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Abstract

Society relies on catalytic processes for many important chemical transformations, which
has contributed to the increasing cost, scarcity, and demand for precious metals. Synthesis
techniques can improve the utilization of these metals by controlling the catalyst structure.
However, precisely designed structures often degrade during operation, as high-temperature
(>800°C) working conditions agglomerate active metal into large particles, in a process known as
sintering. Sintering decreases the dispersion, or fraction of available active sites and, in turn, the
activity and material efficiency. Consequently, there is significant interest in delaying or reversing
the effects of high-temperature sintering to improve the dispersion and stability of catalytic sites.

This dissertation investigates how nanoscale architecture and aging conditions can direct
the restructuring of catalytically active sites away from sintering and towards outcomes that
improve metal dispersion, stability, and utilization. This is done through the development of a
core@shell architecture, where a sintering—prone active metal core is encapsulated by a porous,
metal oxide shell. Palladium (Pd) is used as the model active metal, because of its high cost and
widespread use in industrial catalysis. Core@shell catalysts are investigated alongside catalysts
prepared through conventional synthesis strategies that create architectures where active metal
nanoparticles decorate the external surface of metal oxide supports. This comparison demonstrates
that the trajectory of restructuring depends greatly on the initial nanoscale architecture.

Elevated temperature (800°C) aging redisperses active metal within core@shell catalysts.
The redispersion is more pronounced, and nearly complete, when palladium is encapsulated by

reducible ceria (Pd@CeO2), as opposed to nonreducible silica (Pd@SiO2). This difference in

XV



redispersion is due to the participation of oxygen from the CeO: lattice, which promotes
redispersion. Aging at 800°C increases dispersion from 33% to 88% in the Pd@CeO: system,
improving catalytic performance by over two-fold. This result contrasts with the conventionally
prepared catalysts, whose dispersion decreases from 31.8% to 10% under identical conditions.
The stability of these redispersed sites is examined through repeated aging at 800°C.
Palladium continues to migrate in Pd@SiO2 because of poor Pd-SiO2 bonding, which leads to
agglomeration. In contrast, redispersed sites formed in aged Pd@CeO:2 remain stable due to the
interactions between palladium and the oxygen present in reducible CeO2. The importance of
palladium—oxygen bonding is studied by aging at temperatures (1000°C) that surpass the
decomposition temperature of palladium oxide. Although 1000°C aging sinters dispersed
palladium sites, these sites can be regenerated by returning to 800°C aging conditions.
Consequently, redispersion and sintering can be described by the thermodynamics of palladium-—
oxygen bond formation and decomposition, respectively. This suggests a generalizable
redispersion mechanism that relies on the thermally induced oxidation and disintegration of core
metal into highly mobile species. The generalizability of this approach is investigated using a
Au@CeO: catalyst, as gold exhibits much poorer oxidation thermodynamics when compared to
palladium. While metals with unstable oxides, such as gold, do not redisperse at high temperatures,
alloying such elements with readily dispersible metals facilitates the redispersion of both species.
Altogether, this dissertation develops the relationship between nanoscale structure, aging
conditions, and restructuring outcomes. The findings presented provide guidelines on how
controlled thermal energy inputs can create high dispersions of stable, catalytically active sites.
These protocols are simple and require little intervention, which makes them attractive as highly

scalable synthesis techniques or protocols that can regenerate catalyst performance on-stream.
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Chapter 1 : Introduction
1.1 Material utilization in catalyst systems

Small, active metal particles on porous oxide supports are integral to the success of many
catalytic processes such as environmental remediation,®2 fuel and commodity chemical
production,*® and energy generation.”® Precious and platinum group metals (PGMs) have been
widely adopted as active metals in industrial catalysis, due to their high activity in the
aforementioned applications. Increasing demand for industrial catalysts has contributed to rising
cost and scarcity of precious metals and PGMs. As the market share for precious metal and PGM-
based catalysts is predicted to grow in the years to come, it is vital that future catalyst designs

effectively use the active metal content.

1.1.1 Definition and relevance

Effective material utilization in catalysis is typically described as atom efficiency; the more
precious metal atoms that are accessible to reactants (e.g., gas-phase molecules), the more effective
the utilization of that costly metal. Figure 1.1 schematically describes this by comparing two
configurations of 15 metal (M) atoms supported on a CeO2 surface. 15 atoms are stacked together
as a nanoparticle in Figure 1.1a, whereas the same 15 atoms are spread over the CeO: support as
an ensemble in Figurel.1b. The ensemble has all 15 atoms accessible to gas phase reactants, while
the nanoparticle has metal atoms buried within its structure. Consequently, (a) is not as atomically
efficient as the configuration in (b) and can be considered poorer in its material utilization. The

ratio of active metal atoms that are accessible to gas-phase reactants compared to the total volume



of metal atoms is defined as the active metal dispersion. Catalysts that contain dispersions closer
to 100% are considered better in their material utilization and often exhibit superior catalytic

activities.8®

] -] &

Figure 1.1. A top-down view of two configurations of 15 metal (M) atoms on a CeQO, support.
(a) 15 atoms stacked together as a nanoparticle and (b) 15 atoms spread over CeO; as an ensemble.

Current reports estimate a $35 billion USD market size value for industrial catalysts in
2020.1° As environmental and sustainability standards continue to grow, the demand for high
performing environmental remediation and renewable fuel production catalysts will increase.
Consequently, the catalyst market size is expected to increase to $48 billion USD by 2027.%° Given
the kiloton quantities of metal used in catalytic processes, designing catalysts that contain high
dispersions of active metal has significant industrial relevance.

Such goals are particularly relevant to automotive emissions control applications that must
simultaneously manage wide windows of operating temperature, increasing costs of active metals
(Pd, Pt and Rh), and regulations controlling emission quality.>* As seen in Figure 1.2, the cost of
PGMs used in catalytic converters are particularly volatile. This price volatility makes current
practices of loading excess active metal content into catalytic converters undersirable, which are
done to offset performance degradation. Although funding is being diverted from emissions

control technologies towards electric vehicles, gasoline-powered vehicles are still predicted to



comprise a significant portion of the worldwide vehicular fleet (Figure 1.2).1? This fact magnifies

the need to improve material utilization within automotive emissions control.
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Figure 1.2. The need for material utilization in automotive emissions control.

(a) cost per ounce (in $USD) for Rh, Pd and Pt, the three most common active metals used in emission control
technologies, including their spot prize as of 08/01/2022 and (b) the predicted vehicular fleet composition from 2010—
2040, adapted from ExxonMobil.

1.1.2 Catalyst activity and stability influence material utilization

Catalyst functionality often depends very strongly on nanoscale morphology. As
previously mentioned, dispersion is a key indicator of catalyst performance, with more dispersed
active metal sites typically resulting in superior catalytic activity.®®* Maintaining high dispersion is
particularly relevant for oxidation catalysts, which are used in many environmental remediation
applications such as volatile organic compound and automotive emissions control.14-16

Catalytic oxidation activity can be improved when highly dispersed active metal sites are
supported on a reducible oxide. The high activity of these materials is derived from mechanisms
that use lattice oxygen contained in the support to perform oxidation, due to the ability of the
reducible oxide to transition in oxidation state.!’:'® Such mechanisms are referred to as Mars van
Krevelen (MvK) oxidation. The participation of lattice oxygen from the reducible oxide support

provides a lower energy pathway for oxidation by avoiding the dissociative adsorption of gas-
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phase Oz, which is integral in the Langmuir-Hinshelwood mechanisms that occur on non-reducible
oxide supports such as SiO2. Oxygen removed from the support lattice through MvK mechanism
leaves an oxygen vacancy (Ovac). These vacancies can be replenished from O2 present in the gas
phase with lower energetic penalties.’’'® A range of studies have emphasized the importance of
the active metal-support interface for mediating these MvK oxidation pathways.?%?! Active metal
cluster size has been generally seen to scale inversely with oxidative activity on CeO2—supported
catalysts, because smaller active metal clusters display a higher proportion of interfacial contact
sites, with respect to their volume, that can access highly active MvK oxidation pathways.?’ The
size of the reducible oxide support domains also affect the ease of abstracting lattice oxygen.
Smaller reducible oxide support particles exhibit greater densities of step, edge and defect sites,
which can more readily donate oxygen through MvK mechanisms.?>?* The MvK mechanism,
using CO oxidation as a probe reaction, is described in Figure 1.3 and the equation below. The ‘*’
denotes a reactant or product that has been adsorbed to the catalyst surface.

