of incoming radiation in the space between two closely positioned plasmonic
nanoparticles. These regions of extremely high field intensities are commonly referred to as
plasmonic “hot spots”. The amplification of the electric field intensity near the surface of the
nanoparticles can then be used to amplify other photophysical processes such as absorption (i.e.
excitation of electrons/holes) and photon scattering. A classic example of this is the amplification
of inherently weak Raman scattering from photoexcited molecular vibrations in surface-enhanced
Raman spectroscopy (SERS).1®? The confinement and concentration of incoming
electromagnetic radiation by plasmonic nanoparticles has been shown to allow for the detection of
even single molecules in SERS.*315

For the case of isolated plasmonic nanoparticles, the energy stored in the elevated fields
can be dissipated either radiatively via photon scattering or non-radiatively via absorption in the
metal nanoparticles.’®'” Non-radiative absorption results in the generation of energetic charge
carriers near the surface of the metal nanoparticles which can then be extracted to perform a
specific function.’®® As discussed earlier, absorption (i.e. the generation of energetic charge

carriers) in metals can occur through either intraband s-to-s excitations or interband d-to-s
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excitations (Figure 2.2a). The s-to-s excitations are indirect electronic excitations that require
involvement of a third entity to provide the necessary change in the momentum of the charge
carriers. This change in momentum can be supplied by lattice phonons or collisions with the
nanoparticle surface. Because these excitations require a change in momentum, intraband
excitations exhibit a relatively small characteristic rate constant of ~ 10 s1.20 In the case of the
d-to-s interband excitations, no change in the momentum of the charge carriers is required resulting
in a larger characteristic rate constant for these excitations of ~ 10%° s™*. Due to the inherently larger
rate constant of interband excitations, plasmon decay via these excitations is expected to be the
dominant decay pathway when available. This was recently shown to be the case from first
principles by Atwater et al.?! The data in Figure 2.2b show the partitioning of various absorption
pathways in plasmonic gold nanoparticles vs plasmon energy. These data show that direct
interband excitations quickly become the dominant pathway for photon absorption in Au once they
become energetically accessible regardless of nanoparticle size. The contribution of the other
absorption processes (phonon-assisted or surface-assisted intraband excitations) are size-
dependent and only dominate for plasmon energies at which direct interband transitions are

inaccessible.
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Figure 2.2 Excitation of energetic charge carriers in plasmonic metals. (a) Band diagram
depiction of photon absorption in metals. The x-axis represents momentum space (also known as
k space). Momentum space essentially represents the various configurations of electrons in orbitals
for a solid state material. The two types of excitations that can take place in metals are (i) indirect
s-to-s intraband excitations or (ii) d-to-s interband excitations. (b) Relative contributions of
resistive, geometry-assisted, phonon-assisted, and direct excitations to absorption in a semi-infinite
gold surface and spherical gold nanoparticles of various sizes as a function of plasmon energy.
Direct excitations in Au dominant when available regardless of the size of the Au particles. (c)
Energy distributions of initially-excited hot carriers (P(w,g)) in Al, Ag, Au, and Cu as a function
of plasmon frequency (®) and carrier energy (¢). Excitation of intraband transitions results in the
generation of equally-energetic hot electrons and holes. Excitation of interband transitions
generates an asymmetric distribution of low energy electrons and high energy holes. Figure 2.2a
was adapted from ref 20. Figures 2.2b and ¢ were taken from ref 21.
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The initial energy distribution of the excited charge carriers largely depends on the type of
transitions (intraband or interband) that are excited.?2?® For plasmonic Ag nanoparticles, interband
transitions do not overlap with LSPR excitation frequencies. Therefore, plasmon decay in Ag
nanoparticles only results in the formation of energetic charge carriers through s-to-s excitations.
In contrast, LSPR excitation frequencies for Au and Cu nanoparticles can overlap with interband
transitions in the metals. Atwater et al. have shown that the excitation of intraband transitions in
Cu, Ag, and Au results in the formation of hot electrons and holes in the s-states of the metals that
are of relatively equal energies (Figure 2.2c).2* In contrast, excitation of interband transitions in
Au and Cu results in an asymmetric energy distribution of energetic charge carriers wherein low
energy s-electrons and high energy d-holes are produced. This distribution of energetic charge
carriers (generated via interband excitations) is a direct consequence of exciting electrons from
low-lying filled d-states to empty s-states above the Fermi level of these metals.

These initially-formed high energy charge carriers will quickly lose energy through a
number of relaxation processes. These relaxation processes are generally well-understood for
energetic charge carriers in the s-states.?*® The initially-excited energetic charge carriers
primarily lose energy through electron-electron collisions on the fs timescale (Figure 2.3). This
results in the secondary excitation of charge carriers near the Fermi level leading to a hot Fermi-
Dirac distribution of energetic charge carriers in the s-states. These charge carriers further cool by

coupling to phonon modes of the metal nanoparticles ultimately resulting in heating of the metals.
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Figure 2.3 Dynamics of energetic charge carriers in metals. Cooling of energetic charge carriers
in metals. Plasmon-decay results in the immediate excitation of a collection of energetic charge
carriers on the time scale of ~1 fs forming an athermal distribution of energetic charge carriers.
These initially-excited charge carriers cool via electron-electron collisions on the ~100 fs time
scale forming a hot Fermi-Dirac distribution. The charge carriers further relax on the time scale of
~1 ps through electron-phonon collisions.

In the case of hot d-holes, it has been suggested that hot d holes relax via an Auger process
whereby an s-electron fills the d-hole creating an energetic s-hole in the process.?® This energetic
s-hole then relaxes via the electron-electron and electron-phonon interactions described above.
Wolf et al. have suggested that this mechanism of energetic d-hole relaxation slightly prolongs the
lifetime of energetic charge carriers in the metal nanoparticle.?®
2.3 Activation of chemical bonds on plasmonic nanoparticles

The strong light-matter interactions displayed by plasmonic nanostructures have been
leveraged for applications in spectroscopy, chemical sensing, cancer therapy, among others.?’-34
In recent years, there have also been several reports of plasmon-driven reactions on Ag and Au
nanoparticles. For instance, photoexcitation of Ag and Au nanoparticles has been shown to activate
CO oxidation, partial oxidation of ethylene, hydrogenation of carbonyls, dissociation of H», and
reduction of nitroaromatics among others.®#2 In these cases, it is argued that the energy required
to activate chemical bonds is provided by plasmon-mediated excitation of energetic charge carriers
at or near the adsorbate-metal interface. The mechanism of charge carrier-mediated bond

activation on metal surfaces was originally uncovered through studies using high-powered lasers

to excite energetic charge carriers in bulk metal surfaces.**** We discussed this mechanism earlier
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in Chapter 1. In brief, the photoexcitation of charge carriers at the adsorbate-metal interface results
in the excitation of the adsorbate to a charged or excited state. This transfer of energy to the
molecule forces the molecule to evolve along an excited potential energy surface. The excited state
then decays and the molecule returns to the ground state potential energy surface but with
additional vibrational energy.

A classic signature of charge carrier-mediated reactions from these experiments on
extended metal surfaces was the observation of an elevated kinetic isotope effect (KIE).*® The
traditional thermal Kinetic isotope effect emerges as a consequence of the lower zero point energy
(vibrational ground state energy) of the heavy isotope.*® This means that the heavy isotope will
always face a slightly larger activation barrier for reaction compared to the light isotope, as
depicted in Figure 2.4a. This effect is exaggerated for charge carrier-mediated reactions due to the
excitation of the molecule to a charged/excited state. For the heavy isotope of the molecule, the
evolution of the molecule on the charged/excited potential energy surface will be less pronounced
as the heavy molecule will require larger forces (i.e. more energy) to undergo the same
reconfiguration. Hence, the heavy isotope will obtain less vibrational energy from this process
resulting in an elevated kinetic isotope effect for charge carrier-mediated reactions on metal
surfaces (Figure 2.4b).

To build evidence of charge carrier-mediated reactions on photoexcited plasmonic
nanoparticles, our group examined the effect of plasmon excitation on the KIE for ethylene partial
oxidation on plasmonic Ag nanoparticle catalysts.*>*" For this reaction, the dissociation of Oz was
determined to be rate-limiting and the KIE experiments were performed by substituting O*® with
0%, Under purely thermal conditions, a measured KIE of 1.09 was found, consistent with the

theoretically-calculated value of 1.07. On the other hand, photoexcitation of the plasmonic catalyst
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resulted in an elevated KIE of up to 1.48. This stark contrast in the observed KIE supports the
conclusion that O dissociation under photoexcitation was aided by plasmon-induced excitation of
energetic charge carriers.

These findings of charge carrier-mediated reactions on photoexcited plasmonic catalysts
were corroborated by several other groups for a number of different chemical transformations on
Ag and Au nanoparticles. For example, Halas et al. demonstrated that photoexcited Au
nanoparticles could result in the catalytic dissociation of H, at room temperature whereas little-to-
no dissociation took place under purely thermal conditions even at temperatures as high at
100°C.%838 Furthermore, it was shown that the photocatalytic rate of Hz dissociation was
proportional to the plasmon intensity of the Au nanoparticles. These data demonstrate that
plasmon-mediated excitation of energetic charge carriers was involved in the activation of H, on
the Au nanoparticles. In a separate case, Moores et al. showed that plasmonic Ag nanoparticles
could drive photocatalytic hydrogenation of carbonyls under plasmon excitation.® Here again, no
chemical conversion was observed under purely thermal conditions suggesting that the reaction

was driven by plasmon-derived energetic charge carriers.
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Figure 2.4 Kinetic isotope effect. (a) Thermal kinetic isotope effect (KIE). The thermal kinetic
isotope effect is a result of the lower zero-point energy of the heavy isotope (depicted in red).
This cause the heavy isotope to lie deeper in the potential well which results in a larger activation
barrier for the dissociation of the heavy isotope. (b) The KIE is exaggerated for charge carrier-
mediated reactions. The excitation of the molecule to an excited potential energy state forces the
molecule to rearrange to accommodate the additional energy. Because more energy is required to
move atoms in the heavy isotope, the evolution of the heavy isotope on the excited potential
energy surface will be less pronounced. Upon relaxation, the heavy isotope may relax to a lower
vibrational state compared to the light isotope thereby widening the difference in the apparent
activation barrier for dissociation between the light and heavy isotopes.
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The interest in plasmonic catalysis stems from this ability to perform charge carrier-
mediated reactions under low intensity visible light illumination on nanostructured catalysts. In
temperature-driven reactions, energy is provided to all adsorbates and molecular vibrations
indiscriminately resulting in the simultaneous activation of many reaction pathways. Alternatively,
charge carrier-mediated reactions potentially offer the opportunity to selectively transfer energy to
specific adsorbates or molecular vibrations thereby pushing the evolution of reactants to a desired
product state. There are two mechanisms by which plasmon energy can be transferred to
adsorbates: 1) the indirect mechanism in which plasmon decay results in the generation of
energetic charge carriers in the metal followed by charge injection into accessible adsorbate
orbitals, and 2) the direct mechanism in which plasmon decay results in direct excitation of charge
carriers into accessible adsorbate states. We will discuss both mechanisms in more detail in the
following sections.

2.3.1 Indirect Transfer of Energy

The most commonly accepted mechanism for energy transfer to adsorbates on photoexcited
metals is the indirect transfer mechanism. In this mechanism, photoexcitation of the plasmonic
metal results in the excitation of energetic charge carriers in the metal. Charge carriers with
sufficient energy at the adsorbate-metal interface can then transfer from the metal to empty states
of the adsorbate-metal complex (Figure 2.5a). This transfer of charge provides additional energy

to the molecule through the DIET mechanism discussed earlier.
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Figure 2.5 Mechanism of energy transfer in plasmonic metal-molecules systems. (a) Indirect
energy transfer mechanism. Plasmon relaxation results in an electron distribution that is
characterized by a high concentration of low-energy charge carriers. Those at or above the
energy level of the lowest unoccupied adsorbate orbitals can transfer into those orbitals. (b)
Direct energy transfer mechanism. Decay of a resonant plasmon causes direct excitation of
charge carriers within the adsorbate-metal complex. (c) The adsorption of molecules onto the
metal surface essentially creates a band of hybridized metal-adsorbate states which allows for
direct excitations form the metal to these states. (d) Temperatures of different vibrational modes
of MB chemisorbed on Ag. Under 532 nm illumination, the vibrational temperature is nearly
equal to the set temperature (represented by the black line). Under 785 nm illumination, the
vibrational temperatures for all modes are significantly increased above the metal nanoparticle
temperature, indicating a resonant, selective energy transfer into the MB adsorbate. (e)
Excitation of Au nanoparticles strongly coupled with CdSe nanorods results in energy transfer
between Au and CdSe which results in a continuous absorption feature extending to the near-
infrared (IR) spectrum. Figure 2.5¢ adapted from ref 20. Figure 2.5d was taken from ref 50.
Figure 2.5e was taken from ref 51.
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In this mechanism, the transfer of energy to adsorbates will depend on the positioning of
the adsorbate states relative to the Fermi level of the metal. Adsorbate states closer to the Fermi
level will always experience higher rates of energy transfer due to the high density of energetic
charge carriers closer to the Fermi level. Consequently, activation of chemical bonds associated
with high energy adsorbate states will result in the simultaneous activation of chemical bonds
associated with low energy adsorbate states. Although this energy transfer mechanism can produce
reaction outcomes unique from thermal reactions, it does not allow for significant control of the
energy transfer and chemical bond activation processes which ultimately limits the ability to
control product selectivity.

2.3.2 Direct Transfer of Energy

An alternative mechanism for the transfer of energy from photoexcited metals to adsorbates
involves the direct excitation of charge carriers from the metal to hybridized states at the adsorbate-
metal interface, as depicted in Figure 2.5b.%" In this mechanism, chemical bonding of the adsorbate
with the metal results in the formation of hybridized electronic states at the interface.*® These
hybridized electronic states of the adsorbate-metal complex provide an additional energy
dissipation pathway for the energy collected via LSPR excitation. The alignment of these states in
momentum-space with filled states of the metal can allow for direct, momentum-conserved
excitations of electrons from filled metal states to empty states in the adsorbate-metal complex
(Figure 2.5¢).%° In bulk metals, the probability of exciting these transitions is inherently low due
to the low density of these hybridized states compared to bulk metal states. For plasmonic
nanostructures, the intense electric fields generated at the surface via LSPR excitation essentially

reroutes charge excitation processes to the surface. This effect combined with the emergence of
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the inherently fast momentum-conserved direct electronic transitions results in the preferential
transfer of energy to the adsorbate.

In contrast to the indirect mechanism, the direct mechanism avoids the excitation of charge
carriers in the metal suggesting that plasmon energy can be channeled to particular adsorbates by
targeting specific states at the interface with resonant photons. For example, our group has shown
that the direct transfer mechanism is the dominant pathway for energy transfer to adsorbates for
the case of methylene blue chemisorbed on Ag nanoparticles.*”* In this study, we used surface-
enhanced Raman spectroscopy to follow the flow of energy in our model system. It was found that
photoexcitation of the system with 785 nm light resulted in significantly more energy transfer to
vibrational modes of the molecule compared to photoexcitation with 532 nm light of the same
photon flux. This resonant energy transfer induced by 785 nm photons resulted in the non-
equilibrium heating of the molecule as shown in Figure 2.5d. These results suggest that chemical
bonding of the adsorbate with the metal surface opened new channels for energy dissipation that
could be targeted using 785 nm light but were inaccessible for higher energy photons (i.e. 532 nm
light).

Similar findings were reported by Lian et al. for a system of Au nanoparticles coupled with
CdSe nanorods.® Here, it was argued that the chemical-attachment of the Au nanoparticles to the
CdSe nanorods resulted in strong mixing of the electronic states of the two materials. This
interaction opened a new pathway for the dissipation of plasmon energy via interfacial charge
carrier excitations. Optical measurements combined with transient absorption spectroscopy
(Figure 2.5e) demonstrated that plasmon excitation of the Au nanoparticles resulted in energy
transfer to the CdSe nanorods via direct electronic transitions from filled metal states to the

conduction band of the semiconductor at the interface between the two materials.
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2.4 Limitations of Plasmonic Catalysis

Although plasmon-driven reactions present exciting possibilities for controlling product
selectivity in chemical transformations on metal surfaces, there are several complexities associated
with plasmonic catalysis that must be emphasized. Firstly, the selective transfer of energy to
targeted adsorbates depends largely on the chemical interaction of the adsorbate with the metal
surface. For instance, it is possible that only a few combinations of plasmonic metal-adsorbate
systems will provide hybridized states that can be targeted by visible light photons. This limitation
is exacerbated by the inherently low chemical reactivity of the noble plasmonic metals (Cu, Ag,
and Au).%>%3 Secondly, the plasmon excitation frequency of the nanoparticles must also be aligned
to match the energy gap of the direct excitation associated with the hybridized states of the
adsorbate-metal complex. This alignment is critical as excitation of LSPR is required to produce
the elevated electric field intensities at the surface of the plasmonic nanoparticles which
compensates for the relatively low density of the hybridized states. Lastly and perhaps most
saliently, the limited catalytic activity of plasmonic metals (Cu, Ag, and Au) significantly restricts
the phase space of chemical transformations that can benefit from plasmonic catalysis.

This last point has been the central obstacle to expanding the use of plasmonic catalysis.
The main objective of this dissertation is to develop a fundamental understanding of the physical
mechanisms of energy flow in plasmonic nanoparticles and leverage this understanding to design
functioning nanostructures where a plasmonic material concentrates light energy and channels this
energy efficiently towards a more active catalytic material. The catalytic materials we have
focused on are non-noble transition metals such Pt, Pd, Ni, etc. We hypothesized that it could be
possible to combine the optical properties of plasmonic metals with the catalytic properties of other

transition metals through the synthesis of bimetallic nanoparticles. We chose Ag as the plasmonic
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metal because it has the lowest losses of any of the plasmonic metals. For our catalytic metal, we
focused mainly on Pt given its ubiquity in heterogeneous catalysis.

These two metals can be combined in many different ways at the nanoscale. We considered
two extremes: Ag-Pt alloys in which the two metals are completely mixed in a single nanostructure
and Ag-Pt core-shell nanoparticles where both metals are completely separated from one another.
In the case of the alloy nanoparticles, we hypothesized that by using a small amount of Pt, we
could create nanostructures that still interacted with visible light through LSPR excitation and the
energy collected by LSPR could help drive reactions on Pt atoms at the surface of the alloy
nanoparticles.

However, we also anticipated that the heterogeneity of the alloy surface may present a
challenge in rigorously interpreting data from spectroscopic and reactor studies. This motivated us
to simultaneously pursue the more difficult goal of developing a synthesis for Ag-Pt core-shell
nanoparticles with ultra-thin shells of Pt (~1 nm). We hypothesized that the plasmonic core of
these structures would enable the collection and concentration of light energy at the Pt surface via
LSPR excitation thereby allowing for plasmon-enhanced surface chemistry on a pure Pt surface.
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Chapter 3 Experimental and Theoretical Techniques

3.1 Summary

This chapter presents experimental and theoretical techniques used throughout the
dissertation. Particular emphasis is placed on methods used to synthesize metal nanoparticles and
bimetallic metal nanoparticles as these materials lay the foundation for generating meaningful
conclusions from experimental studies. We also discuss spectroscopic techniques used to
characterize the optical properties of plasmonic metal nanoparticles and catalysts. Vibrational
spectroscopy, X-ray techniques, and electron microscopy tools which are heavily employed to
characterize the structure and composition of materials and catalysts at the nanoscale are also
discussed. Lastly, we describe the design of reactor studies for testing the photocatalytic
performance of plasmonic catalysts.
3.2 Synthesis of Metal Nanoparticles

Metal nanoparticles are typically synthesized using a colloidal, solution-phase approach
with four critical ingredients: the solvent, polymeric stabilizer, reducing agent, and metal
precursor.r A synthesis usually involves combining these ingredients in a single reaction vessel,

allowing the reducing agent to reduce the metal precursor into metal nanoparticles which are
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quickly capped by the polymeric stabilizing agent to prevent aggregation of individual
nanoparticles in solution.

The nature of the solvent often constrains the library of polymeric stabilizers, reducing
agents, and metal precursors that can implemented in a synthesis. For example, organic solvents
require that all other reagents used in the synthesis are hydrophobic or otherwise can be dissolved
in the organic solvent. A very commonly used organic solvent for the synthesis of metal
nanoparticles is oleylamine which also solvent acts as its own reducing agent and colloidal
stabilizer.? Organic metal precursors, such as oxidized metal centers complexed with
acetylacetonate moieties, are typically employed in organic solvents. By heating oleylamine to
high temperatures (160-300°C), the organic metal precursor slowly decomposes forming metal
nanoparticles as a result.® The affinity of the amine group on oleylamine for metal surfaces
facilitates the capping and stabilization of individual metal nanoparticles in the solution as they
form.