CeO, © CeOy_y + 0 *

€0, & CO

CO* +0x-CO0, *

CO, * - COzg
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Figure 1.3. Mars van Krevelen mechanism for CO oxidation on a CeO,—supported catalyst.

(a) A target reactant such as CO adsorbs at the metal-support interface. (b) Oxygen can be provided by the reducible
CeO:s, lattice instead of by the gas phase. (c) This lattice oxygen is used to conduct catalytic oxidation, which leaves
an oxygen vacancy on the support lattice. Such vacancies are replenished by gas phase O, with low energetic
requirements.

Reducible oxide supports have been relevant in the automotive industry for a number of
decades because of their oxygen storage-release capacity (OSC), which can supplement catalytic
activity when the air/fuel ratio in gasoline vehicles oscillates.?® Early work with CO oxidation over
Rh/Ce02% and Pd/Ce02?" catalysts in the absence of gas phase oxygen provided evidence that
high amounts of CO2 can be produced by the migration of oxygen from the support to the metal,
through MvK oxidation mechanisms. A range of studies of CeO2-supported catalysts have
examined how this leads to high activity and high turnover frequencies.1”1820.2829 CeQ>, owing to
its facile transition from a Ce** to Ce?* oxidation state, has become one of the most widely used
reducible oxides in emission control catalysts.!82830 As these mechanisms occur strictly at the
active metal-support interface, high dispersions simultaneously increase the fraction of reactant-
accessible sites and the use of lattice oxygen through MvK oxidation. This results in high material

utilization.

Single atom catalysts (SACs) use single atoms of metal on a supporting material as active
sites. SACs, which have emerged over the last decade, 32 exhibit a number of properties that

make them attractive for addressing material utilization challenges.32** Their 100% dispersion



results in perfect atom efficiency and their isolated nature leads to electronic properties that differ
from bulk nanoparticles. This can lead to improved catalytic activity and selectivity to target
products.®>3¢ In catalytic oxidation, the active sites of SACs directly interact with reducible oxide
supports such as Ce02.3"3 The electronic nature of a single atom site has also been found to
improve the ease of extracting lattice oxygen from a reducible oxide support, which promotes
catalytic oxidation activity.3%4° Conventional SAC preparation strategies are limited to low metal
loadings to ensure single atoms do not aggregate into larger nanoparticles during synthesis. Several
techniques have emerged to address such challenges. Examples include wet chemistry methods
such as strong electrostatic adsorption,3* dispersing metals with short thermal pulses,* and
chemical treatments with halogenated compounds.*> Atom trapping methods, which use thermal
aging to redisperse single atoms from larger nanoparticles, are of particular interest and will be
discussed in more detail in Section 1.3.

It is important to note that although SACs exhibit good material utilization in well-
controlled probe reactions such as CO oxidation, their efficacy in application-relevant conditions
is often limited. A catalyst must fulfil a series of fundamental steps to complete a catalytic cycle.
The cycle can be simplified into the following four steps:

1. Reactants transport, typically through the gas or liquid phase, to active sites where they
adsorb through electrostatic attraction.

2. Adsorption perturbs the electronic structure of the reactant, which weakens the strength of
its chemical bonds, thereby allowing reactions to proceed with lower energetic
requirements.

3. Once a reactant has been converted to a product, it desorbs from the catalyst surface.



4. After desorption, the catalyst restores its active site if has been altered during reaction. One
example is replenishing an Ovac in the case of MvK oxidation. With a restored active site,
the catalytic cycle is complete.

If any of these steps are perturbed, the catalyst will begin to lose its activity. As previously
mentioned, SACs exhibit improved activity due to their high dispersion that increases reactant
adsorption. SACs also exhibit unique electronic properties in comparison to bulk particles, as there
are no neighboring atoms to distribute electron density. The highly localized electron density on
single atoms, however, can increase the strength of reactant adsorption. This can cause adsorbates
to interact with an active site so strongly that they are essentially blocked from conducting
reactions. This process, which is referred to as poisoning, impedes catalytic activity.*344
Poisoning is problematic in applications such as emissions control, which must effectively
oxidize both CO and un-combusted hydrocarbons (HCs).2“® These two reactants can adsorb on the
same active sites, which results in competitive adsorption. Single atom sites exhibit poor
adsorption-desorption of HCs such as CsHs, due to their highly localized electron density.*647 As
such, larger HC intermediates can block the availability of active sites for CO oxidation, which
impedes catalytic performance.®*’ Larger metal particles can effectively adsorb and react HCs,
despite having lower dispersion than SACs, due to their larger ensembles of atoms that more
effectively distribute electron density.114748 As such, active metal dispersion must be considered
alongside other parameters such as reaction composition and reactant adsorption energy to inform
the most appropriate catalyst structure. To this end, there has been an extensive body of work done
to develop structure—function relationships that can inform how active metal and support material

choice, in addition to catalyst morphology, affect performance and material utilization.



The maturation of synthesis strategies and structure—function relationships have informed
the design of catalysts that exhibit improved material utilization for many applications.24%-51 A
catalyst with a desired structure is not valuable however, if it cannot remain stable during extended
periods of use. Many working conditions in industrial catalytic applications use elevated pressure,
temperature, and adverse reactants, which can degrade the catalyst’s structure. As such effective
material utilization relies on designing catalysts with high performing and dispersed active sites,
that exhibit appreciable structural stability under the adverse conditions they are subjected to in

application.

1.2 Unfavorable restructuring impedes material utilization

Although many basic definitions of ‘catalyst’ often contain a notion of being unchanged or
unaltered, very few materials accomplish this in practice. High temperatures are used in many
catalytic processes to improve reaction kinetics, which increases both catalytic turnover and
product yield. In applications such as emissions control, where heat from the combustion engine
is used to provide energy to the catalyst, temperatures can reach upwards of 1000°C.?%2 This excess
thermal energy facilitates catalyst restructuring, whereby the support and active metal components
rearrange themselves in order to reach a more energetically favorable state.>->°

Dynamic nanoscale restructuring of catalysts is common in many industrial applications
which involve high-temperature conditions during synthesis or operation and maintenance such as
catalytic converters, fuel cells, and steam reforming.265" In addition to its industrial relevance,
studying catalyst restructuring at high temperatures also provides insight into long-term stability.
Catalyst restructuring as a result of aging or operation at high temperatures (=800°C) has
significant effects on catalytic conversion and selectivity.*>%8-62 Most high-temperature

restructuring processes result in unfavorable restructuring through active site agglomeration.*353



This decreases metal dispersion and in cases where reducible oxide supports are used, the
accessibility to MvK oxidation mechanisms. This effect is depicted in Figure 1.4 using six metal
particles, each comprised of five atoms. Given this arrangement, 80% of the metal atoms (24/30)
interface directly with the reducible support. Should these particles agglomerate into a single
structure (Figure 1.4b), the number of metal atoms with interfacial contact would be cut in half to
40% (12/30). The loss of interfacial sites and metal dispersion significantly impedes catalytic
performance.*>% The process of agglomerating dispersed active sites into large particles is referred

to as sintering.

Figure 1.4. Sintering of catalytic nanoparticles.

(a) A highly dispersed catalyst containing small nanoparticles of a metal ‘M’ on a reducible CeO support, with
interfacial sites outlined in blue. Should these highly dispersed particles agglomerate into a single particle as shown
in (b), the number of M—CeO; interfacial sites and total sites available for reaction would decrease.

Thermally activated sintering®-%° is a major challenge in the context of automotive
emissions control, as catalyst manufacturers typically incorporate higher loadings of PGMs such
as Pd, Pt and Rh in order to offset the effects of adverse restructuring processes. PGM overloading
practices are quite problematic, however, as discussed above. Deactivation has motivated
significant research in understanding the mechanisms of unfavorable restructuring to enhance the
thermal stability of catalytic materials, i.e., to make active components less prone to sintering and

retain their intended nanoscale structure. Advancements in stabilizing highly active arrangements



of metal would decrease the industrial reliance on methods such as overloading, which would

significantly improve material utilization and decrease costs.

1.2.1 Mechanisms of thermally induced sintering

Sintering is a thermodynamically favorable process as small active metal and support
domains exert greater surface energy when compared to agglomerated particles.%¢¢” Sintering of
active metal particles occurs through two widely accepted mechanisms: (1) particle migration and
coalescence and (2) Ostwald ripening.**%3 Particle migration and coalescence is defined by the
movement of whole particles towards one another. Once in contact, particles will rearrange their
atoms to form a larger cluster, which minimizes their surface energy. Ostwald ripening describes
the growth of particles through the emission and transport of atomic species known as adatoms.
Adatoms are emitted by particles, transport on the surface or through the gas phase (if their vapor
pressure is high enough), and are eventually captured by larger particles, resulting in
agglomeration. These two sintering mechanisms are depicted in Figure 1.5.

The likelihood of Ostwald ripening is influenced by the ease of abstracting an adatom from
a larger particle. The gases and reactants present during elevated temperature exposure can readily
influence adatom emission. Reactants such as CO and NO, which are typically found in emission
control applications, can adsorb to the surface of metal particles. This adsorption can destabilize
the bonds that anchor the active metal to its neighboring atoms. Combined with the thermal energy
provided through high-temperature aging or operation, adatoms can be emitted as mobile metal—
adsorbate complexes.8%6168 QOxygen can also facilitate adsorbate-induced disintegration of
particles.5®"* It is important to note that emitted adatoms can transport themselves either along the
surface of the underlying support, or through the vapor phase, which promotes Ostwald ripening

through the evaporation of metal atoms from clusters.”>”® Oxygen can promote evaporation as

10



many metal oxide species exhibit higher vapor pressures than their native metal counterparts.’"®
The mobility of adatom species can be leveraged to redisperse bulk particles into highly dispersed

atomic sites, as discussed in Section 1.3.
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Figure 1.5. Particle migration and Ostwald ripening sintering mechanisms.

A side view of a collection of metal (M) particles undergoing particle migration and coalescence and Ostwald ripening
on a reducible CeO; support. (a) Excess thermal energy can cause whole particles to move. (b) Once in contact with
one another, particles will (c) rearrange their atomic configuration to adopt thermodynamically favorable states with
minimized surface energy. (d) Excess thermal energy can also emit mobile adatom species from metal clusters, which
causes them to shrink. (e-f) These adatom species can migrate, either through the gas phase or on the surface of the
underlying support, and accumulate on the surface of metal particles, which results in agglomeration.

Particle migration mechanisms are mediated by temperature, particle size, adhesion to the
support and particle proximity.’® Elevated temperatures can weaken the cohesive forces that hold
particles to support surfaces. This phenomena can be described by the Tamman and Hiittig
temperatures, which are defined as the temperatures where bulk or edge atoms in a particle,
respectively, start to exhibit mobility.**5677 Once a particle has surpassed its respective Tamman
(1/2 of the melting temperature) or Huttig temperature (1/3 of the melting temperature), its atoms
can wet the surface of their supports, which drives migration and diffusion. Larger particles have
been shown computationally to exhibit higher detachment energies from their underlying support,
which makes their whole migration less likely.5361 As such, smaller particles are more likely to

become mobile. Small particles are typically deposited with high density on supports in industrial
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catalysts to improve yield and overall performance. This can accelerate coalescence however, as

particles are more likely to migrate and agglomerate when they are near one another.

1.2.2 Methods to mitigate unfavorable restructuring

Strategies that mitigate unfavorable sintering can be grouped into chemical methods that
alter the chemistry of the active materials and physical methods use nanoscale architectures to
provide physical barriers that inhibit metal mobility.”® Chemical methods are summarized in

Figure 1.6 and physical methods are summarized in Figure 1.7.

a) Ligand stabilization b) Alloying active metals
CH,4 NH,

c) Metal-support chemistry d) Strong metal-support
interactions

(2

Figure 1.6. Chemical methods for mitigating unfavorable restructuring.

Chemical methods include chemically modifying the support or active particle surface with
ligands, which can act as diffusion barriers or anchor metal species.”*® These methods can
effectively inhibit the mobility of active metal species, however the thermal stability of ligands is
relatively low. Once the ligands decompose, particles are free to migrate and can ultimately sinter.
As such, ligand stabilization can only be used in catalytic applications that exhibit mild (<500°C)

working temperatures.8!
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Alloying active metal species together can significantly change chemical properties.
Though alloying can result in improved catalytic performance due to changes in electronic
structure,® alloys can also exhibit altered thermal stability. Intermixing metals can change metal
volatility and Tamman and Huttig temperature limits. Alloying can also impede the ease of
abstracting adatoms through Ostwald ripening processes. Recent work has shown that alloying
small Pt nanoparticles with Sn increases the energy required to emit a mobile Pt.8 This has also
been demonstrated for when Pt is alloyed with Pd.”? Datye et. al. have used the alloying of Pt and
Pd to anchor rafts of PdOx between highly dispersed single atoms of Pt that strongly coordinated
to CeOz2 supports. The anchored rafts exhibit altered electronic properties, which promoted both
stability and activity in CH4 combustion.84 Sintering is a thermodynamically favorable outcome
due to the decreased system entropy when dispersed metal phases agglomerate into larger particles.
Consequently, a chemical method of improving the sintering resistance of active metals is to insert
them into a high-entropy alloy. These materials are defined as containing five or more elements
that can crystalize into a singular phase.® This results in high configurational entropy, which
provides intrinsic thermal stability. Pd was recently stabilized in a high entropy single-phase
fluorite oxide containing equimolar amounts of Ce, Zr, Hf, Ti and La.8 This material exhibited
thermal stability up to 900°C and appreciable activity in a probe CO oxidation reaction, due to the
reducible oxide chemistry conferred by Ce-O and Zr-O coordination.

Electronic interactions between the support and active metal phases can also improve
sintering resistance. For example, the strong coordination of active metals (M) to reducible
supports such as CeO: through M-O-Ce bonding impedes particle detachment and migration.’
This type of bonding can stabilize both single atoms and whole particles on reducible CeO2,288

with the latter case occurring through M—O—Ce bonding at metal-support interfacial sites.®® Metal
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oxide supports can be coerced, through chemical treatment, to grow over active metal
nanoparticles in what is referred to as a strong metal support interaction (SMSI). These overlayers
can be tuned to either partially or completely encapsulate active metal particles, which can alter
electronic structure, selectivity, and reactivity, and effectively anchor particles to their underlying

support.®1.92

a) Engineered support morphology Confinement
c) Atomic-layer deposition Encapsulation

Figure 1.7. Physical methods for mitigating unfavorable restructuring.