Other common solvents for the synthesis of metal nanoparticles include water and ethylene
glycol. These are both polar solvents and are commonly paired with hydrophilic/polar stabilizing
agents, reducing agents, and metal precursors. This allows for significantly more flexibility in the
synthesis of metal nanoparticles with many potential choices of reducing agents (ascorbic acid,
ethylene glycol, sodium citrate, sodium borohydride), polymeric stabilizing agents (polyvinyl
pyrrolidone (PVP), citrate, polyvinyl alcohol, cetrimonium bromide), and metal precursors (metal
nitrates, metal chlorides, transition metal complexes).*’ In addition to the variety of possible
reagents, other ionic species have also been used to direct the growth of targeted shapes of metal
nanoparticles.® % This ability to control the shape of metal nanoparticles has been extensively

developed for metal nanoparticles of Ag and Au and has a profound impact on the optical
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properties of these materials. For example, the peak plasmon intensity for spherical Ag
nanoparticles is roughly centered at 430 nm but shifts to ~530 nm for cubic Ag nanoparticles and
can shift as far as ~700 nm for Ag nanoprisms.”*12 In the following section, we discuss specific
synthesis recipes used in this dissertation for the synthesis of Ag nanoparticles of controlled
shapes.
3.3 Synthesis of Ag Nanoparticles

Throughout this dissertation, we employ Ag nanoparticles of various shapes. The recipe
used to make these nanoparticles utilizes ethylene glycol as both the solvent and reducing agent.*®
PVP is used as the polymeric stabilizing agent and silver nitrate (AgNO3) as the metal precursor.
We first describe the synthesis of cubic Ag nanoparticles.
3.3.1 Synthesis of Ag Nanocubes

The synthesis of Ag nanocubes starts by first heating 10 mL of ethylene glycol in an
uncapped 20 mL glass vial to 140°C for 1 hour. This initial heating of ethylene glycol causes a
fraction of the solvent to oxidize into glycol aldehyde.'* Glycol aldehyde then acts as a reducing
agent for the reduction of Ag* cations later in the synthesis. Once the solvent is heated for 1 hour,
80 pL of'a 36 mM aqueous HCI solution is added to the reaction mixture followed by the addition
of 5 mL of a 10 mg/mL solution of PVP in ethylene glycol. Then 2 mL of a 25 mg/mL solution of
AgNO:s is added to the reaction mixture and a ventilated cap is placed on the reaction vessel to
allow air to enter the system while also refluxing ethylene glycol.

The addition of AgNO3 results in the homogeneous nucleation of small single crystal or
twinned Ag nanoparticle seeds.™ The final shape of the nanoparticles depends heavily on this
initial formation of small Ag nanoparticle seeds. For example, the growth of the twinned Ag seeds

produces spherically-shaped nanoparticles whereas growth of the single crystal seeds forms cubic
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Ag nanoparticles.’® In order to generate a high quality sample of Ag nanocubes, it is critical to
produce a large fraction of single crystal Ag seeds and minimize or otherwise eliminate twinned
Ag seeds. This is accomplished by both stabilizing single crystal Ag seeds and continuously
dissolving twinned seeds. The polymeric stabilizer, PVP, has a stronger affinity for Ag(100)
surfaces and preferentially binds to the single crystal seeds thereby stabilizing those particles in
the reaction mixture.!’” In addition, the combination of air exposure, which provides a steady
concentration of dissolved oxygen, and chlorine anions in solution act in concert to selectively
etch twinned Ag seeds.'® In order to produce a very high fraction of single crystal seeds, this
etching process is allowed to take place for 16-24 hours. The etching of the twinned Ag
nanoparticle seeds produces Ag* which will again reduce into either twinned or single crystal Ag
nanoparticle seeds. The iteration of this process over the course of 16-24 hours guarantees a high
purity of single crystal seeds. The reaction vessel is then capped to cut off exposure to oxygen
which allows the Ag seeds (which are now exclusively single crystal seeds) to grow into Ag
nanocubes. The size of the resulting Ag nanocubes can be tuned from approximately 40 nm to 110
nm in edge length by simply controlling the growth time of the nanocubes. The highest quality
nanocubes are formed by allowing the nanoparticles to grow for ~ 8 hours. This solution of
nanoparticles transmits a vibrant purple color which is characteristic of Ag nanocubes ~ 75 nm in
edge length.

This particular synthesis is highly sensitive to the concentration of iron impurities in the
ethylene glycol solvent. The concentration of iron impurities in the solvent should be lower than
0.01 ppm. It is often difficult to meet this specification for stock solutions of ethylene glycol as
the solvent is commonly stored or processed in steel containers which inevitably leads to leeching

of iron species into the solvent. Fe®* impurities in the solvent will be reduced to Fe?* under reaction
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conditions by the reducing agent. Fe?* impurities interfere with the synthesis of Ag nanocubes by
scavenging oxygen adsorbed on the surfaces of the Ag nanoparticle seeds.'® This prevents the
selective etching of the twinned Ag nanoparticle seeds by the combined action of oxygen and
chlorine which results in significant amounts of spherical Ag nanoparticles being formed. When it
was not possible to purchase ethylene glycol which met this stringent iron concentration
specification, we employed a method designed to chemically sequester the iron impurities. We
added a small amount of ethylene diamine tetra acetic acid (EDTA) to the reaction mixture prior
to adding the Ag precursor. EDTA is a hexadentate chelating agent capable of completely
engulfing Fe** moieties through chemical bonds with the two amine groups and four carboxylate
groups effectively neutralizing its ability to scavenge oxygen from the surface of the Ag
nanoparticle seeds.

Once synthesized, the nanoparticles are washed to remove ethylene glycol and excess
reaction reagents. For washing and purification, the Ag nanocubes in ethylene glycol are diluted
with acetone to 45 mL and centrifugated for 20 minutes at 8,000 rpm to separate the nanoparticles
from excess chemical reagents. The supernatant is discarded and the nanocubes are re-dispersed
in 5 mL of deionized (DI) water. The nanoparticles are washed twice more by diluting the re-
dispersed nanoparticles to 45 mL with acetone, separating the nanocubes via centrifugation for 20
minutes at 8,000 rpm, and re-dispersing in 10 mL of DI water. The concentration of the
nanoparticles can be estimated by measuring the mass of 1 mL of dried Ag nanocubes.

3.3.2 Synthesis of Ag Nanospheres

The synthesis of Ag nanospheres utilizes the same basic ingredients as the Ag nanocube

synthesis namely ethylene glycol, PVP, and AgNOas. The primary difference between the two

syntheses is that, in the Ag nanosphere synthesis, we are not concerned with the shape of Ag
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nanoparticle seeds formed and hence do not need to add hydrochloric acid to the reaction mixture
to control the structure of Ag nanoparticle seeds. Instead, our basic approach is burst nucleate a
collection of Ag nanoparticle seeds and crowd the surface of the nanoparticles with PVP to allow
for the steady, uniform growth of the Ag nanoparticles.

This is done by first preheating a 10 mL of ethylene glycol at 160°C for 1 hour in a
uncapped 20 mL glass vial. This allows some fraction of the solvent to oxidize to form glycol
aldehyde which acts as the reducing agent. Then, 5 mL of a 100 mg/mL solution of PVP in ethylene
glycol is added to the reaction vessel. Note that this is five times greater than the amount of PVP
used in the synthesis of the Ag nanocubes. Finally, 2 mL of a 25 mg/mL solution of AgNOs in
ethylene glycol is rapidly injected all at once into the reaction mixture. This leads to the
homogeneous nucleation of a collection of small Ag nanoparticles. The high concentration of PVP
ensures that the initially-formed small Ag nanoparticles are quickly surrounded by a dense network
of polymeric stabilizer. The growth of the Ag nanoparticles is now controlled by the ability of
additional Ag atoms to overcome the network of PVP and nucleate on the nanoparticles instead of
being controlled by the intrinsic difference in reactivity displayed by the various surface facets
expressed by the Ag nanoparticles.'® This leads to the relatively uniform deposition of Ag atoms
onto the Ag nanoparticles and eventual formation of Ag nanospheres with an average diameter of
~ 60 nm.

Once synthesized, the nanoparticles are washed to remove ethylene glycol and excess
reaction reagents using a procedure similar to the Ag nanocube wash described earlier. For
washing and purification, the Ag nanospheres in ethylene glycol are diluted with acetone to 45 mL
and centrifugated for 20 minutes at 8,000 rpm to separate the nanoparticles from excess chemical

reagents. The supernatant is discarded and the nanocubes are re-dispersed in 5 mL of ethanol. The
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nanoparticles are washed twice more by diluting the re-dispersed nanoparticles to 45 mL with
acetone, separating the nanocubes via centrifugation for 20 minutes at 8,000 rpm, and re-dispersing
in 10 mL of ethanol. The nanoparticles can also be re-dispersed in DI water; however, the solution
tends to form a metal sheen at the liquid-air interface and the nanoparticles have a tendency to
aggregate in water. Solutions of Ag nanospheres synthesized using this ethylene glycol synthesis
method tend to degrade within a few days and should be used immediately.

In addition to the above-described ethylene glycol synthesis for Ag nanospheres, we also
used a room-temperature, water-based synthesis for Ag nanospheres for performing small
experiments and tests. The synthesis uses ascorbic acid in the place of ethylene glycol-derived
glycol aldehyde as the reducing agent. In brief, 50 mg of AgNO3 and 500 mg of PVP are dissolved
in 15 mL of DI water contained in a 50 mL polypropylene centrifuge tube (the reaction vessel). In
a separate 50 mL centrifuge tube, 100 mg of ascorbic acid are dissolved in 5 mL of DI water. The
pH of the ascorbic acid solution is increased to ~12 through the addition of a sodium hydroxide
solution. This causes the equilibrium of the acid dissociation to favor higher concentrations of the
conjugate base, ascorbate. Ascorbate anions provide substantial reducing power and can quickly
reduce the Ag* cations even at room temperature.?’ The reducing solution is added to the reaction
mixture in one swift motion while swirling the reaction mixture by hand and the formation of the
Ag nanoparticles takes place nearly instantaneously. This synthesis produces Ag nanospheres ~
30 nm in diameter. Note that glass containers are not used in this synthesis due to the
incompatibility of glass containers with basic solutions.

3.4 Synthesis of Bimetallic Metal Nanoparticles
A large part of this dissertation is focused on combining the optical properties of a

plasmonic metal (such as Ag) with the catalytic properties of another transition metal (such as Pt).
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A promising approach for doing this is by combining the two metals in a single, bimetallic
nanostructure. Bimetallic nanoparticles often exhibit hybrid or completely unique physical and
chemical properties relative to their constituent metals.?:?? These properties depend not only on
the composition of the bimetallic nanoparticles but also on the level of segregation among
constituent metals. The common structures of bimetallic nanoparticles include: (i) core-shell
configurations, where the core is composed of one metal and the shell of the other, (ii) phase-
segregated structures where the two metals are in general separated from each other with only
partial mixing at the interfaces between the metals, and (iii) alloy structures where the two metals
exhibit high degree of intermixing. Two general approaches are used to synthesis bimetallic
nanoparticles, simultaneous reduction and sequential reduction.

The simultaneous reduction approach starts by adding metal precursors of both metals to
the reaction vessel at once. Then, a strong reducing environment is established commonly through
the addition of a strong chemical reducing agent and less often by using other reducing stimuli
(high energy radiation or high temperatures).?® The outcome of the synthesis will depend on the
susceptibility of the metal precursors to reduce (i.e. the reduction potential of the metal precursors)
and the miscibility of the two metals. In the case where the two metals are highly miscible and
have similar reduction potentials, the reducing agent will reduce the precursors of both metals at
equal rates (i.e. similar reduction Kinetics) and the penalty for forming bonds between the two
metals is relatively low (i.e. no thermodynamic hinderance to mixing). This results in the formation
of well-mixed alloy nanostructures containing both metals. On the other hand, if the precursors of
the two metals are significantly different, the more reactive metal precursor (i.e. the one with the
higher reduction potential) will reduce first forming monometallic nanoparticles of that metal. The

second metal will then slowly reduce onto the first metal resulting in the formation of core-shell
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nanoparticles. Although the simultaneous reduction method works well for highly-miscible metals,
it is often difficult to generate bimetallic nanoparticles made of two immiscible metals. The
thermodynamic penalty for creating bonds between the two metals drives the outcome of the
synthesis towards the homogeneous nucleation of monometallic nanoparticles of each individual
metal.* Given that Ag and Pt are immiscible, the synthesis of Ag-Pt alloys cannot be accomplished
using conventional synthesis strategies. In chapter 4, we discuss our efforts in a developing a new
approach to the synthesis of well-mixed transition metal alloy nanoparticles composed of
immiscible metals (in this case, Ag and Pt).

In addition to simultaneous reduction, another widely-used approach for synthesizing
bimetallic nanoparticles is to first form nanoparticles of one metal and then introduce a precursor
for the second metal.?® To ensure formation of bimetallic nanoparticles, the reduction of the second
metal must be carefully controlled to minimize homogeneous nucleation of the second metal. This
is accomplished by using relatively mild reducing conditions and/or a fairly inert metal precursor
of the second metal. The surface of the preformed metal nanoparticles act to catalyze the reduction
of the second metal onto the nanoparticles thereby creating core-shell nanostructures. This method
has seen rapid growth in recent years with the emergence of “seed-mediated” colloidal synthesis
recipes.?>2’" Seed-mediated syntheses rely on first forming monometallic nanoparticles of a
particular metal, purifying and concentrating the nanoparticles, and using the nanoparticles as
seeds onto which a second metal is deposited. In this case, the nanoparticle seeds are essentially
an additional synthesis reagent and can be combined with other species (such as ions or chemical
capping agents) to direct the growth of the second metal in unique ways. We use this approach in
chapters 4 and 5 to synthesis bimetallic nanoparticles of Ag-Pt.

3.5 Preparation of Catalysts from Colloidal Nanoparticles
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Metal nanoparticle catalysts are usually prepared via wet impregnation of metal salts in
metal oxide supports followed by thermal decomposition of the metal salts into nanoparticles.?®
This approach produces high purity catalysts but does not offer the degree of control over the
structure and composition of metal nanoparticles that can be achieved with colloidal synthesis
techniques. However, there are several challenges associated with preparing metal nanoparticle
catalysts from solutions of colloidal metal nanoparticles. For instance, colloidal solutions of
nanoparticles are stabilized with surface-bond surfactants or polymers which must be removed to
produce completely clean surfaces. In addition, forcing the nanoparticles to move from the solution
phase and attach onto the metal oxide support can be challenging.

In order to circumvent these issues, we developed a method for depositing metal
nanoparticles on oxide supports which relies on destabilizing the colloidal solution of metal
nanoparticles in a slurry with the metal oxide support. A typical catalysts preparation procedure
begins by adding the metal oxide support powder to water under continuous stirring. The solution
of metal nanoparticles is then added slowly to the mixing slurry dropwise to ensure good dispersion
of the nanoparticles on the oxide support. This solution is allowed to mix for approximately 2
hours. Then 1 mL of a 1 M solution of NaNOgz (or other ionic salts) is added dropwise to the
mixture. This causes the ionicity of the solution to dramatically increase which destabilizes the
colloidal dispersion of nanoparticles. The metal nanoparticles fall out of solution and deposit onto
the metal oxide support. The solution is allowed to mix overnight following the addition of the salt
solution. It is then centrifuged at 5000 rpm for 10 minutes to separate the catalyst from the liquid.
The catalyst is then washed via centrifugation once more with water to remove excess salt and
extract most of the polymeric stabilizing agent off the nanoparticles. The washed catalyst is then

dried in a vacuum oven at 40°C. Although this washing procedure removes most of the polymeric
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stabilizing agent on the nanoparticles, there may still be some leftover polymer on the catalyst
surface. To remove this residual stabilizing agent, the catalyst is pretreated with air at temperatures
between 200-300°C for 3-5 hours at the start of every reaction experiment.?®3® This completes the
catalyst preparation procedure.
3.6 Characterizing the Optical Properties of Metal Nanoparticles and Catalysts

A key feature of the metal nanoparticles studied in this dissertation is their ability to interact
strongly with visible light. We characterized the optical properties of all metal nanoparticles and
metal nanoparticle catalysts using a suite of optical characterization tools and techniques including
UV-vis extinction spectroscopy, optical integrating sphere spectroscopy, finite element method
electrodynamic simulations, and diffuse reflectance UV-vis spectroscopy.
3.6.1 UV-vis Extinction Spectroscopy

The optical properties of colloidally-synthesized metal nanoparticles is initially
characterized using UV-vis extinction spectroscopy. All measurements are taken using a
ThermoFisher Scientific Evolution 300 spectrophotometer. To prepare a sample for analysis, a
dilute solution of the metal nanoparticles is prepared in a 3 mL polystyrene cuvette. A sample of
just the solvent is also prepared and used to set the background. Sample analysis is performed by
passing monochromatic light through the sample and collecting all transmitted photons. Photons
that are extinct (absorbed or scattered) by the sample are not detected and an extinction spectrum
can be generated from the difference in the sample data and the control (solvent only). When
performing measurements in transmission mode, the instrument provides the fraction of photons
that are transmitted through the sample and the extinction fraction can simply be calculated as

Extinction fraction = 1 — (transmission fraction)

3.6.2 Optical Integrating Sphere Spectroscopy
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The extinction fraction is the sum of the absorption fraction and scattering fraction. To
decouple absorption from scattering, we use an optical integrating sphere combined with a
monochromatic visible light source and photodiode detector. In this technique, a dilute 3 mL
solution of the colloidal nanoparticles is prepared in a cuvette and the cuvette is positioned in the
center of an integrating sphere. The optical integrating sphere is coated with a highly reflective
material. Monochromatic light is passed through the center of the sample and any light that
transmits through or is scattered by the sample bounces around in the integrating sphere until it
hits the photodiode detector. Any light that is not collected by the photodiode detector must have
been absorbed by the sample. As such, this technique allows for the absorption of the sample to be
measured. The data collected using this technique is the a combination of transmission and
scattering from the nanoparticles. The absorption fraction can be calculated from the data as

Absorption fraction = 1 — (trasmission + scattering fraction)
Given that the extinction fraction can be measured using UV-vis extinction spectroscopy, the
scattering fraction can be calculated as
Scattering fraction = extinction fraction — (absorption fraction)
3.6.3 Finite Element Method Electrodynamic Simulations

The optical properties of metal nanoparticles are also studied using electrodynamic
simulations. The optical extinction, absorption, and scattering efficiencies as well as spatial
distribution of absorption within nanoparticles are calculated using COMSOL Multiphysics finite
element-based software. We utilized the ‘“Wave optics” module to calculate the scattered field
resulting from a plane wave incident on a model 3-D nanoparticle. The plane wave was defined
as: E = Eoe™* and was polarized in the z-direction. The optical data for Ag and Pt were taken from

COMSOL’s Optical Materials database (Rakic et. al)*! and a region of air was defined around the
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particle by setting the real part of the dielectric function equal to 1. The width of the region of air
around the particle was equal to half the wavelength of the incident plane wave and a perfectly
matched layer (PML) was constructed to act as an absorber of the scattered field.
3.6.4 Diffuse Reflectance UV-vis Spectroscopy

To characterize the optical properties of solid powder materials (such as our catalysts), we
use couple a Harrick Praying Mantis diffuse reflectance cell with our spectrophotometer. The cell
is able to accept powders in sample cups but can also be interfaced with a temperature-controlled
Harrick microreactor to perform analysis under various atmospheric and temperature conditions.
The spectrophotometer is operated in “absorption” mode and the appropriate background is taken
prior to analyzing the sample. In the diffuse reflectance configuration, light from the
spectrophotometer enter one side of the diffuse reflectance cell, bounces off of two mirrors used
to guide the light to the powder sample. The light than interacts with the sample and diffusely
scattered light is collected by two parabolic mirrors situated above the powder samples. The
parabolic mirrors direct the light towards two additional mirrors which then pass the light to the
detector. The thickness of the sample bed prevents any light from transmitting through the entire
bed. As such, light absorbed by the sample and some fraction of light scattered by the sample is
not detected. Therefore, this technique mainly measures absorption with some contribution from
scattering depending on the sample.
3.7 Characterizing the Structure and Composition of Metal Nanoparticles

In order to develop synthesis methods for well-defined bimetallic nanoparticles, it is critical
to perform comprehensive characterize of the structure and composition of the resulting
nanoparticles to evaluate the success of the synthesis methods. A suite of characterization tools is

employed in this dissertation to paint a comprehensive picture of the structure and elemental
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composition of metal nanoparticles. We use vibrational spectroscopy tools to evaluate the surface
composition of the nanoparticles using probe molecules which interact with the surface. X-ray
techniques are used to capture the bulk structure and surface composition of the nanomaterials.
Electron microscopy and the associated energy dispersive X-ray (EDS) spectroscopy techniques
are used extensively to characterize the nanoscale structure and composition of nanoparticles and
catalysts.

3.7.1 Diffuse Reflectance Infrared Fourier Transform Spectroscopy

Infrared spectroscopy can be used to characterize materials by allowing infrared radiation
to interact with the materials through excitations of vibrational modes on. We use this technique
to characterize the surface composition of bimetallic nanoparticles. This is done by using a diffuse
reflectance configuration and allowing a probe molecule, carbon monoxide, to adsorb onto the
surface of the nanoparticles.®>3* Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) is performed using a Nicolet is50 infrared spectrometer with a liquid nitrogen-cooled
HgCdTe (MCT) detector coupled with a Harrick high-temperature reactor chamber with a dome
cape and KBr windows placed inside a Harrick Praying Mantis diffuse reflectance cell. The
spectrometer and diffuse reflectance cell are continuously purged with N2 gas. Data are collected
by averaging 128 scans at a resolution of 4 cm™,

The nanoparticles are deposited onto a Si chip using forced deposition. The Si chip is
placed at the bottom of a container filled with a solution of the nanoparticles. A high concentration
salt solution is then added to the solution to destabilize the colloidal dispersion of nanoparticles
which forces the nanoparticles to fall out of solution overnight and coat the Si chip. The Si chip is
then washed by submerging it in DI water overnight. This procedure is analogous to the catalyst

preparation procedure and helps eliminate excess salt and stabilizing agents from the surface of
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the nanoparticles. The sample is then positioned inside the Harrick reactor chamber, pretreated
with air at 250°C for 3 hours, and pretreated with 20% H: in balance N at 200°C for 1 hour. The
sample is then brought down to room temperature under N2 flow. A 10% mixture of carbon
monoxide in balance N is then flowed over the nanoparticles for 10 minutes to allow the probe
molecule to adsorb onto the surface of the metallic nanoparticles. Excess carbon monoxide is then
purged from the reactor with pure No.

Gas-phase or free carbon monoxide displays two vibrational features in an infrared
spectrum centered at 2120 and 2170 cm™. When carbon monoxide forms a chemical bond with the
surface atoms of a metal, the C-O bond is weakened and displays vibrational features at energies
lower than 2120 cm™. The exact location of the adsorbed C-O features depends on the orientation
of the molecule on the metal surface and the strength of the interaction which both depend on the
composition of the metal surface.®*34 Hence, the position of vibrational features of the adsorbed
C-O can be used to characterize the surface composition of the metal.

3.7.2 Surface-enhanced Raman Spectroscopy

Raman spectroscopy is another vibrational spectroscopy technique which uses visible light
lasers (high intensity light) to force the polarization of the electron cloud around molecules.® This
is often portrayed in quantum mechanical depictions as an excitation of the molecule to a virtual
state. The polarization relaxes in a very short time period and can return the molecule to its original
vibrational state (Rayleigh scattering), to a higher energy vibrational state (Stokes Raman
scattering), or to a lower energy vibrational state (anti-Stokes Raman scattering). The difference
in the energy of the incoming laser radiation and the light scattered from the sample can then be

used to determine the energy of the vibrational mode.
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The excitation of the molecule to a virtual state is an inherently low probability event and
depends on the polarizability of vibrational modes in the molecule. Furthermore, the likelihood of
the molecule relaxing to a higher energy vibrational state (thereby having energy deposited in the
molecule) is also a low probability event which makes the Raman cross-section of most materials
extremely small. However, this process can be significantly amplified through the incorporation
of field-confining structures or materials such as plasmonic metal nanoparticles. The ability of
plasmonic nanoparticles to collect and concentrate light energy in small volumes in the form of
elevated electric field intensities can amplify the strength of weak Raman signals by up to 10*2
times.* When Raman spectroscopy is performed in this way, it is referred to as surface-enhanced
Raman spectroscopy (SERS).

We use SERS to characterize the presence of residual stabilizing agent or other molecular
impurities on the surface of our nanoparticles. Samples for Raman spectroscopy are prepared by
drop casting a small amount of the nanoparticle solution on a Si chip. Raman spectra are collected
using a 532 nm diode-pumped solid state laser and a confocal 50x objective lens on a Horiba
LabRAM HR system equipped with a Horiba Synapse charge-coupled device (CCD).

3.7.3 X-ray Diffraction

X-ray diffraction is used to characterize the bulk structure and composition of metal
nanoparticles. The technique works by shining X-rays at a sample at various angles and measuring
the extent to which those X-rays are diffracted by the material. The diffraction of the X-rays by
the material is a direct consequence of the crystallography of the material and can be used as a
signature of crystallographic features of specific materials. Powder X-ray diffraction data is
acquired using a Rigaku Miniflex X-ray Diffractometer with Cu-Ka X-ray source operated at 40

kV and 15 mA and a scan speed of 4°/min.
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3.7.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) bombards samples with monochromatic X-rays
which can penetrate a new nanometers into the material and are high enough in energy to dislodge
core electrons from the materials. The electrons are then guided to a detector where the Kinetic
energy of the electrons can be measured. Since the energy of the incoming radiation, kinetic energy
of emitted electrons, and the work function (the energy required to remove an electron from a
material to vacuum) of the spectrometer are known, it is possible to calculate the binding energy
of the dislodged electron.®’ This binding energy is an intrinsic property of the elements comprising
the material. Additionally, the binding energy of electrons in an atom is influenced by the oxidation
state of the atoms. For example, an atom in the 2+ oxidation state is missing two electrons and
hence has a higher effect nuclear charge which exerts a stronger force on the remaining electrons
in the atom (i.e. the electrons have a slightly higher binding energy). Therefore, this technique can
be used to characterize the near surface composition and oxidation state of materials.

We used XPS to characterize the near surface composition and oxidation state of alloy
nanomaterials. XPS data are acquired using a Kratos Axis Ultra XPS with a monochromatic Al
source (energy resolution ~0.5 eV). Regional scans are collected with a dwell time of 60 seconds
and averaging of 10 sweeps. Peak fitting and composition calculations are performed using
CasaXPS software with built-in relative correction factors.

3.7.5 Scanning Transmission Electron Microscopy

The work horse for characterizing nanomaterials in this dissertation is scanning
transmission electron microscopy (STEM). This technique uses a highly-focused electron beam to
scan across a thin sample. Electrons transmitted through the sample loss some energy and are

collected at the bottom of the instrument where they can be used to generate an image (bright-field
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image). Electrons scattered at an angle by materials in the sample are collected using a high-angle
annular dark-field (HAADF) detector and provide a dark-field image. The contrast in STEM
images is provided by a difference in the thickness of the sample and difference in the atomic
weight of atoms in the materials. The scattering of electrons is more strongly impacted by the
atomic weight of atoms in the material; therefore, dark-field images provide greater elemental
contrast.

The interaction of high energy electrons with the specimen can also force the ejection of
core electrons in the material. An outer shell electron can then decay to fill the hole in the inner
shell emitting a photon in the process. Photons (X-rays) emitted via this process are collected and
analyzed in STEM using energy-dispersive X-ray spectroscopy (EDS). By combining the scanning
probe in the electron microscope with EDS, it is possible to perform elemental line scans and 2D
maps of features in the sample.

STEM and EDS are performed on a JEOL 3100R05 double Cs corrected TEM/STEM
operated at 300 kV accelerating voltage. STEM samples of colloidal nanoparticles are prepared by
drop-casting on a carbon-on-copper 200 mesh grid. STEM samples of supported nanoparticle
(catalysts) are prepared by sonicating the powder samples in a small amount of ethanol and drop
casting on a carbon-on-copper 200 mesh grid. EDS elemental line scans and maps of all Ag-Pt
nanoparticles are taken using the Ag Lo and Pt M transition peaks.

3.8 Reactor Studies

The photocatalytic performance of metal nanoparticle catalysts is evaluated by conducting
gas-phase reactor studies. For the reactor experiments, we employ a Harrick micro-reactor
equipped with a 1 cm? SiO2 window which sits directly above a small cup in which the catalyst

rests. The cup is first partially filled with a bed of SiO2 beads and then is filled completely with
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the catalyst. The SiO> beads provide height for the catalyst so that the catalyst can experience the
maximum possible light intensity (intensity decreases with distance away from the light source).
The catalyst is typically pretreated with air and H to provide a clean surface for surface chemistry.
The reactant mixture is then introduced to the reactor and the system is allowed to reach steady
state overnight. Data are collected at a range of temperatures under both thermal (no catalyst
illumination) and photothermal (catalyst illumination, light intensity of ~400 mW/cm?) conditions.
The intensity of light from the visible light source (Dolan-Jenner Fiber-Lite 180 with a 150 W, 21
V halogen (EKE) lamp) is measured using a thermopile detector. Thermal data are collected at a
specific temperature for ~30 minutes followed by the collection of photothermal data for ~30
minutes and finally again collection of thermal data. Then the temperature is increased and the
process repeated for the new temperature. Reactions are operated at differential conversion (< 10%
conversion) to minimize mass transport (i.e. diffusion) limitations of the reactants to the catalytic
sites and minimize thermal gradients as a result of exothermic reactions. This ensures that we are
operating in a kinetically-limited regime and are measuring changes only in the reaction kinetics.
The product gases are analyzed using a combination of gas chromatography and mass
spectrometry.
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Chapter 4 Synthesis of Bimetallic Ag-Pt Alloy Nanoparticles

4.1 Summary

In our effort to design bimetallic nanoparticles that exhibit both the optical properties of
plasmonic metals and the catalytic properties of other transition metals, we set out to develop a
synthesis for bimetallic Ag-Pt alloy nanoparticles. Alloying of two metals is commonly used to
create nanomaterials with a mix of chemical properties from each of the constituent metals. The
ability to synthesize well-mixed bimetallic alloy nanoparticles, however, can be limited by the
intrinsic immiscibility of two metals. To overcome this issue, extreme synthesis conditions, using
high energy gamma radiation or very high temperatures, have been employed to trap metal atoms
of immiscible metals in well-mixed alloy nanostructures. Herein, we demonstrate a more benign
synthesis strategy for creating well-mixed bimetallic nanoparticles of immiscible metals. We
demonstrate the formation of Ag-Pt bimetallic alloy nanoparticles through the visible light-
mediated reduction of a hollow bimetallic oxide precursor containing Ag and Pt oxide. We exploit
the optical properties of Ag by using visible light to excite surface plasmon resonance to drive the
reduction of the Pt oxide thereby destabilizing the bimetallic precursor. Under the influence of
resonant light the hollow bimetallic precursor restructures forming well-mixed Ag-Pt alloy

nanoparticles.
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4.2 Introduction

Bimetallic nanoparticles often exhibit a mixture of physical and chemical properties
relative to their constituent metals. These properties depend not only on the composition of the
bimetallic nanoparticles but also on the level of segregation among constituent metals.! The
common structures of bimetallic nanoparticles include: (i) core-shell configurations, where the
core is composed of one metal and the shell of the other, (ii) phase-segregated structures where
the two metals are in general separated from each other with only partial mixing at the interfaces
between the metals, and (iii) alloy structures where the two metals exhibit high degree of
intermixing.? The alloy structures maximize the interaction between the two metals and often
display the most unique physical and chemical properties compared to the constituent metals.

The synthesis of bimetallic alloy nanoparticles can be relatively simple if there is a strong
thermodynamic driving force for the mixing of constitutive metals, i.e., if metals are inherently
miscible. In these cases, bimetallic alloy nanoparticles can be synthesized either through
simultaneous or sequential reduction of metal salts.® The simultaneous reduction method is
possible for metal salts that have similar reduction potentials or when the reducing environment is
strong enough to reduce both metals with similar reduction rates. On the other hand, sequential
reduction can be used when one metal is more easily reduced than the other thereby forming “seed”
particles on which the other metal can deposit. This process of sequential reduction initially forms
a phase-segregated structure with interfacial contact between the two metals. By further heating of
this structure, mixing of the metals, driven by thermodynamic forces, takes place resulting in an
alloy structure.*

These methods, however, are only effective in forming alloys of highly miscible metals.

Unfortunately, many metals are miscible with very limited numbers of other metals. For example,
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silver (Ag) is highly miscible with only two other transition or noble metals (gold and
palladium).>® This synthetic constraint limits the utilization of silver-based alloy nanostructures.
Forming alloys of immiscible metals generally involves more complex synthesis strategies
designed to kinetically trap the two metals in a single nanostructure. These strategies often require
extreme conditions (very high temperature or even high fluxes of high energy particles such as
gamma rays) to induce rapid reduction of metal salts followed by rapid quenching of the
nanoparticles.” These strategies can be augmented by a preceding formation of bimetallic
precursors, which ensure that the mixing of the metals is achieved before reduction and
quenching.? In a recent example, Ag-Co nanoparticles, combining immiscible Ag and Co atoms,
were synthesized using a water-insoluble bimetallic salt precursor, Ags[Co(CN)g], formed by
mixing AgNOs and Ks[Co(CN)e].° The formation of this bimetallic salt induced atomic scale
mixing of Ag and Co atoms. The bimetallic salt precursor was reduced rapidly at 500°C under
hydrogen flow and then rapidly cooled, to minimize phase separation of Ag and Co, forming Ag-
Co bimetallic nanoparticles. However, even in this case, due to the relatively slow and non-
homogeneous temperature-driven reduction process, a significant phase separation between Co
and Ag took place allowing for limited Ag-Co mixing. Another issue with these approaches is that
the increase in the reduction temperature, required to increase the reduction rates, results in
sintering and agglomeration of metal nanoparticles which is highly undesirable for applications
that require materials with high metal surface-to-volume ratios, such as heterogeneous catalysis
and electrocatalysis.°

Herein, we demonstrate an approach to synthesize bimetallic alloys of immiscible metals
utilizing a similar strategy of forming a bimetallic precursor state. The novelty of our approach is

that this state is reduced using a flux of resonant light rather than temperature. This process leads
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to a reduction of the precursor state without significant phase segregation and sintering. We
illustrate the approach by synthesizing alloy nanoparticles of immiscible Ag and Pt atoms.** We
first synthesized a bimetallic Ag/Pt-oxide hollow nanoparticle precursor where Ag and Pt are
present in a single hollow nanostructure which is stabilized by the formation of Pt oxides near the
nanoparticle surface. We then take advantage of the strong interaction of Ag with visible light,
manifested in the excitation of localized surface plasmon resonance (LSPR). The excitation of
LSPR drives the reduction of the stabilizing Pt oxides in the bimetallic oxide precursor at room
temperature preventing thermal phase separation. The reduction of the Pt oxides destabilizes the
bimetallic precursor forcing the nanostructures to reconstruct into well-mixed Ag-Pt alloy
nanoparticles. While we illustrate the approach by a concrete example, we believe that the
underlying principles are transferable to the synthesis of other alloys containing plasmonic metals
such as Au and Ag.
4.3 Methods
4.3.1 Nanoparticle Synthesis

Ag nanoparticle seeds were synthesized using a polyol method. In a typical synthesis, 5
mL of a 0.9 M polyvinylpyrrolidone (PVP, MW = 55,000, Sigma Aldrich) solution in ethylene
glycol (VWR International, semi-grade) were added to 10 mL of ethylene glycol (preheated at
160°C for 1 hour). After 10 minutes, 3 mL of a 0.1 M solution of AgNOz (Acros Organics,
ultrapure grade 99.5%) in ethylene glycol were quickly injected into the reaction vessel. The
mixture was allowed to react for 30 minutes. For the galvanic replacement reaction, a stir bar was
added to the reaction vessel containing the Ag nanoparticle seeds in ethylene glycol at 160°C. 3

mL of a 0.01 M aqueous solution of KoPtCls (Sigma Aldrich, 99.99%) were added slowly, drop-
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wise to the reaction mixture. The reaction mixture was then allowed to reaction for 1 hour
producing hollow Ag-Pt nanostructures capped with PVP.

The hollow nanostructures were washed three times in a 4:1 mixture of acetone:ethanol
through centrifugation and re-dispersed in 10 mL of ethanol. This solution was allowed to sit
overnight to allow AgCI crystals to settle out of solution. The solution of nanoparticles was
decanted to remove the AgCI crystals. The solution was diluted to 50 mL with ethanol and 2 mL
of a 25% ammonia solution and washed three times again via centrifugation. After the final wash,
the solution was re-dispersed in 20 mL of ethanol. 5 mL of this nanoparticle solution was added
to a slurry of 50 mg of fumed silica (Sigma Aldrich) in ethanol. This slurry was allowed to mix
for 2 hours and then dried at 60°C. The nanoparticles were then heat treated at 300°C under air for
3 hours. At this point, the nanoparticles are ready for the light-mediated reduction as described in
the manuscript. The light source used for illumination was a Dolan-Jenner Fiber-Lite 180 with a
150 W, 21 V halogen (EKE) lamp. The intensity of the light source was measured using a Newport
thermopile detector.

4.3.2 Characterization

Scanning transmission electron microscopy (STEM) and energy-dispersive X-ray
spectroscopy (EDS) were performed on a JEOL 3100R05 double Cs corrected TEM/STEM
operated at 300 kV accelerating voltage. STEM samples were prepared colloidal nanoparticles
were prepared by drop-casting on a carbon-on-copper 200 mesh grid. STEM samples of SiO»-
supported nanoparticle were prepared by sonicating the powder samples in a small amount of
ethanol and drop casting on a carbon-on-copper 200 mesh grid. Elemental line scans of the
nanoparticles were taken using a step size of 0.25 nm with a 5 second acquisition at each step. Line

profiles were generated using the Ag La and Pt M transition peaks.
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UV-vis extinction spectra was acquired using a ThermoFisher Scientific Evolution 300
spectrophotometer in transmission mode for colloidal solutions of nanoparticles and with a Harrick
Praying Mantis diffuse reflectance accessory for powder samples. The diffuse reflectance spectra
was normalized based on a pure silica spectrum and then the silica spectrum was subtracted from
the nanoparticle/silica spectra to obtain the contribution solely from the nanoparticles. Samples for
Raman spectroscopy were prepared by drop casting 100 uL out of 10 mL of the nanoparticle
solution on a SiO- substrate. Raman spectra were collected using a 532 nm diode-pumped solid
state laser and a confocal 50x objective lens on a Horiba LabRAM HR system equipped with a
Horiba Synapse charge-coupled device (CCD). X-ray photoelectron spectra (XPS) were acquired
using a Kratos Axis Ultra XPS with a monochromatic Al source (energy resolution ~0.5 eV). The
escape depth of Pt4f photoelectrons is expected to be ~2 nm in this system.*? Regional Pt4f scans
were acquired using 10 sweeps with a dwell time of 60 seconds. Peak fitting was performed using
CasaXPS software. Composition was calculated using built-in relative sensitivity factors (RSF).
Powder x-ray diffraction data was acquired using Rigaku Miniflex x-ray diffractometer with Cu-
Ka x-ray source operated at 40 kV and 15 mA and a scan speed of 4°/min.

4.4 Results and Discussion

To synthesize the bimetallic Ag/Pt-oxide nanoparticle precursor, we first used a seed-
mediated galvanic replacement reaction to nucleate Pt atoms on premade Ag nanoparticles. Ag
nanoparticles were synthesized in ethylene glycol at 160°C using polyvinylpyrrolidone (PVP) as
a stabilizing agent and silver nitrate as a silver precursor following a well-established protocol.*3
The mixture was allowed to react for 1 hour, producing PVVP-capped, spherical Ag nanoparticles
~ 60 nm in diameter, which acted as seeds for the subsequent deposition of Pt. An aqueous solution

of K2PtCls was added dropwise to the reaction vessel containing the Ag nanoparticle seeds with
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stirring at 160°C. Since Pt has a higher reduction potential than Ag, Pt ions galvanically replace
Ag atoms from the Ag nanoparticle seeds (2Ag° + Pt** > 2Ag* + Pt°%).1* Previous reports of the
galvanic replacement of Ag with Pt have shown that the reaction results in the formation of hollow
Ag nanoparticles decorated with smaller Pt nanoparticles, i.e., Pt atoms galvanically displace bulk
Ag atoms and nucleate on the surface.’>® To avoid the nucleation of separate Pt nanoparticles,
we performed this reaction at an elevated temperature of 160°C, compared to 60-100°C reported
in previous studies. In this case, the higher temperature increases the rate of diffusion of the Pt
atoms over the Ag nanoparticles which promotes conformal coverage of Pt atoms on the Ag
nanoparticles instead of island growth.’