Conventional catalyst supports have high surface areas to facilitate gas phase transport to
active sites. These supports are typically decorated by active metal species through wet-
impregnation techniques, as they volumetrically scale well to produce large quantities of catalyst.
Catalysts prepared by these techniques, however, exhibit active particle densities that allow for
particle agglomeration. Consequently, physical methods to mitigate sintering typically focus on
nanoengineering the structure of the support to impede the accessibility that active metal species
have to one another. Recent work by Liu et. al. demonstrated this by tuning the nanoscale
morphology of SiO2, which is a commonly used support in heterogeneous catalysis due to its

appreciable thermal stability.®® The use of SiO2 supports with wide-mouthed pockets effectively
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impeded Pt agglomeration in contrast to catalysts prepared by conventional wet-impregnation. The
placement of Pt in the pockets effectively separated the particles from being able to interact and
sinter. This notion of precisely identifying a critical distance for particle agglomeration has been
the subject of recent work. As shown by Liang et. al., the active metal loading, and structure of
the support (porosity and surface area) can be tuned to ensure that the average particle-to-particle
distance lies above a critical distance, dc, under which particles can readily agglomerate.® Using
this method, sintering was mitigated up to 900°C for a Pt/Carbon-black catalyst. The size of active
metal particles can be tuned to match the pore size of the support to sterically-hinder active metals
from migration. Particle stability at temperatures up to 600°C has been reported by matching pore
and particle sizes.% It should be noted though, that while particles can remain within these pores,
they can grow when exposed to elevated temperatures due to the emission and mobility of adatoms
through Ostwald ripening.%

Confinement strategies have been further developed to include atomic layer deposition
(ALD), which seek to coat active metal particles with conformal thin films. A variety of metal and
metal oxide species can be deposited through ALD, which provides a high degree of tunability for
creating overlayer structures that can anchor metal particles and in some cases, alter electronic
structure (similar to SMSI overlayers) to improve catalytic performance.®"%

Encapsulating active metal particles wholly by their porous metal oxide supports, in what
is known as a core@shell structure, has emerged as a promising method to mitigate unfavorable
restructuring.®®1% The explicit separation of active metal particles can impede particle
accessibility to one another, thereby slowing sintering. This is particularly valuable if the
encapsulating shell is a thermally robust support such as SiO2. For example, Somorjai et. al.

demonstrated that encapsulating Pt nanoparticles in mesoporous SiOz2 shells inhibited coalescence
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and sintering at temperatures up to 750°C.1%! These types of encapsulating architectures also
exhibit a variety of additional advantages that arise from careful pore tuning such as size-exclusion
of poisoning compounds, and selective reactant orientation to enhance selectivity.®%19219 When
reducible oxide supports are used, encapsulation has been shown to improve metal-support
interfacial contact, which increases the density of perimeter sites that can participate in MvK
oxidation.1%+1% This phenomenon is discussed further in Chapter 2. As such, encapsulation

appears as a promising physical method for impeding sintering.

1.3 Favorable restructuring as a pathway to improve material utilization

Despite advancements in both physical and chemical methods to impede sintering in
catalytic applications, dynamic catalyst restructuring is inevitable, given enough time on stream
and/or sufficient operating conditions (e.g., temperature, reactants present, oxygen content).
Consequently, there have been several efforts that seek to control or direct restructuring
phenomena. As catalytic functionality is strongly dependent on morphology, strategic
restructuring can be a promising way of enhancing the performance, stability and PGM utilization
of catalysts. Favorable restructuring is defined here as catalyst restructuring that enhances overall
activity by improving the dispersion of active metal species on support structures. Changes in
morphology that arise from favorable restructuring are typically accompanied with changes to
metal coordination and oxidation state chemistry, which can improve the stability of dispersed
active sites. Conventional methods of preparing highly dispersed active sites require low metal
loadings to minimize agglomeration during synthesis. This can decrease total catalyst activity and
turnover when high product yields are required over short operation timeframes. Favorable
restructuring, in contrast, focuses on the decomposition and redispersion of metal particles that are

derived from catalysts with higher, industrially relevant metal loadings. Consequently, such
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strategies are promising methods for synthesizing catalysts with highly dispersed and stable active
sites. Favorable restructuring is also attractive for regenerating dispersion and activity once
sintering on-stream has occurred, which readily addresses growing concerns over catalyst lifetime

and material efficiency.

1.3.1 Hypothesized ingredients for favorable restructuring

Ostwald ripening mechanisms provide a source of highly mobile species through the
disintegration and emission of adatoms from larger clusters. Many favorable restructuring methods
are designed to take advantage of such mechanisms and interrupt Ostwald ripening processes and
stabilize the mobile adatoms before they have an opportunity to agglomerate. Consequently, many
favorable restructuring processes can be segmented into three key elements or ingredients, as
depicted in Figure 1.8:

1. Driving forces: As in Ostwald ripening, there must be a driving force that facilitates particle
disintegration and the emission of mobile adatom species.

2. Separation: Once mobile, adatom—adatom interactions must be minimized such that local
agglomeration does not occur and atoms can settle in highly dispersed configurations.

3. Stabilization: Once a highly dispersion of active sites has been obtained, there must be
sufficient interactions to minimize continued mobility and sintering during aging or time

on stream.
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A driving force to facilitate A means of keeping mobile species
particle disintegration from locally agglomerating

Interactions that preserve the
restructured state

Figure 1.8. Ingredients for favorable restructuring.
1.3.2 Methods to achieve favorable restructuring

As outlined in several computational*®’1% and experimental®68.69.71.10% \works, elevated
temperature conditions can facilitate the disintegration of large active metal clusters into highly
mobile adatom species. High temperature exposure is also advantageous, as strong metal-support
bonds can be formed at temperatures >800°C.110-112 Given the long times associated with
conventional heating and cooling methods, however, elevated temperature exposure during
pretreatment, aging, or operation, typically allows mobile adatoms to agglomerate as part of the
Ostwald ripening process.>® Several groups have investigated controlling aging conditions to favor
rapid heating and cooling cycles to address such challenges. This can provide the necessary
thermal energy to drive metal disintegration and fast migration without the long dwell times that
promote agglomeration. As shown by Hu et. al., high temperature pulses of 1500-2000K, held for

55 ms, redispersed Pt, Ru and Co on amorphous carbon, CsN4 and TiO2 supports, which indicates
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high generalizability. This group recently demonstrated that the temperature and dwell time can
be modified to obtain some control over the redispersed particle size.

As described previously in Section 1.2, adsorbates can destabilize metal-metal bonds,
which improves the ease of abstracting adatoms from larger clusters. Halide-based chemicals are
particularly effective for adsorbate-induced disintegration, as the electronegative nature of the
halide component strongly attracts active metal species.'*3114 For example, Sa et. al used a tandem
thermal and methyl iodide treatment to redisperse Au supported on Al20s3, TiO2 and SiO2 to
improve ethanol dehydration and benzyl alcohol oxidation.*'® Perez-Ramierez et. al. demonstrated
that sequential HCI and C2H2 exposures could redisperse Ru, Rh and Ir clusters.'*® This occurred
through a layer-by-layer method, whereby HCI chlorinates the surface, which perturbed metal—
metal bonding such that adatoms could be removed through the formation of M-CI-C2H2
complexes upon C2H2 exposure. The degree of redispersion was found to be tunable based on the
number of HCI and C2H2 cycles deployed.

The dynamics of active metals under high-temperature, oxidizing conditions have been of
particular interest, due to the adsorbate-induced disintegration that can occur during the oxidation
of an active metal cluster.5372%07 Generating mobile adatoms through oxygen adsorption is
attractive for driving favorable restructuring in-operando, as it relies on parameters which are
readily controllable in many catalytic settings such as temperature and oxygen composition.
Avoiding the use of halogenated compounds to facilitate adatom formation is also advantageous
as such chemicals can carry adverse environmental and human health risks. This strategy
particularly applicable to automotive emissions control catalysts as the air-to-fuel ratio can be
readily adjusted on board a vehicle to favor oxidizing conditions.'!® This has been shown to recover

a portion of sintered Pd species after mild aging at 700°C.%® It should be noted that the dispersion
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recovery was approximately 50% from the as—synthesized or ‘fresh’ state and that aging
temperatures in application can be upwards of 1000°C. Given the growing cost and scarcity of
catalytically active metal, it is important to improve the efficacy of active site regeneration through
favorable restructuring. Another important factor to consider is that catalytically active metals have
very different thermodynamics of oxidation. Pd for example, can be readily oxidized to PdO in the
aging temperatures and oxygen partial pressures present in application.” Au on the other hand
exhibits very poor thermodynamics of oxidation, requiring an oxygen partial pressure upwards of
10% Pa when aged at 800°C. Consequently, the generalizability of this strategy remains to be seen.