The hollow Ag-Pt nanoparticles were washed three times via centrifugation with a 4:1
mixture of acetone and ethanol to remove excess PVP stabilizing agent and ions. We note that
AgCI crystals, formed as a by-product of the galvanic replacement reaction, are not completely
removed through washing because of the low solubility of AgCl in ethanol and acetone. To remove
AgCl, the solution is set aside to allow the AgCI crystals to settle out of the solution and then
decanted to remove the crystals. Ammonium hydroxide solution is then added to the solution of
nanoparticles to dissolve any remaining AgCl and washed with ethanol via centrifugation.

To characterize the Ag-Pt nanostructures, scanning transmission electron microscopy
(STEM) was performed after the removal of the AgClI crystals. The contrast observed in the bright-
field image (Figure 4.1a) is evidence of the hollow structure of the Ag-Pt nanoparticles as the
centers of the particles are less atomically dense, and hence a lighter shade, than the edges. Higher
resolution bright-field images are shown in Figure 4.2. A dark-field image (Figure 4.1b), acquired
using a high-angle annular dark-field detector (HAADF) for elemental contrast shows no evidence

of individual Pt nanoparticles nucleated on the hollow nanostructures. The elemental composition
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of the nanostructures was also studied using energy-dispersive x-ray spectroscopy (EDS). An EDS
point spectrum (Figure 4.3) at the center of an individual hollow nanostructure shows that Ag and
Pt are both present in the hollow nanoparticles. Data in Figure 4.1c show the elemental profile
from the edge to the center of a representative nanoparticle. The elemental mapping data show that
the intensity of the Pt signal compared to the intensity of the Ag signal is the highest close to the
surface of the nanoparticle. Further into the particle bulk, the Pt intensity drops relative to the
intensity of the Ag signal. This suggests that the near-surface region is enriched with Pt atoms
compared to more interior regions of the nanoparticle and that Ag and Pt are not homogeneously
mixed in these hollow nanostructures.

Ultraviolet-visible (UV-vis) light extinction spectroscopy was also used to characterize the
dispersed nanoparticles confirming the conclusions of the STEM imaging. The optical extinction
data for both the Ag nanoparticle seeds and the hollow Ag-Pt nanostructures are shown in Figure
4.1d. The optical extinction of the Ag nanoparticle seeds showed a strong peak centered ~ 430 nm
attributed to the excitation of Ag localized surface plasmon resonance (LSPR).'® The LSPR peak
position is consistent with those previously reported of Ag nanoparticles of ~ 60 nm diameter.°
This property is highly sensitive to changes in particle composition and morphology.?° As the
particle composition and structure change upon the introduction of the Pt ions from the solid
spheres of monometallic Ag to the hollow structures of bimetallic Ag-Pt, the UV-vis extinction
spectrum changes significantly. The hollow Ag-Pt nanostructures display a weak interaction with
visible light with a broad extinction feature also attributed to the excitation of LSPR. The red-
shifting of the plasmon extinction peak is primarily attributed to the change in particle structure
whereas the weakening and broadening of the plasmon peak is attributed to coating and mixing

of Pt at the surface.’®
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Figure 4.1 Characterization of hollow Ag-Pt nanoparticles. (a) Bright-field and (b) dark-field
STEM images of hollow Ag-Pt nanostructures. (¢) EDS line scan from the edge of a nanoparticle
to the center. (d) Optical extinction of Ag nanoparticle seeds in ethanol and the hollow Ag-Pt
nanostructures in ethanol.
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Figure 4.2 Bright field TEM images of hollow Ag-Pt nanoparticles. Bright-field TEM image
of Ag-Pt hollow particles after synthesis. The very light shaded material around the nanoparticles
is believed to be PVP from the colloidal synthesis. The high resolution bright field images
confirm the crystalline nature of the nanoparticles.
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Figure 4.3 EDS point scan of Ag-Pt hollow nanoparticles. EDS point spectrum of a hollow Ag-
Pt nanostructure as-synthesized. The Pt M and Ag La signals are clearly visible in the spectrum.
The smaller peaks to the right of the Ag La peak are also associated with Ag. The lower energy
peaks are from carbon and lithium from EDS detector.
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To further characterize the hollow Ag-Pt nanoparticles, the nanoparticles were deposited
on a SiO; substrate and probed using Raman and x-ray photoelectron spectroscopies (XPS). The
Raman spectrum in Figure 4.4a displays broad extinction features at ~ 1350 and 1600 cm™. These
features have been assigned to PVP on the surface of the nanostructures.?* The PVP molecules are
most likely strongly bound to the Ag nanoparticles as they were not removed during the above-
described washing steps. The XPS data focusing on the core Pt4f electrons (Figure 4.4b) display a
single doublet peak, characteristic of Pt atoms in the metallic Pt state. The data in Figure 4.1 and
Figure 4.4a-b paint a picture of hollow metallic Ag-Pt nanoparticles, perhaps stabilized with
strongly bound PVP molecules.

To remove PVP from the hollow nanoparticles, the nanoparticles were heat treated in air
at 300°C for 3 hours. Raman spectrum collected after this heat treatment showed no signs of PVP
on the surface of the nanostructure, suggesting that most of the PVVP molecules were oxidized in
this process. Dark-field STEM characterization shows that the hollow structure of the
nanoparticles was not affected by the heat treatment (Figure 4.4c). In contrast, the Pt4f XPS data
after thermal removal of PVP show that the chemical signature of the Pt atoms in the hollow
nanoparticles changed. The XP spectrum showed five individual peaks which indicate that Pt
exists in multiple oxidation states near the surface of the nanoparticles.?? Through deconvolution
of the Pt4f XP spectrum, shown in Figure 4.4d, it was established that Pt atoms exist in Pt°, Pt?*,
and Pt** oxidation states, indicating the formation of Pt oxides near the surface of the nanoparticles
after the thermal treatment.?® This newly formed Pt oxide at the surface of the hollow structure

serve to stabilize the hollow geometry.
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Figure 4.4 Characterization of oxidized hollow Ag-Pt nanoparticles. (a) Raman spectra
showing PVP present on the surface of the hollow nanostructures and removal of PVP using a
thermal treatment in air at 300°C for 3 hours. (b) Pt4f XP spectrum for PVVP-capped hollow
nanoparticles with a single doublet characteristic of Pt metal. (¢) STEM image of nanoparticles
after the thermal treatment shows no significant change in particle morphology. (d) Pt4f XP
spectrum for hollow Ag/Pt-oxide nanoparticles. Six individual peaks are identified
corresponding to Pt° (green), Pt?* (red), and Pt** (blue).
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The data in Figures 4.1 — 4.4 above confirm the synthesis of hollow nanostructures
containing mixed Ag and Pt atoms stabilized by the presence of Pt oxide near the surface of the
nanostructure. To move from this bimetallic hollow nanostructure containing Pt oxide and to form
solid bimetallic alloy nanoparticles, it is necessary to reduce the surface oxide, preferably at low
temperatures to minimize the thermodynamically-driven phase separation of Pt and Ag. To
accomplish this objective we attempt to take advantage of the optical properties of nanostructured
Ag, manifested in the excitation of localized surface plasmon resonance (LSPR). Nanostructures
of Ag, Au, and Cu undergo an excitation of LSPR when interacting with visible light.* The LSPR
results in a significant accumulation of electromagnetic energy in the nanostructure. It has been
demonstrated previously that this energy can bring about the light-induced reduction of Cu-oxide
shell supported on metallic Cu core in Cu/Cu-oxide core/shell nanoparticles.?® We hypothesize
that the excitation of Ag LSPR in the hollow Ag/Pt-oxide nanostructures through visible light
irradiation would reduce the Pt oxide thereby destabilizing the particles and collapsing the hollow
nanostructure into solid Ag-Pt alloy nanoparticles.

To test this hypothesis, hollow Ag/Pt-oxide nanoparticles supported on SiO2 were loaded
into a gas-tight flow chamber allowing for visible light irradiation. The chamber was kept under
N> flow at room temperature for 1 hour and subsequently illuminated with visible light at an
intensity of ~600 m\W/cm? for 2 hours at room temperature. The nanoparticles were characterized
using diffuse reflectance UV-vis spectroscopy. The diffuse reflectance data in Figure 5a show that
the optical properties of the nanoparticles change significantly after visible light illumination.
Before visible light irradiation, the data show a broad and relatively featureless optical absorption
characteristic of the bimetallic hollow oxide nanostructures. After illumination, a more defined

spectral feature at shorter wavelength emerges in the spectrum. This optical feature is consistent
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with the LSPR excitations of solid Ag and Ag alloy nanoparticles.?”?8 The changes in the optical
properties of the nanostructures suggest that the nanoparticles undergo structural changes after
visible light excitation consistent with the formation of solid nanostructures. XPS was used to
characterize the LSPR induced changes in the chemical composition of the nanoparticles after
visible light excitation (Figure 4.5b). The data show a single doublet for Pt4f near the surface of
the nanoparticles confirming that Pt oxide was reduced into metallic Pt. No changes were observed

in the Ag3d XPS data (Figure 4.6).
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Figure 4.5 Characterization of light-reduced Ag-Pt alloy nanoparticles. (a) Diffuse
reflectance UV-vis data for hollow nanostructures before and after visible light excitation. (b)
Ptaf XPS data of nanoparticles after visible light excitation. (¢) STEM image of Ag-Pt
nanoparticles after visible light-mediated reduction of surface Pt oxides. (d) EDS line scan from
edge to center of a nanoparticle.
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Figure 4.6 XPS data for Ag. (a) Ag3d XPS data of the hollow nanostructures after heat

treatment and (b) solid alloy nanostructures (right). In both cases, we observe a single doublet
characteristic of metallic Ag.
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The fraction of Pt atoms near the surface of the nanoparticle, as calculated by quantifying
the XPS data, decreased from ~ 14% before to ~ 7% after visible light illumination suggesting that
the reduction of the surface Pt oxide was accompanied with the diffusion of Pt atoms into the bulk
of the nanostructure and the creation of mixed solid Ag-Pt alloy nanoparticles. This is supported
by the STEM images in Figure 5¢ which show that the nanoparticles no longer maintained their
hollow structure but instead appear to be solid. Additionally, this change in particle morphology
was accompanied by a decrease in average particle diameter from 53.5£13.6 nm to 42.6+7.7 nm
(Figures 4.7). Powder X-ray diffraction data (Figure 4.8) also suggests the formation of Ag-Pt
alloy nanoparticles. An EDS point spectrum at the center of a representative nanoparticle shows
the presence of both Ag and Pt in the nanostructure (Figure 4.9). Also, an EDS elemental line
profile (Figure 4.5d) from the edge to the center of a representative nanoparticle shows that the
ratio of the Ag to Pt signal is fairly constant across the nanoparticle consistent with the formation

of homogeneous Ag-Pt bimetallic alloy nanoparticles.
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Figure 4.7 Particle size distributions of hollow and alloy Ag-Pt
nanoparticles. (a) Particle size distribution for Ag-Pt hollow nanoparticles
before illumination. The average diameter of the nanoparticles was 53.5 nm with
a standard deviation of 13.6 nm. (b) Particle size distribution of Ag-Pt solid alloy
nanoparticles. The average diameter of the nanoparticles was 42.6 nm with a
standard deviation of 7.7 nm.
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Figure 4.8 XRD data for Ag-Pt alloy nanoparticles. Powder x-ray diffraction of
alloyed nanoparticles. The two starred peaks are for the metal nanoparticles whereas the
other peaks are from the underlying Si substrate and Al sample holder. The metal
diffraction peaks for the alloy are at 20 values of 38.5° and 44.8° which is between the
diffraction peaks of pure Ag and Pt.
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Figure 4.9 EDS point spectrum of alloy Ag-Pt nanoparticles. EDS point spectrum of
alloyed Ag-Pt nanoparticle after light exposure. Again, the Pt M and Ag La peaks are clearly
visible in the spectrum. The other peaks include silicon and oxygen from the SiO> support,

carbon, and lithium from the EDS detector.
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The data above show that solid bimetallic alloy Ag-Pt nanoparticles are formed by the
reconstruction of the hollow nanostructures after visible light-mediated reduction of the Pt surface
oxides. While the exact mechanism of the particle restructuring has not been investigated in this
study, it is obvious that the oxidized surface Pt atoms are essentially pinned to the surface of the
hollow nanostructures and that these atoms served to stabilize the hollow structure. It is also clear
that the shedding of the surface oxide, induced by the visible light illumination, was accompanied
by a prompt mixing of Ag and Pt atoms, which circumvented the phase separation of the two
metals. This rapid mixing seems to be driven by the thermodynamic driving force for the hollow
nanostructure to minimize its energy by filling the void in the core of the nanoparticles, i.e.,
coordinating the inner surface of the nanostructure and thus lowering its energy. This leads to the
diffusion of metal atoms inwards forcing the surface segregated Pt atoms (from the Pt-oxide shell)
to mix with Ag atoms as the nanoparticle restructures eventually forming solid, well-mixed Ag-Pt
alloy nanoparticles.

It is important to note that the reduction of the Pt oxide does not take place simply by
heating the nanoparticles even when exposed to temperatures as high as 300 °C for several hours.
This suggests that the light-mediated reduction of Pt oxide was not due to light-mediated
homogeneous heating of the nanostructures.?® As mentioned earlier, it has previously been
demonstrated that visible light can be used to reduce a surface oxide on plasmonic Cu/Cu-oxide
core/shell nanoparticles.?® This reduction was attributed to the excitation of surface plasmon
resonance in the metallic core of the nanoparticles. In the case discussed herein, we speculate that
the electromagnetic energy concentrated in the hollow Ag-Pt nanoparticle under the LSPR
conditions leads to the reduction of the Pt-oxide at the surface of the hollow nanostructures,

nucleating the chain of events leading to the formation of solid alloy nanoparticles.

83



We note that LSPR excitation concentrates the energy of the incoming electromagnetic
radiation at the surface of the plasmonic nanostructures in the form of intense, oscillating electric
fields.%® These intense fields can decay by exciting charge carriers within the hollow nanoparticles
which can lead to reduction of Pt oxide through population of anti-bonding Pt-O orbitals and
weakening Pt-O bonds. There are three potential charge excitation events that can take place and
aid in the reduction of the Pt oxide. First excitation of charge carriers can take place exclusively
in the Pt oxide where electrons are promoted from Pt-O bonding to the antibonding orbitals.
Plasmonic metals have been shown to intensify these charge excitation events by concentrating
the incoming photon flux through LSPR excitation."3 Another mechanism involves excitation of
charge carriers in Ag, followed by the transfer of energetic charge carriers from Ag to the anti-
bonding Pt-O states.**** The net effect would be that the Pt oxide is promoted to a higher-energy,
charged state which relieves this energy by reducing the oxide. Finally, the charge excitation can
take place at the interface of Ag and Pt oxide. In this case, charge carriers are excited directly from
Ag to the oxide under the influence of the high interfacial electric field.3>3
4.5 Conclusions

We have demonstrated a method for synthesizing alloy nanoparticles of immiscible Ag and
Pt metals through the reduction of a bimetallic precursor at room temperature using visible light.
The bimetallic precursor was formed by reducing Pt atoms on Ag nanoparticles through a galvanic
replacement reaction, which led to the formation of hollow bimetallic nanoparticles that were
stabilized by the presence of Pt-oxide at the surface of the nanoparticles. To form mixed alloy
nanoparticles, the surface Pt oxide of the hollow nanostructure was reduced by taking advantage

of the optical properties of Ag-based nanoparticles manifested by surface plasmon resonance.
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Visible light irradiation resulted in the reduction of the Pt oxide and the restructuring of the hollow
nanostructures into solid Ag-Pt bimetallic alloys.

Although we are able to successfully produce Ag-Pt alloy nanoparticles using this method,
it is difficult to perform this synthesis at large scales which is necessary to test the catalytic
performance of these materials. It is also challenging to perform experiments to probe the optical
properties and flow of energy in these nanostructures due to the presence of the SiO2 support.
Ideally, we would like to synthesis Ag-Pt nanoparticles in colloidal solutions which can then be
easily analyzed using optical spectroscopy tools to study the flow of energy in bimetallic,
plasmonic-catalytic nanoparticles. We discuss our efforts in this endeavor in the next chapter.
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Chapter 5 Synthesis of Ag-Pt Core-Shell Nanocubes

5.1 Summary

We hypothesized that one design of bimetallic nanoparticles that would display the optical
properties of Ag and perform the surface chemistry of Pt could be obtained by coating ultrathin (~
1 nm) shells of Pt onto Ag nanoparticle cores. Current synthesis methods for producing such core-
shell nanostructures often require incremental addition of a shell metal precursor which is rapidly
reduced onto metal cores. Using this approach, we are able to synthesis Ag-Pt core-shell
nanoparticles; however, a major shortcoming of this approach is that it necessitates precise
concentrations of chemical reagents making it difficult to perform at large scales. To address this
issue, we consider an approach whereby the reduction of the shell metal precursor is controlled
through in-situ chemical modification of the precursor. We use this approach to develop a highly-
scalable synthesis for coating atomic layers of Pt onto Ag nanocubes. We show that Ag-Pt core-
shell nanostructures are synthesized in high yields and that these structures effectively combine
the optical properties of the plasmonic Ag nanocube core with the surface chemical properties of
the thin Pt shell. Additionally, we demonstrate the scalability of the synthesis by performing a 10

times scale up.
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5.2 Introduction

A commonly desired configuration of bimetallic nanoparticles is that of core-shell
nanostructures in which a “core” metal is surrounded by a thin layer of a second metal.* There
are several appealing features to this architecture, including: (i) the shell metal can provide
mechanical, thermal, or chemical stability for the core metal, (ii) the core of an expensive metal
can be substituted for a cheap metal to reduce the overall cost, and (iii) the chemical reactivity of
a shell metal can be perturbed by a core metal through a combination of ligand and strain effects.*-
8 In this dissertation, we are interested in metallic core/thin-shell nanoparticles in order to combine
the optical properties of a metal core with the surface properties of a shell metal. Specifically, we
aim to coat a plasmonic metal nanoparticle with a very thin layer of another metal as we
hypothesize that these core-shell nanostructures will retain the optical properties of the plasmonic
core while exhibiting surface properties associated with the shell metal. Beyond plasmonic
catalysis, these hybrid plasmonic structures could also be useful for a number of applications such
as surface-enhanced Raman spectroscopy, photothermal plasmonic heating, and cancer therapy.®
12

Typically, the synthesis of bimetallic core-shell nanoparticles employs a seed-mediated
approach whereby nanoparticles of the core metal are used as seeds and a metal precursor for the
shell metal is deposited onto the seeds using a chemical reducing agent.**>*¢ Herein, we develop a
synthesis for coating a few atomic layers of Pt onto Ag nanocubes using such an approach. We use
a dilute solution of Ag nanocube seeds combined with a strong reducing environment to quickly
reduce a dilute Pt precursor onto the surface of the nanoparticles over the course of several hours.
While this method allows us to synthesize Ag-Pt core-shell nanoparticles, the approach suffers

from two major drawbacks. The first issue is related to the scalability. To minimize side reactions
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such as uncontrolled homogeneous nucleation of the shell material, it is necessary to keep the
concentration of the shell metal precursor in a mixture of seed cores very low. This is accomplished
by very slow injection of the precursor into the mixture under strong reducing conditions. It has
been widely recognized that it is difficult to implement such a synthesis at large scales as the
reaction volume must be increased proportionally to maintain the appropriate low concentrations
of all chemical reagents.'”*° Another issue which affects some combinations of metals (such as
Ag and Pt) is related to the spontaneous galvanic replacement of a core metal with the shell metal,
which can lead to uncontrollable evolution of the nanostructure.?02!

Given that our primary interest lay in performing plasmon-enhanced chemical reactions on
these core-shell nanoparticles, we set out to develop a robust and easily-scalable synthesis method
for coating a thin layer of Pt onto Ag nanocube seeds. We show that by chemically modifying a Pt
metal complex under the condition of synthesis, we can decrease the reduction potential of the Pt
precursor, and in doing so prevent homogeneous reduction of the Pt metal precursor and the
detrimental galvanic replacement of Ag by Pt. We demonstrate that this approach makes the
synthesis much less sensitive to the concentration of chemical reagents in the reaction vessel,
allowing large scale syntheses to be performed. We also show that by employing this approach we
have excellent control of the Pt shell thickness ranging from 0.6-1.4 nm, and that we are able to
synthesize high yields of the core-shell nanostructures with uniform Pt shell thickness.