Once a driving force has been applied to active metal particles, there must be a means of
keeping active metal species from locally agglomerating. As aging temperatures ramp down and
cool, the thermal energy for mobility and adatoms can condense on the surface of their support as
agglomerates. Consequently, slower cooling rates typically result in more agglomeration. The
rapid quenching of high temperature pulses ensure that mobile metal species do not have time to
interact and sinter together.*%" Regarding adsorbate-induced disintegration methods, the
complexation of active metal species with halogenated compounds slows the reformation of
metal-metal bonds.**>8 In oxygen mediated adsorbate-induced disintegration, phase transitions
can be particularly helpful. Several works by Datye, Wang et. al. report the high temperature
redispersion of Pt when aged at 800°C.8%119.120 | these conditions, Pt readily volatilized into PtO2,
which could redeposit onto CeO2 supports as single atoms. This process, which is referred to as
‘atom-trapping’, demonstrates a significant improvement in the degree of redispersion when
compared to the previous example that investigated a Pd-based system.>® Transport in the vapor
phase effectively segregated mobile adatom species, which facilitated their redispersion as single

atoms. It is important to note, however, that the vapor pressure of PdO (10716 atm) is eight orders
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of magnitude lower that PtO2 (108 atm) when aged at 800°C in air.”* As such, adatoms in Pd-based
catalysts are unlikely to transport in the gas phase and instead transport via surface diffusion on
their underlying supports. In contrast to adatoms transporting in the gas phase, adatoms that
transport through surface diffusion can readily interact during high temperature mobility, which
results in sintering. This is demonstrated through Figure 1.9, which shows transmission electron
microscopy (TEM) characterization on a catalyst prepared through the wet-impregnation of Pd
nanoparticles on the surface of CeO2 nanospheres. The highly dispersed signal of Pd in the fresh
state is indicative of small particles on the order of 3-5 nm in diameter. This highly dispersed
signal becomes highly concentrated, which suggests agglomeration, despite being aged in identical
conditions to the Pt atom-trapping works mentioned above. This suggests that the PdO adatoms in
conventional catalyst morphologies have a high degree accessibility to one another and are unable
to be readily redispersed. As such, alternative methods are required to facilitate the favorable
restructuring of Pd-based catalysts, which are currently the most abundant active metal in emission

control systems.

As-synthesized Aged at 800°C in
a) Pd/CeO, b) air for 4 hrs.

Figure 1.9. Transmission electron microscopy (TEM) characterization of Pd/CeO; sintering.
A Pd/CeO; catalyst (a) prepared by wet-impregnating Pd nanoparticles on the external surface of CeO;
nanospheres. (b) Upon aging at 800°C, the Pd and CeO, domains both agglomerate.

It’s important to note that atom-trapping was found to not occur on a non-reducible Al203

support.t*® Supports with reducible characteristics, such as CeO2, contain undercoordinated Ce®*
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sites, which exist at step, edge and defect sites on polycrystalline CeO2. The smaller the CeO2
crystallite, the richer it will be with these undercoordinated sites. These sites can accept oxygen
present in a mobile adatom of PtO2 or PdO, for example, to transition in oxidation state from Ce3*
to Ce**. In doing so, a strong chemical coordination referred to as an M—O—Ce interaction is formed
(where M is a metal).1?1:122 This process is depicted in Figure 1.10 below. The strong coordination
with lattice oxygen results in improved thermal stability and accessibility to MvK mechanisms
mediated at the metal-support interface.820.123 This claim is supported by recent computational
studies, which show that single atoms anchor themselves to Ce trap cites with high energies of
adsorption.*?* As shown in Figure 1.9b, there is some signal of dispersed Pd on the sintered CeO:
crystallites, however the primary restructuring outcome is sintering, likely due to the accessibility

mobile Pd adatoms have to one another.

N e ——————————

Figure 1.10. Atom trapping Pd at undercoordinated Ce®" sites.

1.4 Thesis overview

1.4.1 Core@shell architectures for directed restructuring

22



As seen in several experimental works,*33 high temperature aging conditions unfavorably
affect Pd-based catalysts. If restructuring could be directed towards favorable outcomes, however,
the material utilization of this precious metal could be significantly improved. Emissions control
catalysts, which rely on CeO:2 supports for promoting activity, are consistently exposed to high
temperature and oxygen-rich conditions. As such, favorable restructuring through adsorbate-
mediated disintegration and atom-trapping is particularly applicable. It is clear, however, that
efforts to more effectively separate active metal domains during thermally induced mobility are
required. Kwak et. al. used high temperatures to diffuse catalytically active noble metals (including
Ni, Co and Cu) along the grain boundaries of host oxide supports.*?> Such reports allude to the
role of catalyst morphology in directing thermally-driven active site restructuring. Consequently,
this thesis investigates how initial catalyst morphology can be tuned to direct restructuring
outcomes towards favorable results that improve activity, durability, and material utilization.
Core@shell morphologies are a promising model architecture as their porosity, shell thickness,
core size, core and support composition can be readily tuned. Should the distance between active
metal cores be sufficiently large, it is expected that redispersion over sintering would occur during
high temperature aging. This is especially true given the porous, tortuous nature of the
encapsulating shell that adatoms transport through. Core@shell morphologies were demonstrated
to be promising structural templates for directed restructuring in previous work from our group
using a model Pd@SiO: catalyst, due to the ease of contrasting Pd against SiO2 in TEM.'?6 The
work in this thesis seeks to build upon these findings to examine whether or not similar outcomes

can occur in a Pd@CeO2 system.

1.4.2 Key metrics for evaluating effective material utilization
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Although the experimental details and key metrics used to draw conclusions are introduced
in their respective chapters, this section overviews several key metrics that are used to evaluate
effective material utilization throughout this thesis. CO oxidation serves as a probe reaction due to
its relevance in industrial catalytic settings, such as vehicle emission control and preferential
oxidation for renewable hydrogen production.*?’-2° CO oxidation probe reactions can also extract
structural information and examine the recruitment of lattice oxygen.1”?%12% The temperature
required for catalyst activation or ‘light-off’ is used as a standardized metric to evaluate activity.
This is defined here as the temperature required for 90% target reactant conversion, or Tgo. Such
metrics are particularly relevant to automotive emissions control catalysts as the Department of
Energy’s US DRIVE program have aimed to decrease the Too Of criteria pollutants, such as un-
combusted hydrocarbons (HCs) and carbon monoxide (CO), to below 150°C.%*%° As such, lower
Tgo values are more desirable.

As previously described, dispersion is another key metric that defines material utilization.
Active metal dispersion, as outlined in Chapter 2, is determined by adsorbate titration, specifically
CO chemisorption. The greater the active metal dispersion, the greater the material utilization.
Dispersion scales inversely with average Pd particle size, as such smaller Pd particles, as
determined through chemisorption of x-ray diffraction experiments, are more desired. Smaller
CeO:z2 crystallites are similarly targeted as smaller crystals exhibit greater densities of steps, edges,

and defects that contain Ce®* trap sites.

1.5 Thesis outline

The research presented in this thesis seeks to understand and systematically direct metal
mobility using a model core@shell nanoparticle system. Chapter 2 continues previous work in the

group by examining the thermal restructuring behaviors of Pd@CeO: alongside Pd@SiO:
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catalysts. This study allows for direct comparison of reducible oxide (Pd@CeO2) and non-
reducible oxide (Pd@SiOz) core@shell systems. In addition, comparison with Pd/CeOz illustrates
the importance of core@shell morphology in separating active metal domains to promote
redispersion. Chapter 2 finds that the initial nanoscale morphology influences the restructuring
trajectory of a catalyst during high-temperature exposure. Specifically, encapsulating core@shell
morphologies can indeed act as structural templates that direct favorable restructuring outcomes
in conditions that would typically deactivate a catalyst. 800°C aging redisperses core Pd in as-
synthesized Pd@CeO. and Pd@SiO2 nanoparticles into highly dispersed sites. Chapter 2
quantifies the degree of redispersion and activity gain that arises from this favorable restructuring.
This chapter reveals that incorporating a reducible CeO2 shell dramatically improves the
redispersion of highly dispersed Pd species and catalytic turnover by over two-fold. The contents
of Chapter 2 have been published elsewhere, and reprinted with permission from ref.13! Copyright
2020 American Chemical Society.

Favorable catalyst structures are not valuable if they cannot sustain their desired
morphology during extended exposure to adverse conditions. As such, Chapter 3 evaluates the
stability of favorably restructured Pd@SiO2 and Pd@CeO2. The role of the core@shell
morphology as a restructuring template is further investigated. Encapsulation shifts the dominant
thermal restructuring pathway away from whole particle migration to the emission-limited
transport of smaller, mobile species. This transport process, coupled with the tortuous nature of
the shell support, increases the likelihood that mobile species do not locally interact and
agglomerate and instead become trapped on the support as sites with high dispersion and catalytic
activity. While both SiO2 and CeO:2 shells facilitate the formation of dispersed metal sites, the

stability of these redispersed sites is determined by the underlying support. Only Pd@CeO: can
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retain its favorable catalytic activity after sequential cycles of 800°C aging. PA@SiO: in contrast,
exhibits continued mobility of dispersed Pd during repeated aging, which results in agglomeration
on the external surface of the SiO2 shell support. The contents of Chapter 3 have been published
elsewhere and reprinted with permission from ref.*22 Copyright 2021 American Chemical Society.

If sintering occurs, catalysts must be regenerated to recover the material. Techniques that
can be deployed in—operando are particularly valuable as they avoid the cost associated with taking
a deactivated catalyst off—stream for regeneration. Many of the strategies used to synthesize highly
dispersed sites, however, are not applicable for in—operando regeneration as they require wet
chemistry, specialized equipment, or halogenated compounds, which can have environmental
risks. As such, Chapter 4 demonstrates that the favorable restructuring conditions described in
Chapters 2 and 3 can effectively regenerate catalytic performance in sintered Pd-CeO: catalysts,
through the breakup and partial redispersion of agglomerated Pd. The redispersion of Pd increases
the abundance of sites that interface strongly with the CeO2 support. These findings demonstrate
that the thermodynamics of PdO formation and decomposition can effectively describe the
conditions that result in sintering, and the conditions that result in redispersion and regeneration.
Pretreating the catalyst at 800°C before sintering forms highly dispersed Pd species that slow the
sintering of small, polycrystalline CeO2 domains. This preserves the density of Ce3* sites that trap
mobile Pd, thereby improving the efficacy of regeneration. The regenerated catalyst is active in
the co-oxidation of CO and CsHs, two species which are known to competitively adsorb. The
simplicity of this 800°C thermal treatment makes it attractive for on-stream regeneration of catalyst
performance.

Chapter 5 investigates the generalizability of favorable restructuring in core@shell

morphologies. This is done through a model Au@CeO2 system. Au@CeO: catalysts were found
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to not favorably restructure during high temperature exposure. This outcome is expected due to
the poor oxidation thermodynamics exhibited by Au nanoparticles, which decreases the likelihood
of cluster disintegration redispersion without the use of an adsorbate such as a halogenated
compound. Au was found to redisperse after aging however, when Pd was also present as
AuPd@CeO2. This provides an alternative strategy of redispersing noble active metal species that
relies solely on temperature instead of temperature combined with chemical adsorbates, which can
exhibit toxic or adverse environmental properties.

This thesis closes with Chapter 6, which summarizes key findings and identifies avenues

for future work.
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Chapter 2 : Directing Nanoscale Restructuring Through Controlled
Core@shell Architectures

2.1 Motivation

As previously discussed, catalyst restructuring as a result of aging or operation at high
temperatures (=800°C) typically causes severe catalyst deactivation through active site
agglomeration.>? This thermally induced deactivitation®® is a major challenge in the context of
automotive emissions control, where recent efforts (e.g., Department of Energy’s US DRIVE
program) have aimed to decrease the required temperature for 90% conversion (i.e., light-off
temperature or Too) of criteria pollutants, such as un-combusted hydrocarbons (HCs) and carbon
monoxide (CO), to below 150°C.®

Here, we report on a catalyst design strategy that leverages 800°C aging of a well-
controlled Pd@CeO:2 core@shell morphology to induce favorable restructuring. The resulting
catalyst is stable and achieves a repeatable light-off temperature (Too) below 90°C for CO
oxidation. Our results on Pd@CeO: are compared with a catalyst prepared by Pd surface-
impregnation on CeO2 nanospheres (Pd/Ce0O2) and a catalyst encapsulated in a non-reducible, SiO2
shell (Pd@SiO2). In doing so, we provide insight into the role of support morphology and
reducibility on the redispersion of Pd and the restructuring of Pd@CeO2, complementing recent
works that have investigated the effects of aging core@shell catalysts at high temperatures.” 9 It
should be noted that the term redispersion, here, encompasses both the physical breakup of the
active metal core into smaller, dispersed clusters, and the accompanying changes in metal

coordination and oxidation state.11-13
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Our experiments allow for direct comparison of reducible oxide (Pd@CeO2) and non-
reducible oxide (Pd@SiO2) core@shell systems. Aging in 2.5% oxygen at 800°C resulted in
redispersion of active Pd throughout the shells of both structures, which is consistent with our
previous work on thermally induced restructuring in Pd@SiO2 core@shell catalysts.'* However,
Pd@CeOy, after aging, exhibits a markedly lower light-off temperature than Pd@SiOz. Studies of
aging under inert gas environments emphasize the role of reducibility in contributing to Pd
redispersion and thereby, to the light-off decrease seen in aged PA@CeO:. In addition, comparison
with Pd/CeO:z illustrates the importance of core@shell morphology in separating active metal
domains to promote redispersion. Serendipitously, redispersion of Pd in a core@shell morphology
also inhibits the growth of ceria crystallites, preserving active lattice configurations such as steps
and edges. A set of comprehensive material characterization techniques (electron microscopy, x-
ray energy dispersive and photoelectron spectroscopy, physisorption and chemisorption) provides
a holistic analysis of the catalysts at the focus of this study.

Collectively, these results demonstrate how thermally induced catalyst restructuring can be
facilitated by the core@shell configuration to promote low-temperature catalytic activity. Our
redispersed catalysts do not require a regeneration or pretreatment step in order to function, which
also emphasizes the simplicity of our strategy.

2.2 Results and Discussion

2.2.1 Fresh catalyst synthesis and characterization

Three catalyst systems were prepared to compare the effects of support morphology and
composition on restructuring. It should be noted that the term ‘fresh’ is used here to describe
catalysts that have been synthesized and subsequently treated in air at 500°C for 1 hour (see

Sections 2.4.1 and 2.4.2 for complete synthesis and treatment details).
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The two core@shell catalyst systems (Pd@CeO2, Pd@SiO2) were prepared using a
scalable synthesis protocol that we have previously reported.*® As outlined in Figure 2.1 and
Sections 2.4.1, the synthesis can be discretized into a two-step process. Stable, dispersed
nanoparticle core seeds are first formed through the ionic dissolution of a metal precursor. These
core seeds interact through a surfactant with a shell precursor, which polymerizes around the cores
through a base—catalyzed hydrolysis.