5.3 Methods
5.3.1 Synthesis of Ag Nanocube Seeds

Ag nanocubes are synthesized using a well-established polyol synthesis, as detailed in

Chapter 3.222 The exact recipe used in this work is as follows. A 20 mL glass vial containing 10

mL of ethylene glycol (VWR International, semigrade) is heated to 140°C in an oil bath. After
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heating for 1 hour, 80 uL of a 36 mM aqueous HCI solution are added to the reaction mixture
followed by the addition of 5 mL of a 10 mg/mL solution of polyvinylpyrrolidone (PVP,
MW=55,000 Sigma Aldrich) in ethylene glycol. Then 2 mL of a 25 mg/mL solution of AgNO3
(Acros Organics, ultrapure grade 99.5%) are added to the reaction mixture and a ventilated cap is
placed on the reaction vessel to allow air to enter the system while also refluxing ethylene glycol.
After ~24 hours, the ventilated cap is exchanged for a sealed cap to prevent air from entering the
reaction mixture. The nanocubes are allowed to grow for ~8 hours and then quenched. For washing
and purification, the Ag nanocubes in ethylene glycol are diluted with acetone to 45 mL and
centrifugated for 20 minutes at 8,000 rpm to separate the nanoparticles from excess chemical
reagents. The supernatant was discarded and the nanocubes were redispersed in 5 mL of DI water.
The nanoparticles are washed twice more by diluting the redispersed nanoparticles to 45 mL with
acetone, separating the nanocubes via centrifugation for 20 minutes at 8,000 rpm, and redispersing
in 10 mL of DI water. The concentration of the nanoparticles is estimated by measuring the mass
of 1 mL of dried Ag nanocubes.
5.3.2 Small Scale Ag-Pt Core-Shell Nanocube Synthesis

In a typical synthesis, 1/10th of a solution of Ag nanocubes is diluted to 3 mL with water
and is mixed with 50 mg of PVP. The Pt precursor is prepared fresh in a separate container by
adding 12 mg of K2PtCls (Sigma Aldrich, 99.99%) to 16 mL of DI water. The reducing agent is
also prepared in a separate container by adding 100 mg of ascorbic acid to 3 mL of DI water
followed by the addition of 600 pL of an aqueous 1.25 M NaOH solution. The reducing agent
mixture is then added to the reaction vessel. The Pt precursor solution is slowly added to the
reaction vessel using a syringe pump at a rate of 4 mL/hr. Every 2 hours, 50 puL of an aqueous 1.25

M NaOH solution was added to the reaction vessel to maintain a high pH as the pH was found to
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decrease over time. After 4 hours, the nanoparticles are washed twice with DI water via
centrifugation. Note, polypropylene centrifuge tubes are used to prepare reagents and a Teflon
beaker is used as the reaction vessel. Glass containers are completely avoided as glass can dissolve
in basic solutions.
5.3.3 Scalable Synthesis for Ag-Pt Core-Shell Nanocubes

To perform a small scale version of this synthesis for Ag-Pt core-shell nanocubes, 1 mL of
the purified Ag nanocubes are mixed with 2 mL of DI water containing 50 mg of PVP. The Pt
precursor solution is prepared separately by dissolving 12 mg of KoPtCls (Sigma Aldrich, 99.99%)
in 8 mL of DI water. The pH of this solution is adjusted to ~12 by adding 50 uL of a 1.25 M
aqueous NaOH solution. The Pt precursor solution is allowed to sit for 10 minutes before addition
to the reaction vessel. The reducing solution is prepared by adding 100 mg of ascorbic acid (Sigma
Aldrich, reagent grade) to 3 mL of DI water. The pH of the reducing solution is increased by
adding 600 pL of 1.25 M NaOH solution. The reducing solution is then immediately added to the
mixture of Ag nanocubes under stirring followed by rapid addition of the Pt precursor solution.
Every hour, 50 pL of 1.25 M NaOH are added to the reaction mixture to maintain a high pH. After
2 hours, the reaction mixture is transferred to a centrifuge tube, diluted to 45 mL with pH ~12 DI
water, and centrifuged for 20 minutes at 10,000 rpm to separate the nanoparticles. The supernatant
is discarded and the nanoparticles are re-dispersed in 5 mL of ~12 pH water. The nanoparticles are
washed once more by diluting to 45 mL with ~12 pH water, centrifugated for 20 minutes at 10,000
rpm to separate the nanoparticles, and re-dispersed in 5 mL of ~12 pH water. Note, polypropylene
centrifuge tubes are used to prepare reagents and a Teflon beaker is used as the reaction vessel.

Glass containers are completely avoided as glass can dissolve in basic solutions.

92



To perform the 10 times scale up of this synthesis, 200 mg of PVP are mixed with 10 mL
of the purified Ag nanocubes. The Pt precursor solution is prepared separately by dissolving 32
mg of KoPtCls in 5 mL of DI water. The pH of this solution is increased to ~12 by adding 50 puL
of 1.25 M NaOH solution. The Pt precursor solution is allowed to sit for 10 minutes prior to
addition to the reaction vessel. The reducing solution is prepared by dissolving 250 mg of ascorbic
acid in 3.5 mL of DI water. The pH of the reducing solution is increased by adding 1.5 mL of 1.25
M NaOH. The reducing solution is then immediately added to the mixture of Ag nanocubes under
stirring followed by rapid addition of the Pt precursor solution. Every hour, 100 puL of 1.25 M
NaOH is added to the reaction mixture to maintain a high pH. After 2 hours, the reaction mixture
is split into two centrifuge tubes, diluted to 45 mL with ~12 pH water, and centrifuged for 20
minutes at 10,000 rpm to separate the nanoparticles. The supernatant is discarded and one
additional wash is performed as described above.

5.3.4 Characterization of Ag and Ag-Pt Nanocubes

Scanning transmission electron microscopy (STEM) and energy dispersive X-ray
spectroscopy (EDS) are performed using a JEOL 3100 double CS-corrected TEM/STEM operated
at an accelerating voltage of 300 kVV. STEM samples are prepared by drop casting a solution of the
nanoparticles onto 200 mesh carbon-on-copper grids. Elemental maps and line scans are taken
using the Ag La and Pt M peaks in EDS.

UV-vis spectroscopy is performed using an Evolution 300 spectrophotometer. To compare
the concentrations of nanoparticles produced in the scale up synthesis, 500 pL of the purified Ag-
Pt nanocubes is diluted to 3 mL and analyzed using UV-vis spectroscopy.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is performed using

a Nicolet is50 infrared spectrometer with a liquid nitrogen-cooled HgCdTe (MCT) detector
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coupled with a Harrick high-temperature reactor chamber with a dome cape and KBr windows
placed inside a Harrick Praying Mantis diffuse reflectance cell. The spectrometer and diffuse
reflectance cell are continuously purged with N2 gas. Data were collected by averaging 128 scans
at a resolution of 4 cm™.
5.4 Approach for Ag-Pt Core-Shell Nanocubes

We first illustrate a shortcoming of a simple synthesis approach where pre-formed Ag
nanocubes are used as seeds and a common Pt precursor (K2PtCly) is reduced on the Ag nanocube
seeds using a common mild reducing agent (ascorbic acid) at room temperature. If an aqueous
solution of K>PtCls is added to an aqueous mixture of Ag nanocubes and ascorbic acid, atoms of
Ag in the metal nanocubes will rapidly be oxidized through galvanic replacement with Pt resulting
in the formation of hollow structures (Figure 5.1). This detrimental side reaction is a consequence
of the difference in the reduction potentials of Pt and the reduction potential of Ag.?*?° Since the
reduction potential of Pt?* is higher than the reduction potential of Ag, the replacement reaction is

favorable.

94



Figure 5.1 STEM image of Ag-Pt nanoparticles following
galvanic replacement. Hollow Ag-Pt nanoparticles produced
by galvanic replacement of Ag by Pt. The Ag is oxidized out of
the nanoparticles and Pt is disorderly deposited around the
resulting cages.
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An approach for avoiding this detrimental side reaction which emerged in the literature
over the last few years is to kinetically outcompete the galvanic replacement reaction with the
reduction of the shell metal precursor by a strong reducing agent.'*?® The concept is illustrated in
Figure 5.2. To slow the galvanic replacement reaction, the concentration of the two reactants (Ag
nanocubes and Pt?* precursor) should be minimized. The concentration of Ag nanocube seeds can
be minimized by using a small fraction of the Ag nanocube seeds and diluting them with water in
the reaction vessel. To minimize the concentration of the Pt>* precursor, we prepare a dilute
solution of the precursor in water and slowly add the precursor dropwise to the reaction vessel
over the course of several hours using a syringe pump. Prior to the dropwise addition of the Pt?*
precursor, a strong reducing agent is added to the solution which forces the rapid reduction of the

Pt?* onto the Ag nanocubes.
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Fast: Pt** + reducing agent — Pt

Figure 5.2 Depiction of Ag-Pt core-shell nanocube synthesis. Depiction of synthesis approach
used to synthesize Ag-Pt core-shell nanocubes. The strategy is to slow down the galvanic
replacement reaction and push the reduction of all Pt?* entering the reaction vessel by the
reducing agent. This is accomplished by lowering the concentration of reactants for the
replacement reaction and using a strong reducing agent to drive the reduction reaction.
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Geometry characterization studies in Figure 5.3 unambiguously show that the synthesis
approach yields Ag nanocubes covered by a thin Pt shell. A bright-field transmission electron
micrograph (TEM) of a representative Ag-Pt core-shell nanocube is shown in Figure 5.3a. The
high resolution TEM image in Figure 5.3c (atomic resolution in Figure 5.3d) shows that the Pt
shell thickness in these nanoparticles was approximately 6 atomic layers of Pt which corresponds
to 1.2 + 0.2 nm. A dark-field scanning transmission electron microscope (STEM) image of a core-
shell nanoparticle is shown in Figure 5.3e. An energy-dispersive X-ray spectroscopy (EDS)
elemental line scan across a single representative nanoparticle (Figure 5.3b) and the EDS elemental
mapping of Ag and Pt in Figures 5.3f-h show that Pt atoms are covering the Ag nanocube (75 nm

edge length).
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Figure 5.3 Characterization of Ag-Pt nanocubes from unscalable synthesis. (a) Bright-field
TEM image of a single Ag nanocube coated with a thin layer of Pt. (b) EDS elemental line scan
across the Ag-Pt core-shell nanocube demonstrating the elemental composition of the core and
shell. (c) and (d), High resolution and atomic-resolution bright-field TEM images. The thin Pt
shell appears darker in contrast owing to the higher elemental weight of Pt. The Ag and Pt atoms
are highlighted in d which clearly shows the boundary between the two materials. (e-h) Dark-
field STEM image of a representative core-shell nanocube and EDS elemental maps of Ag (f),
Pt (g), and overlay of the two (h) demonstrating the complete coverage of Ag by Pt.
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Several dark-field STEM images of the Ag-Pt nanocubes are shown in Figure 5.4. These
images show that the core-shell structures are synthesized in high yields with minor etching of Ag
at the corners of some nanostructures. The etching at the corners is due to the higher chemical
reactivity of low-coordinated Ag atoms at the tips of the nanocubes which are more susceptible to
galvanic replacement. Figure 5.4 also shows high resolution images of the edges of three different
Ag-Pt core-shell nanocubes. The boundary between the Pt atoms and Ag atoms can clearly be seen
in these images. The thickness of the Pt shell can easily be varied by changing the reaction time of
the synthesis. For example, we were able to synthesis Ag-Pt nanocubes with Pt shell thicknesses
of 0.8nm £ 0.2,1.2nm £ 0.2, and 1.6 nm = 0.2 by using reaction times of 2 hours, 4 hours, and 8
hours respectively (Figure 5.4).

Although this approach can be used to synthesize Ag-Pt core-shell nanocubes with ultrathin
shells, it only produces micrograms of material. In order to perform lab-scale catalytic
experiments, we need to be able to produce at least milligrams of material. A crippling feature of
this synthesis is that it relies on the careful control of reactant concentrations. Therefore, scaling
up the synthesis by 100 times requires that the synthesis be performed in a 2 L reaction vessel to
produce milligrams of material. The sheer size of such a synthesis for milligrams of materials is
not only difficult to perform in lab but would also present hurdles in the washing and concentration

of the nanoparticles.
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Figure 5.4 STEM images of Ag-Pt nanocubes. Additional STEM characterization of Ag-Pt core-
shell nanocubes. (Top row) Dark field STEM images showing the high yield of core-shell
nanostructures. (Middle row) High resolution images of the edge of Ag-Pt core-shell nanocubes
showing the partitioning of Ag and Pt atoms in the nanostructures (Bottom row) STEM images
demonstrating the ability to vary shell thickness from 0.8 nm (left), 1.2 nm (middle), and 1.6 nm

(right).
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5.5 Scalable Synthesis for Ag-Pt Core-Shell Nanocubes

To address the issue of scalability, we set out to develop a wholly new approach for
depositing a thin layer of Pt onto Ag nanocubes. A major obstacle to doing this is the galvanic
replacement of the Ag nanoparticles by Pt precursors. The strategy from literature that emerged
over the last few years for navigating around this issue focused around kinetically outcompeting
the galvanic replacement reaction. We consider a different approach. Instead of kinetically
outrunning the reaction, we contemplate methods by which we can thermodynamically
suppressing the reaction instead.

To understand how this can be done, we examine the galvanic replacement reaction in more
detail. This detrimental side reaction is a consequence of the difference in the reduction potentials
of the reacting species. The reaction is commonly portrayed as Ag metal reacting with Pt?* to form
Ag* and Pt metal. However, we are using K2PtCls as the shell metal precursor. This salt dissociates
into 2K* and [PtCl4]%. If we now consider the galvanic replacement of Ag by this precursor, the
reaction is written as 2Ag + [PtCl4]> = 2AgClI + Pt + 2CI". Since the reduction potential of [PtCl4]*
is higher than the reduction potential of AgCI, the replacement reaction is thermodynamically
favorable. To avoid triggering this reaction, we explored using a Pt metal complex with a lower
reduction potential than [PtCls]> thereby rendering the galvanic replacement reaction
thermodynamically unfavorable.

5.5.1 Identifying a New Pt Precursor

To identify a Pt metal complex with the appropriate reduction potential, we considered a
chemical modification of [PtCls]* through ligand exchange of the CI ligands. [PtCl4]?* is a square
planar d® metal complex with a Pt?* metal center requiring two electrons for reduction to Pt metal.

In the framework of crystal field theory, the splitting of d-orbitals of the Pt>* metal center can be
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changed by exchanging CI" ligands with other ligands thereby changing the energy of the 5dxo.y2
orbitals (Figure 5.5a).2” For example, if the CI- ligands are exchanged with stronger field splitting
ligands (such as OH"), then the energy level of the 5dx-y2 orbital will increase thereby necessitating
higher energy electrons to reduce Pt?* to Pt metal (i.e. lowering the reduction potential of the
complex), as depicted in Figure 5.5b.

To prepare a Pt metal precursor with lower reduction potential than [PtCl4]%", we performed
ligand exchange of a 4 mM aqueous solution of [PtCls]?> with OH" by increasing the pH of the
solution to ~12 through addition of a NaOH solution. The high concentration of OH" in solution
promotes ligand exchange of the CI- ligands of [PtCl4]> with OH". UV-vis spectroscopy was used
to characterize the ligand exchange. The data in Figure 5.5b show that the increase in the pH of
the solution was accompanied by changes in the optical extinction by the metal complex
suggesting that the electronic structure of the metal complex changed through chemical
interactions with OH™ ions. The changes to the metal precursor were complete after 10 min.

To test whether this ligand exchange affected the reducibility of the Pt** metal complex,
an experiment was performed in which two aqueous solutions of 4 mM K2PtCl, were reduced with
0.06 M ascorbic acid. The reactions were monitored using UV-vis spectroscopy. In the control
sample, the pH of the solution was not adjusted and data in Figure 5.5¢ show that the reduction of
the Pt precursor began taking place within 30 minutes of introducing the reducing agent. In the
other sample, the solution pH was adjusted to ~12, and the solution containing the reducing agent
(also kept at pH 12) was added after 10 minutes. As discussed above, these conditions allowed the
precursor to undergo the above-described ligand exchange before the reducing agent was added.

In contrast to the control sample, data in Figure 5.5d show there was no reduction of the Pt
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precursor for over 2 hours after addition of the reducing solution. This suggests that the reduction

potential of the Pt precursor is lowered following ligand exchange of CI" with OH".
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Figure 5.5 Chemical modification of Pt precursor. (a) Energy diagram sketch of d-splitting for
[PtCl4]*> metal complex and Pt precursor following ligand exchange with OH". Hydroxide is a
stronger field ligand than CI" resulting in a larger splitting between the orbitals. (b) UV-vis
extinction of aqueous [PtCl4]* following addition of NaOH solution. (c) Characterizing reduction
of [PtCls]* by ascorbic acid. As the precursor is reduced to Pt metal, the solution turns black and
optical extinction in the visible wavelength range increases. (d) Characterizing reduction of

ligand-exchanged Pt?* precursor. The visible optical extinction of the solution does not change
over 2 hours.
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5.5.2 Synthesis and Characterization of Ag-Pt Core-Shell Nanocubes

The chemically-modified Pt precursor was then used for the synthesis of Ag-Pt core-shell
nanocubes. The synthesis was performed by mixing 1 mL of a solution containing Ag nanocube
seeds (~0.7 mg/mL) with a solution of ascorbic acid and polyvinylpyrrolidone (PVP), a polymeric
stabilizing agent. We note that we have also performed this synthesis with reducing agents other
than ascorbic acid (see the supporting information document for associated discussion and data).
The pH of the mixture was adjusted to ~12 with aqueous NaOH. The ligand-exchanged Pt?*
precursor was prepared as described above by increasing the pH of a 4 mM aqueous solution of
K2PtCls to ~12 through addition of NaOH solution and allowing ligand exchange to occur for 10
minutes. The ligand-exchanged Pt?* precursor solution was then added to the Ag nanocube mixture
under stirring. This brought the final volume of the solution to 16 mL with a concentration of 2
mM ligand-exchanged Pt>* precursor, 36 mM ascorbic acid, and 17 mM PVP at a pH of ~12. The
mixture was allowed to react for 2 hours. It was found that the pH of the solution gradually
decreased over time possibly due to the consumption of ascorbate anions (i.e. the reducing agent)
over time. As ascorbate anions are consumed, ascorbic acid dissociation will increase thereby
increasing the concentration of protons and lowering the pH. Because the chemical modification
of the Pt** precursor is driven by a high concentration of OH- (i.e. high pH), a decrease in pH
causes the modified precursor to become unstable resulting in the galvanic replacement of the Ag
nanocubes by Pt. To avoid this, 25 puL of a NaOH solution (1.25 M) was introduced to the reaction
mixture every hour to maintain a high pH.