Figure 2.2 provides representative transmission electron microscopy (TEM) and x-ray
energy dispersive spectroscopy (XEDS) characterization of fresh and aged catalysts. Fresh
core@shell samples consist of Pd cores, ranging from 3 — 5 nm in diameter, that are encapsulated
by shells ranging from 7 — 10 nm in thickness. While both CeO2 and SiO2 completely encapsulate
Pd cores, the nanoscale structure of the shells is noticeably different. SiO2 exhibits a porous,
amorphous shell structure, in comparison with the CeO: shell, which appears polycrystalline. The
CeO:z2 shell is made up of randomly oriented crystallites, ranging in length from 2 — 5 nm, which

are packed together to form a total Pd@CeO2 nanoparticle diameter of 20 — 25 nm.

TTAB +H O

Pd@CeO

e

lonic dissolution Stable, dispersed
into Pd2* Pd° core seeds Pd@SiO,

Shell % pH change -
* precursor . drives hydrolysis L :

Figure 2.1. Graphical overview of core@shell synthesis procedure.
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The Pd/CeO:2 catalyst was prepared through incipient wetness impregnation, which is often
used to synthesize conventional, surface-impregnated catalysts.'%” The Pd/CeQ: catalyst is made
up of 2 -5 nm Pd nanoparticles distributed along the surface of CeO2 nanospheres. Similar to the
Pd@CeO: shell, the CeO2 nanospheres are made up of numerous, packed crystallites that form a
structure on the order of 50 nm in diameter. The similarity between the CeO:2 shells and CeO2
nanospheres allows us to compare how restructuring events differ more readily because of

encapsulation versus surface-impregnation.

Pd@Ce i Pd/CeO,

Figure 2.2. Microscopy characterlzatlon of fresh and aged catalysts
TEM and XEDS images of (a — c) fresh and (d —f) Oz-aged 2 wt. % Pd@CeO,, Pd@SiO; and Pd/CeO- catalysts.
XEDS images (c, d, f) have been included to account for limited Z-contrast when imaging small Pd clusters
supported on CeO,. Dark-field images of the areas used for XEDS mapping have been included as insets. XEDS
images are color-coordinated, with embedded legend (Pd — magenta, Ce — yellow) on aged Pd/CeO,. Bright-
field TEM of fresh PA@CeO; shows the polycrystalline nature of the CeO; shell. After O»-aging, several Pd
clusters in Pd@SiO- shell are highlighted by arrows. Graphical schematics of fresh and aged catalysts are

included to illustrate morphological changes (Pd — silver, CeO — blue, SiO; — black). Core@shell schematics
(b, e) have been cut through to provide cross-sectional comparisons.

2.2.2 Fresh catalyst light-off performance

CO oxidation was chosen as a probe reaction to evaluate catalyst performance due to its
well-established scaling with the number of available active sites'® and relevance to automotive
emissions control. Teo values for all tested catalysts, in addition to surface area and porosity

characteristics, are summarized in Table 2.1.
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Table 2.1. Summary of surface area, average pore size, light-off performance and activity post Oz-cut (timesp),
as fresh and after 800°C O;-aging.

Sample | BET Surface Area | Avg. Pore Size Light-off Timeso

Fresh  Aged

Fresh Aged Fresh  Aged ATgo | Fresh Aged

Too Too
(m?g)  (m#g) | (hm)  (nm) C)  (°C) %) | & )
Pd@CeO2 | 1375 39.2 2.0 1.7 133 88 -34 80 140
Pd@SiO2 | 290.4 124.9 15 1.3 186 177 -5 48 48
Pd/CeO2 76.4 19.2 1.8 1.2 148 177 +20 | 73 61

The Pd@SiO2 catalyst, as seen in Figure 2.3, shows the highest fresh light-off temperature
(186°C). In comparison, the fresh Pd/CeO2 and Pd@CeO:2 catalysts exhibited Too values of 148°C
and 133°C, respectively. The difference in light-off temperature between the silica and ceria
encapsulated catalysts can be attributed to the lack of MvK oxidation pathways for silica. One
possible explanation for the light-off difference between the CeO:-based catalysts is that
encapsulation increases the number of sites that form Pd-CeO: interfaces. As there is a lower
activation energy on a per site basis for interfacial vs. bulk Pd (due to the oxygen storage-release
capacity of the CeO: support),’® more interfacial sites in Pd@CeO2 could explain the differences
in fresh light-off. Although the activity of MvK oxidation mechanisms is known to be facet
dependent, with (111) facets of CeO: reported as being most active,?® it is unlikely that
crystallographic variability can explain the observed differences in fresh light-off behavior here;
x-ray diffraction (XRD) patterns of both Pd/CeO2 and Pd@CeO:2 (Figure 2.4) match standard XRD

patterns?'22 for bare CeOa.
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Figure 2.3. Performance of fresh and O aged catalysts.
CO oxidation light-off profiles for fresh (solid line) and 800°C O-aged (square markers) (a) Pd@CeO, (b)
Pd@SiO; and (c) Pd/CeO- catalysts.
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Figure 2.4. Crystallographic characterization of fresh and O, aged catalysts.

XRD patterns for fresh and Oz-aged (a) Pd@CeO- and (b) Pd/CeQ,. Patterns have been normalized to their
respective background signals. Characteristic peaks for CeO; nanoparticles have been identified on the aged
Pd/CeO; patterns. Average CeO; crystallite size values (Davg), as calculated by the Debye—Scherrer equation,
are inset.
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2.2.3 Effects of high-temperature aging

Aging at 800°C in Oz (2.5%), with N2 balance (referred to here as ‘O2-aging’), was chosen
to be consistent with previous studies investigating Pd restructuring.”** Upon aging, appreciable
changes in active site morphology (Figure 2.2, 2.4) and catalytic behavior (Figure 2.3) were
observed, albeit with diverging trends depending on the support material and initial morphology.
It should be noted that all catalyst samples exhibited a degree of pore closure and loss of surface
area upon Oz—aging. These observations are consistent with similar studies that have investigated
thermally induced catalyst restructuring.®*323 As outlined in published work, transport limitations

were not significant in any of the catalytic systems studied here.?*

For the surface-impregnated catalyst, Pd/CeO2, aging resulted in a substantial
agglomeration of the initially dispersed Pd clusters (Figure 2.2f). Consequently, the Pd/CeO: light-
off profile shifted to higher temperatures, accompanied by a Too that increased by 29°C to 177°C
(a ATeo of + 20%). In this case, sintering of the active Pd most likely caused the Tgo increase,
which is in agreement with previous observations where sintering was the dominant active site

restructuring mechanism.?®

When an oxide shell encapsulated Pd, noticeably different light-off behavior was observed.
Aging the Pd@SiO: catalyst at 800°C resulted in redispersion, not sintering, of Pd throughout the
shell (Figure 2.2e). This redispersion is accompanied by a Toeo that has decreased by 9°C from
186°C to 177°C (a ATeo of -5%), in agreement with our previous work.** As the Pd@SiO2 system
exhibits negligible reducibility, it is likely that the change in Too observed is primarily caused by
the physical breakup of the core increasing the number of exposed Pd sites capable of CO oxidation

(see chemisorption discussion below).
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After O2-aging, the Too for Pd@CeO:2 decreased by 45°C from 133°C to a remarkably low
value of 88°C (a ATgo of -34%). This low temperature light—off was found to be repeatable and
was maintained after an additional O2—aging cycle, suggesting the catalyst had reached a stable
structural state after the initial aging and is stable under the CO oxidation conditions used here. In
contrast to the observations on the Pd@SiO: catalyst, TEM and XEDS imaging indicates that the
0O2-aging process appears to have completely redispersed the core Pd throughout the CeO: shell

(see Figure 2.2d).