Scanning transmission electron microscopy (STEM) was used to characterize the Ag-Pt
core-shell nanoparticles. Figure 5.6a shows a collection of Ag-Pt core-shell nanocubes

demonstrating that the nanostructures were produced in high yields with some etching at the
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corners of the nanocubes due to galvanic replacement of undercoordinated Ag atoms at the corners.
A representative nanoparticle is shown in Figure 5.6b. An elemental line scan (Figure 5.6e) and
elemental mapping (Figure 5.6f-h) performed using energy-dispersive X-ray spectroscopy (EDS)
demonstrate that Pt atoms completely surround the cubic Ag core. The high resolution and atomic
resolution images in Figure 5.6¢ and 5.6d show that the average thickness of the Pt shell was
1.0+0.1 nm which corresponds to 5 atomic layers of epitaxially deposited Pt atoms. The thickness
of the Pt shell could also be varied by changing the reaction time of the synthesis. For instance, a
reaction time of 0.5 hour produces a Pt shell thickness of 0.6+0.1 nm and a reaction time of 8 hours
produces a 1.4+0.1 nm thick shell of Pt. The slow, non-linear increase in shell thickness with
reaction time suggests that the initial reduction of Pt>* onto the surface of the Ag nanocubes is
relatively fast compared to the subsequent reduction of Pt>* onto Pt surface atoms. This suggests
that the surface Ag atoms are quickly coated with a layer of Pt which is followed by a much slower

reduction of Pt** onto Pt surface atoms resulting in the epitaxial growth of the Pt shell.
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Figure 5.6 Characterization of Ag-Pt nanocubes from scalable synthesis. (a) STEM image of
a collection of Ag-Pt core-shell nanocubes demonstrating high yield of core-shell structures, (b) a
single Ag-Pt nanocube, (c) the edge of a single nanocube in which the ~1 nm Pt shell is clearly
visible, and (d) atomic resolution image showing 5 atomic layers of Pt epitaxially deposited onto
the Ag nanocube. (e) EDS elemental line scan across a representative Ag-Pt nanocube showing
that the shell is made of Pt and the core of Ag. EDS elemental map of (f) Ag, (g) Pt, and (h) the
overlay of the two.
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5.5.3 Characterizing the Hybrid Optical and Surface Properties of Ag-Pt Nanocubes

The optical properties of the core-shell nanoparticles were characterized using UV-vis
extinction spectroscopy (Figure 5.7a). The optical extinction of the Ag nanocube seeds displays
multiple peaks associated with dipolar, quadripolar, and higher order plasmon resonances.?® The
data in Figure 5.7a show that when Pt is coated on the Ag nanocubes, the nanoparticles retain their
plasmonic properties. The higher order plasmon resonance features are smeared and the main
dipolar resonance peak is slightly broadened and red-shifted. The red-shift in the plasmon peak
can be attributed to a slight increase in the size of the nanoparticles as it is well-known that larger
plasmonic nanoparticles have a lower energy LSPR frequency.?®2° The width of the peak is related
to the decay rate of excited plasmons which increases when Pt is coated onto the Ag nanocubes
due to an increase in absorption. 333

The chemical properties of the Ag-Pt nanocube surface were characterized by measuring
the vibrational energy of CO adsorbed on the surface using diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). The nanoparticles were deposited onto a Si chip, treated with
air at 250°C for 3 hours, and reduced with pure Hz at 200°C for 1 hour to clean the surface of the
nanoparticles. A mixture of 10% CO in N2 was then flowed across the nanoparticles at room
temperature for 10 minutes to allow CO to adsorb to the surface of the Ag-Pt nanocubes. Excess
CO was then purged from the system using pure N». Data in Figure 5.7b show a vibrational
spectrum for adsorbed CO on Ag-Pt nanocubes. The vibrational frequency of the C-O bond when
adsorbed on the surface of the Ag-Pt nanoparticles was measured to be at 2057 cm™ which is
characteristic of CO adsorbed on Pt surfaces. We note the vibrational energy of the C-O bond on
spherical Pt nanoparticles (dominated by Pt(111) surface facet) is centered at 2060 cm™.3 In

contrast, the Ag-Pt nanocubes are dominated by the lower coordinated Pt(100) surface facet which
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causes the vibrational frequency of CO to be slightly lower.>® The combination of the optical data
and DRIFTS data in Figure 5.7 demonstrate that the Ag-Pt core-shell nanoparticles effectively
combine the plasmonic properties of the Ag nanocube core with the surface properties of the Pt

shell.
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Figure 5.7 Characterizing hybrid properties of Ag-Pt nanocubes. (a) Normalized optical
extinction spectra of Ag nanocube seeds and Ag-Pt nanocubes. (b) DRIFTS data for CO
adsorption on the surface of the Ag-Pt nanocubes. The feature centered at 2057 cm represents
the vibrational frequency of the C-O bond when CO is adsorbed on the surface of the
nanoparticles. The peaks at 2120 and 2170 cm™ are for residual gas-phase CO.
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5.5.4 Performing a 10 Times Scale Up

We have shown above that Ag-Pt core-shell nanocubes can be synthesized using a
chemically-modified Pt?* precursor prepared through ligand exchange with OH~. The low
reduction potential of the modified precursor prevents homogeneous nucleation of monometallic
Pt nanoparticles and minimizes galvanic replacement of Ag by Pt. This characteristic makes the
synthesis relatively insensitive to the concentration of Ag nanocube seeds or Pt?* precursor
allowing for the synthesis to be easily performed at large scales without a substantial increase in
the reactor volume. To demonstrate the scalability of the synthesis, a 10 times scale up of the
synthesis was performed following the procedure outlined above. After combining all reagents,
the final volume of the reaction mixture was 20 mL which contained 10 mL of a solution of Ag
nanocube seeds (~0.7 mg/mL), 4 mM of K2PtCls, 70 mM ascorbic acid, and 90 mM of PVP at a
pH of ~12. Despite the increase in concentration of the reducing agent, Pt?* precursor, and 10 times
increase in the number of Ag nanocube seeds, the epitaxial deposition of Pt onto the Ag nanocubes
remained the most selective reaction pathway with no evidence of homogeneous nucleation of Pt
nanoparticles and minimal galvanic replacement (Figure 5.8a). UV-vis spectroscopy was used to
compare the concentration of the 10 times scale-up Ag-Pt product to the concentration of the small
scale (~0.7 mg Ag nanocube seed) Ag-Pt product. Data in Figure 5.8b show that the maximum
optical extinction for the scaled-up product was ~15 times higher than the maximum optical
extinction for the regular scale product, clearly indicating that the scaled-up synthesis yielded at

least a proportionally higher amount of the product Ag-Pt core-shell nanostructures.
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Figure 5.8 Ten times scale up of Ag-Pt nanocube synthesis. (a) STEM image of Ag-Pt
nanocubes produced from 10 times scale up synthesis. (b) UV-vis extinction spectra of Ag-Pt
nanocubes in water demonstrating the success of the 10 times scale synthesis
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5.5.5 Use of Other Reducing Agents

To test whether it is possible to perform this synthesis with other reducing agents, we
substituted ascorbic acid with the same concentration of glucose or ice-cold NaBH3 as the reducing
agent. When ice-cold NaBH4 was used, the color of the reaction mixture slowly began to darken
and fade. After 1 hour, the mixture was completely clear. This behavior is characteristic of galvanic
replacement reactions in which the Ag nanocube core is oxidized by the Pt precursor.?® The NaBH4
likely caused the chemically-modified Pt?* precursor to become unstable resulting in the galvanic
replacement of Ag by Pt.

In contrast, the synthesis was completely successful when using glucose in place of
ascorbic acid as the reducing agent. A STEM image of a representative nanoparticle synthesized
using glucose as the reducing agent is shown in Figure 5.9. Because glucose is a weaker reducing
agent, the synthesis must be performed for a longer period of time. The resulting Ag-Pt core-shell
nanocubes tend to display less etching even at the corners of the nanostructures. When ascorbic
acid is used as the reducing agent, the consumption of ascorbate anions pushes the equilibrium of
the acid dissociation reaction to produce more H* thereby gradually increasing the acidity of the
solution. Given that the galvanic replacement reaction is more likely to occur under acidic
conditions, base is constantly added to the reaction vessel to compensate for this decrease in the

solution pH. By using glucose in place of ascorbic acid, this issue is avoided all together.
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Figure 5.9 STEM image of Ag-Pt nanocube synthesized using glucose. Glucose synthesized
Ag-Pt nanocubes appear to undergo less galvanic replacement even at the corners.
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5.5.6 Use of Other Shell Metal Precursors

The success of this synthesis approach for coating a few atomic layers of Pt onto Ag
nanocubes motivated us to investigate whether this synthesis could be used to coat other metals
onto Ag nanocubes. To test whether this synthesis procedure could be used to coat Ag nanocubes
with other metals, we performed the synthesis using a Pd (K2PdCls) or Au (HAuUCls) precursor in
place of Pt (K2PtCls) with all other reaction conditions constant. Addition of the Au precursor to
the reaction mixture containing the Ag nanocubes resulted in an immediate change in the color of
the reaction mixture. The mixture was allowed to react for 1 hour followed by washing via
centrifugation. The supernatant from centrifugation was a bright red color characteristic of
monometallic Au nanoparticles.®®3” In addition, STEM characterization of the nanoparticles
showed that nearly all of the Ag nanocubes underwent galvanic replacement with Au (Figure 5.10).
These data suggest that the reduction potential of the Au precursor was too high causing the Au
precursor to either quickly reduce to monometallic Au nanoparticles or galvanically replace the

Ag nanocubes.

Figure 5.10 STEM image of nanocubes produced from Au precursor. The resulting
nanoparticles are largely either pure Au nanoparticles galvanically-replaced Ag.
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In the case of the Pd precursor, the synthesis proceeded similarly to the Ag-Pt core-shell
nanocube synthesis. The mixture was allowed to react for 1 hour and washed via centrifugation.
At this point, there were some solid particulates that could not be dispersed in solution (possibly
an insoluble Pd salt). STEM characterization of these nanoparticles showed that most of the Ag
nanocubes remained intact with minimal galvanic replacement. Because Pd and Ag are very close
in atomic weight, it is difficult to distinguish the two materials based on contrast in STEM images
(Figure 5.11). An EDS spectra of the edge of a few nanocubes showed the presence of Pd near the
surface of the nanoparticles. These data suggest that this approach (i.e. chemical modification of
the Pd precursor with OH™ and reduction with ascorbic acid) could potentially be used to develop

a scalable synthesis for coating Pd onto Ag nanocubes.
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Figure 5.11 STEM image and EDS of Ag-Pd nanocubes. STEM image of a representative
nanocube after performing synthesis with Pd precursor. A EDS spectrum collected at the edge
of the nanocube displayed signals for both Ag and Pd.
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5.6 Conclusions

We have developed a scalable synthesis approach for depositing a thin layer of Pt onto Ag
nanocubes. This was accomplished using a synthesis in which the Pt?* precursor was chemically
modified through ligand exchange to decrease the precursor reduction potential. The low reduction
potential of the modified precursor minimized undesired side reactions such as homogeneous
nucleation of Pt nanoparticles and galvanic replacement. This feature of the synthesis makes it
relatively insensitive to the concentration of the chemical reagents allowing for the synthesis to be
easily scaled. As a demonstration of the scalability of the synthesis, we performed a 10 times scale-
up without a substantial increase in the reaction vessel volume, using double the concentration of
chemical reagents, and 10 times the amount of Ag nanocube seeds. By performing spectroscopic
experiments, we showed that these Ag-Pt core-shell nanocubes display the hybrid optical
properties of Ag which expressing the surface chemical properties of Pt. Our next aim is to design
experiments aimed to shed light on the influence of the Pt shell on the flow of energy in these
hybrid plasmonic materials.
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Chapter 6 Ascertaining the Effects of Catalytic Metals on the Flow of Energy in Hybrid
Catalytic-Plasmonic Nanoparticles

6.1 Summary

In this chapter, we design optical spectroscopy experiments to uncover the effects of
catalytic metals on the energy flow in multicomponent photoexcited plasmonic materials. We use
our well-defined Ag-Pt core-shell nanocubes as the ideal model system for performing these
studies. By decomposing the optical extinction of these materials into its constituent absorption
and scattering components, we show that coating a thin layer of Pt onto Ag nanocubes drastically
alters the energy dissipation pathway from LSPR excitation towards absorption. We use
electrodynamic simulations to spatially resolve the flow of energy in these systems showing that
most of the absorption in Ag-Pt nanocubes occurs in the thin 1 nm shell of Pt. We conclude by
presenting a tangible physical framework for explaining this dramatic re-routing of energy flow in
hybrid plasmonic materials.
6.2 Introduction

We conceptualized the design of a hybrid plasmonic metal nanostructure that can
efficiently harvest electromagnetic energy and then direct this energy towards a catalytic site on
the plasmonic nanostructure where a chemical reaction can efficiently takes place. We postulated

that a hybrid nanostructure that would meet the critical requirements of such a system should

120



contain a core plasmonic nanoparticle (a metal with low imaginary dielectric function at the LSPR
(visible light) frequencies) surrounded by a very thin shell of a more chemically active material
(catalytic surface sites), characterized by significantly larger imaginary dielectric function at the
LSPR frequency. A material with these dielectric properties has two desired physical features: (i)
due to the presence of a large plasmonic core, it can concentrate electromagnetic energy in the
LSPR modes, and (ii) the energy stored in the LSPR modes can be selectively dissipated by
forming energetic charge carriers (energetic e-h pairs) in the thin shell of the metal with the large
imaginary dielectric function. We note that the larger imaginary dielectric function implies that
the rate of energy dissipation (i.e., the decay of LSPR modes) through the formation of energetic
charge carriers is larger compared to the material with a lower imaginary dielectric function.* We
hypothesized that this hybrid nanostructure design would allow for a strong concentration of
electromagnetic energy and its preferential dissipation through the surface atoms that are
performing the chemical transformation.?

In chapter 5, we showed that we are able to synthesize such hybrid nanostructures by
developing a synthetic approach that allows us to completely surround Ag nanocube cores (~ 75
nm in length) with thin Pt shells (~ 1 nm thickness).® Herein, we perform experimental and
theoretical studies to follow the flow of energy in these hybrid materials. We aim to understand
the effects of the Pt shell on the collection and dissipation of light energy by the plasmonic Ag
core and uncover underlying physical mechanisms by which energy could be channeled into the
thin Pt shell.

6.3 Methods

6.3.1 Extinction, Absorption, and Scattering Measurements

121



Ag-Pt core-shell nanoparticles for optical measurements were all synthesized from the
same sample of Ag seed nanoparticles. Samples for optical measurements were prepared by
diluting samples of Ag and Ag-Pt nanocubes in 3 mL of DI water in cuvettes. These samples were
prepared to give roughly the same fractional extinction. A sample of just DI water was also
prepared, and any contributions from the solvent were subtracted in all measurements. Extinction
measurements were performed using a UV-vis spectrophotometer. The instrument passes
monochromated light through the sample and measures the fraction of light that is transmitted and
the extinction fraction can simply be calculated as

Extinction fraction = 1 — (transmission fraction)

The extinction fraction is the sum of the absorption fraction and scattering fraction. To
decouple absorption from scattering, we use an optical integrating sphere combined with a
monochromatic visible light source and photodiode detector. The optical integrating sphere is
coated with a highly reflective coating which allows for the collection of scattered and transmitted
light. The absorption fraction can be calculated from this data as

Absorption fraction = 1 — (transmission + scattering fraction)
Lastly, the scattering fraction can be calculated as
Scattering fraction = extinction fraction — (absorption fraction)
6.3.2 COMSOL Finite Element Method (FEM) Model Set-up

The extinction, absorption and scattering efficiencies, as well as the absorption ratios in the
particle cores vs the particle shells were calculated using COMSOL Multiphysics finite-element
based software. We utilized the ‘Wave optics’ module to calculate the scattered field resulting
from a plane wave incident on a model 3-D nanoparticle. The plane wave was defined as: E = Ege”

kx and was polarized in the z-direction. Core-shell nanocubes with a 75 nm core edge length and
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a 1.2 nm shell were defined and the free space wavelength range from 300 nm to 900 nm was
simulated. The corners of the nanocubes in the simulations were smoothed to reflect the particle
geometry observed in TEM characterization. Three different particles were simulated: pure Ag,
pure Pt and Ag-Pt core-shell particles. Pure Ag and pure Pt were simulated by defining both the
core and the shell of the particles as either Ag or Pt respectively. The optical data for Ag and Pt
were taken from COMSOL’s Optical Materials database (Rakic et. al)* and a region of air was
defined around the particle by setting the real part of the dielectric function equal to 1. The width
of the region of air around the particle was equal to half the wavelength of the incident plane wave
and a perfectly matched layer (PML) was constructed to act as an absorber of the scattered field.
Specific calculations are discussed in the following sections.
6.3.3 Simulation Extinction, Absorption, and Scattering Calculations

The absorption cross section as a function of wavelength was calculated by integrating the
resistive heating losses over the volume of the nanoparticles. The scattering cross section as a
function of wavelength was calculated by integrating the dot product of the scattered intensity
vector and the normal vector pointing outwards from the particle surface across the entire particle
surface. The extinction cross section was calculated by summing the absorption and scattering
cross sections. The cross sections were then converted into efficiencies by dividing by the
geometric cross section. The absorption in the particle core vs. the particle shell were calculated
by integrating the resistive heating losses over volume of the core and the shell respectively.
6.3.4 Calculations of Shell-to-Core Absorption Ratios

We calculated the ratio of energy dissipation in the shell to the energy dissipation in the
core from our optical simulations by integrating the total rate of absorption in the core and the shell

with respect to photon energy and dividing by the respective volumes of the core and shell. We
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estimated this shell-to-core energy dissipation ratio using our experimental integrating sphere data
as well. This was done using the absorption data for Ag-Pt core-shell nanocubes with varying shell
thickness. Assuming that the increase in absorption with increasing shell thickness was due only
to the additional layers of Pt, we calculated an absorption per nm for the Pt shell. Using this, we
calculated Pt shell absorption for a 1.2 nm thick shell. This shell absorption was subtracted from
the total experimental absorption for Ag-Pt core-shell nanoparticles with 1.2 nm thick shells to
give us the approximate absorption in the Ag core. Integrating the Pt shell and Ag core absorption
with respect to energy and dividing by the respective volumes of the shell and core provides a total
energy absorption in the shell and core per volume.
6.4 Experimental Study of Plasmon Decay Pathways in Ag and Ag-Pt Nanocubes

We analyzed the optical properties of the hybrid Ag-Pt nanostructures by measuring their
extinction, absorption and scattering characteristics and comparing them to the optical behavior of
Ag nanocubes of identical size and shape. Data in Figure 6.1a show that the introduction of the
thin Pt shell on the Ag core only slightly affects the optical extinction of the nanostructures. The
extinction peak due to the excitation of LSPR is clearly preserved. Small shifts in the position and
width of the LSPR peak compared to pure Ag nanocubes are due to the Pt-induced changes in the
dielectric environment from the presence of the Pt shell.>® To determine whether the thin Pt shells
themselves contribute to the optical extinction, acid leeching was used to remove Ag from the
cores of the Ag-Pt nanoparticles in a representative sample, leaving behind thin-shelled Pt cages
(Figure 6.1b).” Optical characterization of these cages showed that the Pt shell does not display

any optical extinction in the visible range (Figure 6.1c).
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Figure 6.1 Characterizing optical properties of Ag-Pt nanocubes. (a) Normalized UV-vis
optical extinction spectra for Ag and Ag-Pt nanocubes. The data show that Ag retains its
plasmonic properties when coated with a thin layer of Pt. (b) STEM image of Pt boxes produced
by leeching the core of Ag-Pt nanocubes using acid. (c) Optical extinction fraction for Ag-Pt
nanocubes before and after leeching of the Ag core. The data show that the Pt shells do not
contribute to the optical extinction of the Ag-Pt nanocubes.
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Furthermore, we used an integrating optical sphere to measure the absorption and scattering
of the pure Ag nanocubes and the Ag-Pt core-shell nanocubes. Data in Figure 6.2a and 6.2b show
that the introduction of even a very thin Pt shell fundamentally changes the dominant channel for
plasmon decay. Data in Figure 6.2a show that photon scattering is the dominant pathway for
plasmon decay in pure Ag nanocubes which is consistent with previous measurements for Ag
nanoparticles of this size.®° Data in Figure 6.2b show that by introducing a thin Pt shell in our
design, photon absorption (formation of energetic e-h pairs) becomes a critical plasmon decay
pathway. Based on these experimental data, we hypothesized that the introduction of Pt introduces
a faster plasmon decay channel through the Pt shell and that a large fraction of the electromagnetic
energy concentrated in the nanostructure is dissipated through the thin Pt shell via the formation
of energetic charge carriers (e-h pairs).

To build more evidence for this, we synthesized Ag-Pt core-shell nanocubes of varying
shell thickness (0.8, 1.2, and 1.6 nm) and performed optical extinction and integrating sphere
experiments to characterize the optical properties of these materials (Figures 6.2 c-e). These data
show that as the thickness of the Pt shell increases, a larger fraction of the optical extinction comes
from absorption. These data strongly suggest that energy collected by Ag is being directly

dissipated in Pt.
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Figure 6.2 Decomposition of Ag-Pt optical extinction. (a) Measured fractional Ag nanocubes
absorption and scattering. (b) Measured fractional Ag-Pt nanocubes absorption and scattering.
(c) Measured fractional absorption and scattering for Ag-Pt nanocubes with 0.8 nm shell
thickness. (d) Measured fractional absorption and scattering for Ag-Pt nanocubes with 1.2 nm
shell thickness. (e) Measured fractional absorption and scattering for Ag-Pt nanocubes with 1.6
nm shell thickness.
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6.5 Theoretical Study of Plasmon Decay Pathways in Ag and Ag-Pt Nanocubes

To further shed light on the optical behavior of these systems, we performed electro-
dynamic finite element method (FEM) simulations. The model system used in our FEM
simulations is identical to the nanoparticle geometry measured in the TEM studies. We first
calculated the extinction efficiency (ratio of extinction cross section to geometric cross section)
for the pure Ag, pure Pt, and Ag-Pt core-shell nanoparticles. Figure 6.3 shows the simulated
extinction, absorption and scattering efficiencies for the three systems. The LSPR peak for the
monometallic Ag particle is around 475 nm and plasmon decay is dominated by radiative
scattering. This agrees very well with the experimental optical data for Ag nanoparticles presented
in the manuscript, with the experimental red-shift due to the higher dielectric environment of water
(used in experiments) compared to air (used in simulations). The data for monometallic Pt shows
a much lower extinction efficiency than for Ag. This result is expected given that Pt is not a
plasmonic metal.1*~1* The Ag-Pt particle shows a distinct LSPR peak at similar wavelengths to the
pure Ag nanoparticle. The LSPR peak is also broadened compared to the Ag nanoparticle. These
changes to the optical extinction of Ag nanoparticles coated with a thin layer of Pt are consistent
with the changes observed experimentally. The extinction efficiency is slightly lower for the Ag-
Pt nanocubes compared to pure Ag nanocubes likely because of the dielectric properties of Pt

metal 1516
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Figure 6.3 Simulated optical extinction efficiencies. Calculated extinction efficiencies for a (a)
monometallic Ag nanocube, (b) monometallic Pt nanocube, and (c) Ag-Pt core-shell nanocube.
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To directly compare the simulated data to the experimental data, we normalized the
extinction of Ag and Ag-Pt nanocubes to 1 and calculated the absorption and scattering fractions.
The calculated extinction, absorption and scattering fraction for pure Ag and Ag-Pt core-shell
nanocubes (Figure 6.4a, b and c) are fully consistent with the experimental measurements, showing
that the extinction is largely unchanged with the introduction of a thin Pt shell and that the
absorption is more dominant in the nanomaterials that contain Pt compared to pure Ag.

We have also used these simulations to analyze the power dissipated (i.e., the rate of photon
absorption through the formation of energetic charge carriers, e-h pairs) through the thin Pt shell
of an Ag-Pt core-shell nanocube and an Ag shell of the equivalent dimensions on a pure Ag
nanocube. Data in Figure 6.5 show contour plots of the power dissipated in a quarter of a nanocube
for Ag and Ag-Pt. For Ag, there is some concentration of power dissipation at the corners of the
nanocube, but most of the energy is uniformly distributed throughout the nanostructure. In
contrast, when Pt is coated onto an Ag nanocube, most of the power dissipation occurs in the thin

1 nm shell of Pt at the surface of the nanoparticles.
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Figure 6.4 Simulated extinction fractions. (a) Simulated normalized extinction fraction spectra
for Ag and Ag-Pt nanocubes. (b) Simulated breakdown of extinction fraction in absorption and
scattering for a Ag nanocube. (c) Simulated breakdown of extinction fraction into absorption and
scattering for a Ag-Pt nanocube.
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To breakdown the absorption further, we normalized the peak absorption of a pure Ag,
pure Pt, and Ag-Pt nanocube and decomposed the absorption into core (i.e. the inner 75 nm of the
particles) or shell (i.e. the outermost 1.2 nm) components. For the cases where we have
monometallic Ag and Pt nanocubes, nearly all of the absorption in these materials takes place in
the 75 nm core of the nanoparticles. One the other hand, for the Ag-Pt nanocubes, we see a drastic
switch in the spatial distribution of absorption where most of the absorption now takes place in the
thin 1.2 nm of Pt at the surface of the nanocube. The rate of absorption per unit volume in the Pt
shell is ~ 22 times larger than the rate of absorption in the core over the visible light wavelength
range (300-900 nm). In comparison, for the same thickness of an Ag shell in an Ag nanoparticle
of identical size and shape, the rate of absorption per unit volume in the shell is only ~ 3 times
larger than the rate of absorption in the core. We note that a similar analysis of our integrating
sphere experimental data shows the rate of absorption per unit volume in a thin Pt shell (1.2 nm)
was ~ 18 times larger than the rate of absorption in the Ag core, in relative agreement with the
FEM simulations.

6.6 Mechanism of Energy Transfer from Plasmonic Materials to Catalytically Active Sites

The data above strongly suggest that the energy of light captured by the plasmonic Ag core
is directly dissipated through the thin Pt shell. This challenges the commonly accepted mechanism
of energy transfer from plasmonic materials to catalytic active sites. In the conventional
mechanism, light interacts with the plasmonic metal exciting LSPR. Plasmon decay in the metal
then excites energetic charge carriers which can transfer to the catalytic metal thereby donating a
portion of the energy collected via plasmon excitation.>’*® The experiments presented in this
chapter allow us to rule out charge transfer from the plasmonic metal (Ag) to the catalytic metal

(Pt). The integrating sphere measurements show that the absorption rates (e/h formation rates)
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increases when Ag is coated with Pt. If charge transfer from Ag played a role, we would not expect
the absorption to change when Pt is coated on the Ag nanoparticles. This Pt-induced increase in
nanoparticle absorption can be explained by charge carriers being produced directly in the Pt atoms
through electronic excitations in Pt. This is further supported by our integrating sphere
measurements of Ag-Pt nanocubes with varying shell thicknesses. These data show that the
absorption increases as the thickness of the Pt shell increases. This cannot be explained by charge
transfer from Ag to Pt since charge transfer should be independent of the thickness of the Pt shell.
Instead, the absorption increases because it is taking place directly in Pt. Additionally, all
experimental data are strongly supported by the electrodynamic simulations which do not account
for the movement of charge in materials (i.e. all movement of energy is facilitated by
electromagnetic fields).

We have also recently investigated this energy transfer mechanism in more detail. From
this work, it is clear that the two main requirements for energy transfer are (1) high electric field
intensities provided by LSPR excitation of plasmonic metals and (2) the availability of direct,
momentum-conserved electronic transitions in the catalytic material at the LSPR excitation
frequencies. By positioning the catalytic material at the positions where the electric field intensities
are the highest (i.e. at the surface of the plasmonic metal), the energy transfer from the plasmonic
metal to the catalytic metal can be maximized. A crucial feature of this mechanism is that it avoids,
to a large extent, the loss of energy via absorption in the plasmonic metal allowing for high energy
carriers to be generated directly in the catalytic metal.?%2
6.7 Conclusions

We have demonstrated the ability to control the energy flow in plasmonic systems at the

nanoscale through the targeted synthesis of multicomponent plasmonic nanostructures. By
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completely coating a plasmonic metal (Ag) nanocube possessing low imaginary dielectric function
with a few atomic layers of a catalytic metal (Pt) possessing high imaginary dielectric function, a
channel for plasmon decay was introduced leading to the dissipation of light energy through the
thin Pt shell. In the next chapter, we design photocatalytic reactor studies to test whether this
transfer of energy enables plasmon-enhanced reactions to take place on non-plasmonic metal
surfaces.
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Chapter 7 Performing Plasmonic Catalysis on Non-Plasmonic Metal Surfaces

7.1 Summary

Having shown that LSPR excitation of the Ag-Pt nanocubes leads to the dissipation of
energy through the thin Pt shell, we design reactor studies to test whether this funneling of energy
to the Pt shell enables plasmon-driven reactions to take place on this non-plasmonic metal surface.
We prepare a catalyst from the Ag-Pt core-shell nanocubes and perform preferential oxidation of
carbon monoxide in excess hydrogen as a probe reaction. We show that illuminating the catalyst
with low intensity visible light under reaction conditions results in an increase in the rate of the
reaction. By using mass spectrometry to characterize the residence time of an inert gas in our
system, we show that this increase in reaction rate is essentially instantaneous. Furthermore,
wavelength-dependent experiments show that the increase in the reaction rate on the Pt surface is
driven by plasmon excitation from the particle core. Collectively, these data demonstrate that the
energy capture by the Ag core can be used drive plasmon-mediated chemical reactions on the
surface of Pt.
7.2 Introduction

The excitement surrounding plasmonic catalysis stems from the ability to use the excitation

of energetic charge carriers (as opposed to heat) to drive surface chemistry.X This offers the
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opportunity to potentially discover new, more selective reaction pathways that cannot be accessed
in temperature-driven catalysis.*® A major limitation in the nascent field of plasmonic catalysis is
that the plasmonic metals (Cu, Ag, and Au) are inherently catalytically-limited which significantly
shrinks the phase space of chemical transformations that could benefit from this phenomenon.’*
Ideally, we would like to be able to perform plasmon-driven (or charge carrier-driven) reactions
on the surfaces of catalytically-relevant metals (such as Pt, Pd, etc.), but these materials do not
undergo plasmon excitation with visible light photons and thus have small optical cross
sections.®10

In the previous chapters, we outlined the design of a hybrid bimetallic nanostructure that
could potentially combine the optical properties of plasmonic metals with the catalytic properties
of other transition metals to enable plasmonic catalytic on non-plasmonic metals. We developed a
highly-scalable synthesis procedure for making such materials (Ag-Pt core-shell nanocubes) and
performed detailed spectroscopic experiments showing that the hybrid materials displayed the
surface chemical properties of Pt and optical properties of Ag.** Furthermore, we designed optical
experiments and simulations to show that the energy of the plasmon excitation in the Ag core was
dissipated in Pt through direct electronic excitations (formation of energetic charge carriers) in the
thin Pt shell.

Herein, we test the photocatalytic performance of these materials in reactor studies using
the preferential oxidation of CO in excess H> as a probe reaction. This reaction is commonly
performed to purify H> gas following steam reforming where the goal of the reaction is to oxidize
harmful CO to CO, and minimize any oxidation of the valuable product, Hz.2 Pt surfaces are
typically used to perform this chemical transformation as they display high selectivity towards the

oxidation of CO.®'* In contrast, Ag surfaces provide very low selectivity toward CO oxidation
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and mainly oxidize H.. As such, the selectivity of this reaction can be used as a chemical indicator
of which metal is performing surface chemistry. We design experiments to test whether plasmon
excitation from the Ag core can be used to drive Pt surface chemistry.

7.3 Methods

7.3.1 Catalyst Preparation

The Ag/Al;O3 catalyst was prepared by mixing 100 mg of a-Al2O3 (Alfa Aesar) in water
followed by the dropwise addition of an entire sample of Ag nanocubes. After 1 hour of mixing,
300 uL of a 1 M aqueous NaNOs solution was added to the 25 mL mixture of Ag nanocubes and
a-Al>03. The addition of the salt destabilizes the colloidal solution of Ag nanocubes and causes
the nanoparticles to deposit onto the a-Al203 support. The slurry is allowed to mix for 3 hours,
and the Ag/Al,Oz catalyst is then separated from the liquid and washed in water via centrifugation.
The metal loading of the catalyst was estimated by measuring the mass of nanoparticles in 1/10th
of a sample. The estimated metal weight loading of the Ag/Al,Os catalyst was ~7%.

The Ag-Pt/Al,Oz catalyst was prepared in the same way as the Ag/Al.Oz catalyst, but
before the dropwise addition of the Ag-Pt nanoparticles, 300 uL of 1.25 M aqueous NaOH solution
was added to the Al2Os slurry. The estimated metal weight loading of the Ag-Pt/Al,Oswas ~4%.
7.3.2 Thermal and Photothermal Preferential CO Oxidation

For the reactor experiments, 40 mg of the catalyst were loaded on top of 20 mg of SiO>
beads in a Harrick micro-reactor. The reactor is equipped with a SiO2 window through which the
catalyst can be illuminated. The catalyst was pretreated in the reactor with air at 250°C for 3 hours.
The reactor was then cooled down to 200°C under N2 flow. The reactants mixture (3% CO, 2%
02, 75% Ha, balance N2) was then introduced at a flow rate of 100 sccm and the system was

allowed to reach steady state overnight (~12 hours). Data were collected at a range of temperatures
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under both thermal (no catalyst illumination) and photothermal (catalyst illumination, light
intensity of ~400 mW/cm?. More specifically, thermal data was collected at a specific temperature
for ~30 minutes followed by the collection of photothermal data for ~30 minutes and finally again
collection of thermal data. Then the temperature was increased and the process repeated for the
new temperature. The reaction was operated at differential conversion (< 10% conversion of O5)
to minimize mass transport (i.e. diffusion) limitations of the reactants to the catalytic sites and
minimize thermal gradients as a result of the exothermic oxidation of Hz and CO.* This ensures
we are operating in a kinetically-limited regime and are measuring changes only in the reaction
kinetics. The product gases were analyzed using a combination of gas chromatography and mass
spectrometry. The reaction rate was calculated in terms of O, consumption per gram of metal
catalyst per second. The selectivity towards CO2 was calculated as

_ Peo,
Pco, + Pu,o

Scoz
where Sco? is the selectivity towards CO2 and Py, is molar flow rate of product n. The error bars on
all data represent one standard deviation from the mean.

7.3.3 Wavelength-Dependent Photothermal CO Preferential Oxidation

A combination of shortpass and longpass filters were used in conjunction with a broadband
visible light source to perform the wavelength-dependent photothermal reaction experiments. The
intensity of light through the stacked filters was measured using a thermopile detector positioned
to provide an accurate measurement of light intensity at the top of the catalyst bed. The common
maximum attainable light intensity through the filters was ~180 mW/cm?. The reaction study was
performed using the same startup procedure as the variable-temperature reactor study detailed

earlier, but this experiment was performed at a single temperature (160°C) and different sets of

filters were used for the photothermal measurements. The visible light passing through the filters
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was measured using transmission UV-vis spectroscopy and centered at 512 nm, 525 nm, 550 nm,
575 nm, 600 nm, and 625 nm for the six different sets of filters.
7.3.4 Catalyst Absorption Spectrum

The absorption spectrum of the catalyst under operating conditions was measured using in
situ diffuse reflectance UV-vis spectroscopy. A spectrum of a-Al.O3 was also acquired and
subtracted from the Ag-Pt/Al,Oz spectrum to obtain only the absorption from the Ag-Pt
nanoparticles. This absorption was then normalized by subtracting the minimum and dividing to
set the maximum to a value of 1.
7.4 Catalyst Synthesis

To test the photocatalytic performance of the Ag-Pt core-shell nanocubes, we must first
prepare a catalyst from the colloidal solution of nanoparticles. We prepare two catalysts for the
photocatalytic reactor studies, a control catalyst consisting of Ag nanocubes supported on a-Al2Os3
and our test catalyst of Ag-Pt nanocubes deposited on a-Al.O3z. Alumina was chosen as the support
material as it does not absorb light in the visible range, is inert in the preferential oxidation of CO
in excess Hz, and is commonly used to support metal catalysts for oxidation reactions.'®

It can often be challenging to deposit colloidal nanoparticles onto support materials. We
developed a method to do this by mixing a-Al2O3 powder with our colloidal nanoparticles. We
then add a set amount of an aqueous salt solution to the mixture under stirring. The salt increases
the ionicity of the dispersion causing the electrical double layer surrounding the colloidal
nanoparticles to become unstable. This forces the colloidal dispersion to collapse which causes the
nanoparticles to stick onto any available surface in the slurry (i.e. the a-Al203). For depositing the
Ag nanocubes onto a-Al>0O3, we use a sodium nitrate (NaNO3) solution as our salt (also known as

a flocculent). After the nanoparticles are deposited, the catalyst is washed via centrifugation twice
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to remove excess salt and stabilizing agent. An STEM image of the resulting Ag/a-Al>O3 catalyst
is shown in Figure 7.1. This image shows that the Ag nanocubes are successfully deposited with

relatively good dispersion onto the a-Al,O3 support.

Figure 7.1 STEM images of as-prepared Ag catalyst. STEM images of Ag nanocubes
deposited on a-Al203 following the catalyst preparation process.
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To prepare the Ag-Pt/a-Al,O3 catalyst, we initially tried using NaNOs as the salt flocculent;
however, the resulting catalyst displayed no reactivity. Upon further investigation using STEM to
characterize the catalyst, it was found that the Ag-Pt nanocubes became unstable during the
catalyst preparation process. The STEM image in Figure 7.2 shows that the Ag from the core of
the nanocubes appears to have leeched out and messily redeposited on the surface of the
nanocubes. Through prior experience with these Ag-Pt nanocubes, we knew that the nanocubes
were highly sensitive to acidic conditions and always needed to be stored in base to stay stable.
We hypothesized that the instability of the nanocubes during the catalyst preparation was a
consequence of neutral pH conditions used in the process. This may have resulted in pockets of
slightly low pH forming in the mixture causing the Ag to leech from the cores. To prevent this, we
begin the catalyst preparation by adding NaOH to a slurry of a-Al203 in water to increase the pH
to ~12. Then, we use NaOH as our salt flocculent in place of NaNOs. Using this deposition process,
we were able to successfully deposit the Ag-Pt nanocubes onto the a-Al2O3 support. The STEM
image in Figure 7.3 shows that the nanocubes are deposited with good dispersion onto the oxide
support. Furthermore, by locating Ag-Pt nanocubes that are oriented properly in the microscope,

we see that the Pt shells remains intact on the Ag nanocube cores.
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Figure 7.2 STEM images of failed Ag-Pt catalyst preparation. Ag-Pt core-shell nanocubes on
a-Al>O3 following the catalyst preparation procedure using NaNOs as a flocculent. The Ag core
leeches out of the core-shell nanocubes.
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Figure 7.3 STEM images of as-prepared Ag-Pt catalyst. Ag-Pt core-shell nanocubes on a-Al.O3
following the catalyst preparation procedure using NaOH as a flocculent. The nanocubes retain their
cubic structure and separation of Ag and Pt.
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7.5 Reactor Studies

We perform photocatalytic reaction experiments in a packed-bed reactor equipped with a
glass window for catalyst illumination using a broadband visible light source at an intensity of ~
400 mW/cm?. Once the catalyst is loaded into the reactor, we pretreat the catalyst with 100 sccm
of air at 250°C for 3 hours to burn off any residual organics and other contaminants. This is
followed by a treated with 20% H> in N at a flowrate of 100 sccm for 1 hour at 200°C to reduce
any potential oxides formed during the air treatment. Preferential CO oxidation in excess Hy is
performed on the Ag-Pt catalyst with 75% H», 2% O», 3% CO, and balance N at temperatures
ranging from 130-180°C at differential reactant conversions (below 10%). This is done to ensure
that we are operating in a kinetically-limited regime which allows us to attribute any photocatalytic
increase in the reaction rate to an increase in reaction kinetics.%!’ In addition, control experiments
are performed on a monometallic Ag catalyst under the same flow conditions at temperatures
ranging from 200-260°C. Higher temperatures are necessary for the Ag catalyst because Ag
surfaces are less active for the reaction.

Data in Figure 7.4a show the activity of the control Ag/a-Al203 catalyst versus temperature
under both thermal and photothermal conditions. These data show an exponential increase of
reaction rate with temperature, as we would expect when operating in the kinetically-limited
reaction regime.r® Furthermore, we observe no significant increase in the reaction rate upon
illumination of the catalyst under operating conditions. It has been shown that photoexcitation of
plasmonic Ag nanostructures can enhance the rates of oxidation reactions for which O2
dissociation is rate limiting.'31° The Ag catalysts in these experiments are mainly performing H:
oxidation. We believe that the Ag nanocubes are mainly covered with hydrogen and that O>

dissociation is not rate controlling for H. oxidation on Ag.
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In contrast to the Ag catalyst performance, activity data for the Ag-Pt/a-Al>O3 catalyst
show a marked increase in the reaction rate under illumination at every temperature tested. These
data show that the Ag-Pt core-shell nanocubes are effectively able to harness the energy of visible
light to drive chemical reactions. Furthermore, the lack of any reaction rate increase for the Ag
control catalyst implies that illumination of the catalyst bed does not result in bulk heating of the
reactor or catalyst bed by the light source. This suggests that the photo-enhanced reaction rates are
a product of plasmon excitation.

To test whether the reaction is taking place on the Pt surface, we analyzed the selectivity
of the catalyst towards CO. As mentioned earlier, it is well-established that Pt can execute the
preferential oxidation of CO in excess Hz with high CO oxidation selectivity, while Ag shows very
poor reaction selectivity (i.e. on Ag, Hz is selectively oxidized).'??° The selectivity data in Figure
7.4c show that our control Ag/a-AlO3 catalyst displays almost no selectivity towards CO
oxidation as expected. In contrast, the Ag-Pt nanocubes express very high CO oxidation selectivity
at low reaction rates. The selectivity then decreases as the reaction rate increases. This selectivity
behavior is typical of preferential CO oxidation on Pt surfaces. At low reaction rates, the Pt surface
is completely covered in CO which allows for only the oxidation of CO at low reaction rates. As
the reaction rate increases, free Pt surface sites become abundant allowing for H2 to adsorb onto
the surface and react with O thereby driving down the selectivity towards CO oxidation at high
reaction rates. Collectively, the data in Figure 7.4 suggest that the Ag-Pt core-shell nanocubes are
effectively able to collect the energy of visible light and use that energy to drive Pt surface

chemistry.
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Figure 7.4 Reactivity data for Ag and Ag-Pt catalysts. (a) Reaction rate vs temperature for
preferential CO oxidation in excess H> on Ag nanocubes under light-off and light-on conditions.
(b) Reaction rate vs temperature for preferential CO oxidation in excess H2 on Ag-Pt core-shell
nanocubes under light-off and light-on conditions. (c) Selectivity towards CO oxidation vs
reaction rate on Ag-Pt core-shell nanocubes and Ag nanocubes. Note the break in the vertical
axis. There was no CO; detectable at low reaction rates on Ag, i.e., this catalyst preferentially
oxidizes Hz rather than CO. Error bars in all plots represent one standard deviation from the
average.
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7.6 Post-Reaction Characterization

Given the stability issues experienced with the Ag-Pt core-shell nanocubes during the
catalyst preparation, we characterized both the control Ag/a-Al,O3 and the Ag-Pt/a-Al2Os3
catalysts following the high temperature reaction study. The STEM image of the Ag/a-Al203
catalyst post reaction (Figure 7.5a) shows that the Ag nanocubes did not maintain their structure
during the experiment. Instead, the nanocubes appear to have reshaped into spherical Ag
nanoparticles. This is not surprising given the relatively low melting temperature of Ag and the
tendency for Ag nanoparticles to sinter.?! In contrast, the Ag-Pt nanocubes (Figure 7.5b) retain
their cubic morphology and maintain the separation of the Ag core and Pt shell. These data show
that the Ag-Pt nanocubes not only remained stable throughout the photocatalytic reactor study but

that the Pt shell also seems to provide some thermal stability to the cubic Ag core.
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Figure 7.5 STEM images of catalysts post-reaction. (a) STEM image of Ag nanocube catalyst
post-reaction. The nanocubes loss their cubic structure and form spherical particles. (b) STEM
images of Ag-Pt nanocubes post-reaction. The core-shell nanocubes maintain both their
morphology and the segregation of the Ag core and Pt shell.
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7.7 Characterizing the Time Response of the Photocatalytic Enhancement

To build more evidence for the role of plasmon excitation in the observed photocatalytic
rate enhancement on the Ag-Pt nanocube catalyst, we designed mass spectrometry experiments to
characterize the temporal response of the catalyst to visible light illumination. In the case of bulk
heating of the catalyst bed by the visible light source, we would expect a gradual increase in the
reaction rate upon illumination as the catalyst bed slowly gains thermal energy. One the other hand,
if plasmon excitation is playing the dominant role, we expect the increase in the reaction rate to be
instantaneous as the processes associated with plasmon-enhanced reactions (summarized in
Chapter 2) take place on the femtosecond-to-picosecond timescales.?? 24

The experiment is performed by analyzing mass 44 (for CO2) on-line using a mass
spectrometer with a sampling rate of 1 s. The signal for CO: is allowed to reach steady state at a
constant temperature of 150°C followed by visible light illumination (~400 mW/cm?) of the
catalyst. Data in Figure 7.6a show that the CO2 signal quickly increases upon visible light
illumination. We then switched off the light source and the signal returned to the dark baseline.
This was repeated several times to show that the increase in the reaction rate was both repeatable
and reversible. However, upon close inspection of the data in Figure 7.6a, it is clear that there is a
short delay between when the light source is switched on and when the signal for CO; increases.
This delay could be due to bulk heating of the catalyst by the light source or from the time it takes
the gases to leave the reactor and reach the mass spectrometer.

To distinguish between these two and better characterize the time response of the system
to visible light irradiation, we performed a pulse experiment through our reactor setup. These
experiments are used to characterize the residence time of gases through a reactor setup.®> We

introduce a pulse of He gas to the inlet of the reactor for 1 s. This pulse is detected by the mass
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spectrometer, as shown in the data in Figure 7.6b. The maximum of the He signal is normalized to
match the intensity of the CO signal maximum. Then, by integrating the pulse signal over time,
we can directly compare the residence time of the He pulse through the reactor setup to the time
response of the CO. This comparison shows that the increased production of CO. upon
illumination of the catalyst is essentially instantaneous within the sampling rate of our system (<
1 s, Figure 7.6¢). This instantaneous increase in the reaction rate rules out bulk heating of our
catalyst bed by the light source and supports our hypothesis that the increase in reaction rate under

visible light illumination is a result of plasmon excitation by the Ag nanocube core.
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7.8 Wavelength-dependent Experiments

The data in Figures 7.4 and 7.6 suggest that some nanoscale electronic excitation
phenomenon (such as plasmon excitation) is producing the enhanced rates of reaction on the Pt
surface. To build more evidence for the role of plasmon excitation in these photocatalytic reactor
studies, we perform photocatalytic reactor studies in which the wavelength of visible light is
limited to specific ranges. The photocatalytic reaction rate under these conditions can then be
matched with the absorption spectrum of the plasmonic catalysts under operating conditions to see
if the largest photocatalytic rates are produced for wavelengths where the plasmon intensities are
the greatest.?6%”

We first measure the absorption spectrum of the Ag-Pt/a-Al>O3 catalyst under operating
conditions using diffuse reflectance UV-vis spectroscopy. Data in Figure 7.7a show that the
absorption spectrum of the catalyst shows a strong plasmon peak centered at ~420 nm. This is
significantly blue-shifted from the plasmon peak for the colloidal Ag-Pt nanocubes due to the
change in the dielectric constant of the medium from water to air.*®? We then measured the
photocatalytic reaction rate for preferential CO oxidation on the Ag-Pt/a-Al2O3 using various sets
of filters. The reaction rates are normalized to give the number of additional molecules produced
per photon entering the reactor. This data is then overlaid on the catalyst absorption spectrum
(Figure 7.7b). These data show a one-to-one mapping between the normalized photocatalytic rate
and the nanoparticles optical absorption due to LSPR. This combined with the results from the
reactor studies and mass spectrometry experiments conclusively demonstrates that the excitation
of LSPR from the Ag nanocube core is directly responsible for the observed increase in the reaction

rate for preferential CO oxidation on the Pt shell.
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Figure 7.7 Wavelength-dependent experiments. (a) Diffuse reflectance UV-vis spectrum of
Ag-Pt core-shell nanocube catalyst taken under preferential CO oxidation conditions. (b)
Normalized absorption spectra of Ag-Pt nanocube catalyst, obtained under reaction conditions,
plotted as a function of wavelength-dependent photo-catalytic reaction rate. The photocatalytic
reaction rate was normalized by dividing by the photon flux at each wavelength. Error bars in

all plots represent one standard deviation from the average.
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7.9 Conclusions

Based on the optical data (chapter 6) and catalytic data presented in this chapter, we can
shed light on the flow of energy in these multicomponent systems leading to plasmon-driven
reactions on non-plasmonic active sites. The incoming electromagnetic radiation excites LSPR of
the multicomponent plasmonic nanostructures, resulting in high overall extinction and elevated
electric field intensities near the surface of the nanoparticles. The energy of the LSPR is dissipated
through various available dissipation pathways. These dissipation pathways include photon
scattering as well as absorption events (excitation of energetic charge carriers) at various parts of
the nanostructure. In metal nanoparticles, these scattering and absorption events have their
characteristic rates, with direct, vertical electronic excitations (in metals these are the excitations
from d-states below the Fermi level to s-states above the Fermi level) being the fastest plasmon
decay channel.5?° At visible photon energies, Ag does not allow for the direct, vertical d-to-s
transitions since the d-states in Ag are well below the Fermi level and these electrons cannot be
excited by visible photons.®® On the other hand, Pt supports these fast electronic excitations. By
positioning few layers of Pt on an Ag nanoparticle, we are effectively directing the LSPR energy
towards selective dissipation through these Pt sites. Furthermore, this LSPR-decay channel is also
enhanced by the presence of very high LSPR-induced electric field intensities at the surface layers
of these nanostructures. This flow of energy concentrates a large fraction of electro-magnetic
energy in the surface Pt atoms, effectively “energizing” these active Pt surface sites. We postulate
that this selective LSPR-induced energizing of the Pt active centers ultimately leads to the selective
heating of the most abundant reaction intermediate (CO) on the catalyst surface which results in

elevated reactions rates. This heating of adsorbed CO can take place either through direct phonon-

156



phonon interactions with the hot Pt atoms or a LSPR-field mediated vibronic coupling induced by
direct, vertical electronic excitations in the Pt-CO surface complexes.
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Chapter 8 General Conclusions and Future Directions

8.1 Summary

In this dissertation, we set out to push the boundaries of chemical reactions that can be
performed using plasmonic catalysis. Specifically, we aimed to understand and design
multicomponent plasmonic catalysts which could both collect the energy of visible light and direct
that energy into catalytically-active sites. To do this, we considered the case of multimetallic
plasmonic nanostructures composed of a plasmonic metal and a catalytically-active metal. We
developed new synthesis approaches for Ag-Pt alloy and Ag-Pt core-shell nanoparticles. Using
these materials, we performed spectroscopic and reactor experiments to show that these materials
displayed the optical properties of plasmonic metals and the surface chemical properties of
catalytic metals thereby enabling plasmonic catalysis on non-plasmonic metal surfaces. This work
now opens the door for several exciting new directions in the areas of nanoparticle synthesis,
multicomponent plasmonic catalysis, and venturing out into fields such as mimicking
photosynthesis.
8.2 Overall Conclusions

When we started this dissertation, the burgeoning field of plasmonic catalysis was looking

for ways to expand beyond surface chemistry on noble metal surfaces.>? One strategy for doing so
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involved coupling plasmonic metals with other catalytically-active materials to create
multicomponent plasmonic catalysts capable of collecting the energy of visible light through
plasmon excitation and using that energy to perform the catalytic chemistry of some other material.
Based on our understanding of energy transfer mechanisms in plasmonic metal-molecule systems,
we hypothesized that the energy of light concentrated through LSPR excitation in a plasmonic
nanoparticle could be transferred to a catalytic material, attached to the nanoparticle, via LSPR-
induced direct electronic excitations in the catalytic material.>* In the case of catalytically-active
metals, this hypothesis relied on the fact that the electronic structure of most catalytic metals (Pt,
Pd, Ru, etc.) feature d-bands at the Fermi level which allow for direct, momentum-conserved
interband excitations in the visible range. We postulated that this enables catalytic metals to act as
absorption sinks for the electromagnetic energy concentrated by plasmonic metals. This would
allow for energy to be transferred to the catalytic metal through the excitation of energetic charge
carriers which could then be used to perform plasmonic photochemical reactions on the catalytic
metal.

We laid out a set of design criteria based on our physical understanding of energy flow in
plasmonic nanomaterials and settled on synthesizing Ag-Pt alloy and core-shell nanoparticles as
model platforms for studying multicomponent plasmonic catalysts. We developed a creative, new
synthesis approach for creating bimetallic alloy nanoparticles of immiscible metals (Ag-Pt alloy
nanoparticles) through the intermediate synthesis of a bimetallic-oxide precursor. This precursor
was made through galvanic replacement of Ag by Pt ions and oxidation of the resulting hollow
nanostructures. The surface Pt oxides were then reduced by leveraging the optical properties of

Ag. We used visible light as a mild stimulant for the reduction of the stabilizing surface oxide.
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Once the oxide was reduced, the nanoparticles became unstable and collapsed which forced the
mixing of Pt atoms with Ag to create solid, kinetically-stable Ag-Pt alloys.®

Although we were successful in synthesizing Ag-Pt alloy nanoparticles, the resulting
materials were not conducive to performing systematic mechanistic experiments. According, we
turned our attention to the more well-defined structure of Ag-Pt core-shell nanoparticles. We
hypothesized that by coating a thin layer (~ 1 nm) of Pt onto a large core (50-100 nm) of Ag, we
could create a bimetallic nanostructure with the hybrid optical properties of Ag and surface
chemical properties of Pt. We initially developed a synthesis for such core-shell nanoparticles
using an emerging approach from the nanomaterial synthesis literature. However, this synthesis
was significantly limited in terms of scalability. We tackled this issue by developing a new,
inherently-scalable synthesis approach for the synthesis of core-shell metal nanoparticles. We
showed that by chemically modifying a Pt metal complex, we could tune the reactivity of the
precursor to favor the slow, epitaxial growth of a thin 1 nm Pt shell on 75 nm Ag nanocubes.
Optical UV-vis spectroscopy and probe molecule infrared spectroscopy were used to demonstrate
that these bimetallic core-shell nanoparticles displayed both the optical properties of the Ag core
and the surface chemical properties of the Pt shell.

We then used these core-shell nanoparticles as model systems to test our hypothesis of re-
directing plasmon energy from Ag to Pt. We designed detailed spectroscopic experiments and
electrodynamic simulations to study the flow of energy in these hybrid materials. Optical
integrating sphere experiments showed that coating this thin 1 nm layer of Pt onto the Ag nanocube
cores resulted in a drastic increase in the absorption-to-scattering ratio. These data suggested that
the thin Pt at the surface was providing an efficient pathway for the dissipation of plasmonic energy

thereby redirecting plasmon energy to the thin Pt shell. Electrodynamic simulations were used to
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spatially resolve the flow of energy in the core-shell nanocubes. These data not only confirmed
that the Pt shell was biasing the flow of energy towards absorption but also that majority of the
absorption in the nanostructure was taking place in the thin 1 nm of Pt at the surface of the
nanoparticles.’

Lastly, to test whether this redistribution of plasmonic energy could allow for plasmon-
driven chemical reactions on non-plasmonic surfaces, we prepared catalysts from our Ag-Pt core-
shell nanocubes. We tested the performance of the catalyst using the preferential oxidation of CO
in excess Hz as a probe reaction. Photocatalytic reactivity data showed that illumination of the
catalyst under reaction conditions resulted in an increase the rate of the reaction on the Pt surface.
Time-resolved and wavelength-depend experiments were then used to demonstrate that the
increased reaction rate under visible light irradiation was the product of plasmon excitation by the
plasmonic Ag core.” Ultimately, this work presents a clear physical framework for controlling

energy flow in multicomponent plasmonic systems, summarized in Figure 8.1.
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Figure 8.1 Guiding energy flow in multicomponent plasmonic catalysts. Guiding energy
from plasmonic Ag to catalytic Pt. Visible light interacts with the Ag-Pt core-shell nanocubes
exciting localized surface plasmon resonance in the plasmonic Ag core. Plasmon excitation
gives the nanoparticles a large optical cross section allowing them to harvest visible light and
concentrate the energy of light in the form of elevated electric fields at the surface of the
nanoparticles. The energy stored in the elevated fields localized at the surface channels into the
thin Pt shell through inherently-fast, direct electronic excitations in the metal. This produces
energetic charge carriers in the Pt shell which can then be used to perform plasmonic
photochemical transformations on the Pt surface.
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8.3 Future Directions

This dissertation has made significant contributions in the areas of precision nanomaterials
synthesis and plasmonic catalysis.>~ In particular, this work paves the way for the rational design
of other multicomponent plasmonic systems for guiding energy flow in plasmonic, energy
harvesting, and photo-catalytic applications. We discuss some of the exciting new possibilities that
emerge from these findings in the following section.

8.3.1 Synthesis of New Core/Thin-Shell Multimetallic Nanostructures

We presented a new strategy for the synthesis of multimetallic, core-shell nanoparticles
with ultrathin shells by manipulating the chemical reactivity of the shell metal precursor.® We
believe that this strategy could easily be extended to other combinations of metals. For example,
in chapter 5, we demonstrated some preliminary success in the synthesis of Ag-Pd core-shell
nanocubes by modifying the chemical reactivity of [PdCl4]?> precursor via ligand exchange. The
recipe presented in chapter 5 suffered from precipitation of Pd salts during ligand exchange, but
this could possibly be avoided by exploring different chemical modifiers or even using
intermediate exchanges. For instance, ligand exchange with Br~ anions could be performed first
followed by exchange with hydroxide to possibly avoid precipitation of Pd salts. Other core-shell
combinations that could possibly be achieved using a seed-mediated approach with chemically-
modified precursors include Au cores with Pt, Pd, Ni, Fe or other non-plasmonic shells.

Beyond simple bimetallic nanostructures, it is also possible to move into trimetallic or
higher order nanostructures. In particular, with the ease of synthesis and scalability of the Ag-Pt
core-shell nanoparticles, it may be fruitful to use the Pt shell as a stepping stone for coating other
metals onto the surface of these nanostructures. This is attractive because Ag has very little

compatibility with other transition metals whereas Pt provides the opportunity to add metals such
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as Co or Ni to create core-shell-shell nanostructures or core-alloy shell combinations for plasmonic
catalysis.® 12

Another tantalizing architecture would combine asymmetric plasmonic cores (such as
nanorods) with catalytic metal shells. Asymmetric plasmonic nanostructures often display multiple
plasmon modes such as the longitudinal and transverse plasmon mode of Au nanorods.'®*
Because the transverse plasmon mode overlaps with interband excitations in Au whereas the
longitudinal mode does not, it could be possible to selectively transfer energy from an Au core to
a transition metal shell by exciting only one plasmon mode. Such hybrid nanoparticles may be
quite useful in several applications but especially in near infrared plasmonic heating
applications. >/
8.3.2 Demonstrating Unique Reaction Outcomes in Plasmonic Catalysis

Ultimately, the promise of plasmonic catalysis hinges on the ability to demonstrate reaction
outcomes unique from those that can be achieved in purely thermal catalysis. There have been a
few reports which suggest that it should be possible to access new reaction pathways with
potentially higher reaction selectivies through charge carrier-mediated chemistry.’®2° With the
newfound understanding of energy flow from plasmonic metals to catalytic metals, we can now
also consider plasmon-mediated charge carrier-driven reactions on non-plasmonic surfaces. An
intriguing study from Wolf and Ertl et al. demonstrated that laser excitation of a bulk Ru surface
could be used to drive CO oxidation whereas simple heating of the metal mainly resulted in CO
desorption.® It should be possible, in principle, to reproduce these results using plasmonic metal
nanoparticles (in place of the laser) to drive high rates of charge carrier excitation at the Ru-CO
interface. Other potential combinations of strongly-interacting metal-adsorbate systems should

also be explored such as Pd for selective acetylene hydrogenation or NOx reduction on Pt.
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Another indirect route for demonstrating unique reaction outcomes in plasmonic catalysis
involves leveraging the ability of plasmonic structures to reduce surface metal oxides. This
phenomenon has been demonstrated a few times but most powerfully in the example of plasmonic
Cu nanoparticles.>?*?2 In this work, plasmonic Cu catalysts were used to perform selective
propylene epoxidation; however, the surface of the plasmonic Cu nanostructures oxidized to form
Cu-oxide under reaction conditions. It was shown that by shining light under reaction conditions,
the surface oxide could be reduced allowing for chemistry to take place on the more selective Cu
surface. In this same way, it could be possible to use plasmonic core-shell nanoparticles made of
a plasmonic core and a 3d-metal shell to suppress the oxidation of the 3d-metal surface via plasmon
excitation thereby allowing the 3d-metal to perform oxidation reactions.

8.3.3 Guiding Plasmonic Energy to Non-metal Catalytic Sites

The ability of plasmonic nanostructure to collect the energy of visible light and guide it to
a catalytic active sites could easily be extended to non-metallic active sites. One such active site
of potential interest would be molecular catalysts or single-site catalysts. In both these cases,
energy harvested by plasmonic nanoparticles can be directed into either molecular catalysts (such
as transition metal complexes) or into single metal sites supported on an oxide or carbon through
direct electronic (HOMO-LUMO) excitations in those materials (Figure 8.2). These catalytic
active sites can then drive chemical reactions. This scheme is analogous to the way plants and
bacteria perform photosynthesis. Photosynthetic complexes use strongly-coupled molecular dye
aggregates to collect and delocalize the energy of visible light. Enmeshed within these dye
aggregates are molecular catalytic active sites which act as sinks for the electromagnetic energy

concentrated by the dye aggregates. In multicomponent plasmonic catalyst case, the plasmonic
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metal acts as the dye aggregate and the molecular catalyst or single-site catalyst provide the

reactive center.
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Figure 8.2 Design schemes for other multicomponent plasmonic catalysts. Design schemes for
guiding plasmonic energy to molecular catalysts or single-site catalysts. In the top depiction, a
molecular catalyst containing ligands with some affinity for metal surfaces (such as amine or thiol
groups) is chemically anchored to a plasmonic nanoparticle. Light excites LSPR in the plasmonic
metal which results in the concentration of light energy at the surface in the form of elevated
electric fields. These fields then their energy into the molecule via HOMO-LUMO excitations
thereby energizing the molecular catalyst. In the bottom depiction, the molecular catalyst is
substituted for a single-site catalyst immersed in a graphene or silica matrix.
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