Although electron microscopy techniques work well for the Pd@SiO2 system, the poor
contrast between Pd and Ce makes it difficult to resolve sub-nanometer clusters of Pd in the O2—
aged Pd@CeOz2. Hence, to confirm and analyze the redispersion in our catalysts, we performed
XPS analysis and pulsed CO chemisorption studies. XPS analysis of the Oz-aged Pd@CeO:2
catalyst is shown in Figure 2.5. The low Pd signal of the fresh Pd@CeO:2 spectra, with respect to
the background, confirms complete encapsulation by CeOz: shells. This contrasts with the fresh
Pd/CeOz2, which exhibits much more intense characteristic Pd peaks. After aging Pd@CeOz-,
photoelectrons with characteristic Pdsq binding energies were detected with appreciable intensity.
The growth of the Pdsq peak suggests that Pd has migrated closer toward the outer perimeter of the
shell so that more Pd species exist within the pertinent photoelectron escape depth for the XPS
experiment. Although further study is warranted, based on previous literature?>2° and the aging
conditions used in this work, an Ostwald Ripening mechanism is most likely responsible for Pd

mobility, as opposed to transport in the vapor phase.
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Figure 2.5. Oxidation state characterization of fresh and O, aged catalysts.
XPS spectra in the Pdsq scan region for fresh and O2-aged (a) Pd@CeO; catalysts and (b) Pd/CeO; catalysts.

Pulsed CO chemisorption similar to that used by Takeguchi et. al.*® and Lee et. al.* was
used to quantify how active metal surface area for the Pd@CeO2 and Pd@SiO: catalysts changed
after high-temperature aging. CO chemisorption results and calculated values of Pd dispersion and
approximate particle size are summarized in Table 2.2. CO chemisorption results agree well with
electron microscopy observations of Pd core size in the fresh Pd@SiO2 and Pd@CeO2 samples,
which suggests the chemisorption experiment was not convoluted by CO sorption on the CeO:
support. The amount of accessible Pd increased approximately 1.8 times, from 6.3 x 102 mmol/gcat
to 1.2 x 10" mmol/gcat in PA@SiOz2, and approximately 2.7 times from 6.2 x 102 mmol/gcat to 1.6
x 101 mmol/geat in Pd@CeOz2. Such an increase in the number of sites capable of adsorbing CO
would contribute to the light—off temperature decrease observed in both catalysts after O2—aging.
The dispersion in the Pd@CeO: catalyst increased from 33% to 88% after O2—aging, which
surpasses the dispersion increase seen in the Pd@SiO: catalyst (which increased from 36% to

61%). The average Pd particle size of the PdA@CeO:2 catalyst decreased from 3.4 nm to 1.3 nm
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after O2—aging (62% decrease in average size), while the Pd@SiO2 average Pd particle size
decreased from 3.2 nmto 1.8 nm (41% decrease). These observations are consistent with the notion
that the Pd@CeO: catalyst experienced a more extensive disintegration and redispersion of core
Pd during aging than the Pd@SiO2 catalyst.

Table 2.2. Surface Pd content and catalyst analysis derived from pulsed CO chemisorption experiments for
fresh and aged Pd@SiO; and Pd@CeO..

Pd@SiO2 Pd@CeO:
Fresh Aged Fresh Aged
Amount of accessible Pd (mmol/geat) | 6.3 x 102 1.2 x 10 6.2x10? 1.6 x10?
Dispersion (%o) 36 61 33 88
Average Pd particle size (nm) 3.1 1.8 3.4 1.3

Arrhenius experiments and turnover frequency calculations were conducted on the fresh
and Oz—aged Pd@CeO: to investigate if changes in the dispersion, average particle size and
amount of accessible Pd were accompanied by changes in intrinsic catalytic activity (see Table
2.3). The apparent activation energy for CO oxidation decreased from 42 kJ/mol to 33 kJ/mol after
aging. The TOF increased from 0.20 s when fresh, to 0.39 s after O2—aging. These changes in
intrinsic activity suggest that the enhanced low temperature activity of the Pd@CeO: catalyst seen

after O2>—aging is not solely caused by an increased number of accessible sites for CO oxidation.

XPS deconvolution performed on the O2—aged Pd@CeO: catalyst provides evidence that
the physical redispersion of Pd sites is accompanied with oxidation state and coordination changes.
The catalyst shows a strong abundance of Pd?* species that are associated with highly dispersed
PdO (335.8-336.3 eV) and Pd-O-Ce species (338.0-338.1 eV).32-3% Such structures have been
previously identified as particularly active at low temperatures for CO oxidation.23537:38 This is
in contrast to the XPS spectra of the aged Pd/CeQO2, which exhibits significant peak growth in
regions characteristic for Pd® (335.2 — 335.3 eV).3%%! While these structures exhibit high thermal

stability, they have been identified as less active for low temperature oxidation.342
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Table 2.3. Surface Pd content and catalyst analysis derived from pulsed CO chemisorption experiments for
fresh and aged Pd@SiO; and Pd@CeO..

Pd@CeO2
Fresh Aged
Activation energy, Ea (kJ/mol) 42 33
Turnover frequency at 40°C (s1) 0.20 0.39

Overall, the above analysis provides evidence that high-temperature exposure restructures
the Pd@CeO:2 catalysts, resulting in the formation of an abundance of metal species that can better
utilize the reducibility of the CeOz2 shell support. This observation is consistent with previous work
by Datye et. al.*® In the following sections, we investigate how the morphology of the shell and its

composition can influence the restructuring observed after aging.

2.2.4 The role of core@shell encapsulation in restructuring

The appreciable Too and Pd dispersion changes seen after Oz-aging indicate that the
core@shell morphology influences the formation of redispersed Pd active sites. The tortuous pore
structure in the shell is most likely providing sufficient separation of active metal to decrease the
likelihood that mobile species locally sinter. This could explain why redispersion was observed on
a support material such as SiO2, which does not typically exhibit substantial metal trapping

capability.

The polycrystalline nature of the CeOz2 shell may also contribute to enhanced redispersion
of Pd. Existing as an amalgam of packed crystallites, the CeO2 shell has both mesopores and grain
boundaries to facilitate transport (Figure 2.2). The more uniform SiO2 shells, in contrast, have only
mesopores to mediate transport. BET analysis confirms that some of these mesopores and grain
boundaries in the CeO2 remain after O2-aging. As grain boundaries can act as transport pathways

for mobile metal species,** it is possible that the CeO: shell provides additional routes for metal
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movement, which would promote redispersion. In addition, CeO2 supports (e.g., step sites on CeO2
(111) facets) are known to exhibit affinity for trapping PGMs.%>4¢ As the CeO: crystallites in
Pd@CeO2 show a high occurrence of the (111) facet (Figure 2.4), it is possible that such a

phenomenon is also occurring during Oz-aging here.

As seen in Figure 2.2, both Pd@CeO2 and Pd/CeO2 are comprised of CeO2 crystallites that
are packed together. In the case of Pd/CeO2, 800°C Oz-aging results in large CeO: crystals with
sharp XRD peaks. In contrast, line broadening is preserved in the XRD patterns of O2-aged
Pd@CeOz, indicating that the CeO:2 crystallites in the shell do not undergo substantial
agglomeration and growth (see Figure 2.4). Changes in average CeO: crystallite size was
investigated further by the Debye—Scherrer equation. The average crystallite size increased 1.6
times in Pd@CeO2, 2.8 times in Pd/CeO2 and 5.3 times in a control sample of bare CeO:
nanospheres. The persistence of smaller CeO2 grains and abundance of Pd coordinated with
oxygen and cerium in the O2—aged Pd@CeO: suggests that redispersed Pd intercalates between
crystallites of CeO2. The retention of these small crystallites with many step and edge sites, which
are known to enhance oxygen mobility and promote CO oxidation at low temperatures,?3’ is likely

a major contributor to the enhanced low-temperature activity that we observe in aged Pd@CeO..

2.2.5 Contribution of reducibility to low-temperature activity gain in aged Pd@CeO:

To investigate how changes in Pd dispersion affected oxygen recruitment from the CeO:
support, the Oz gas flow was cut abruptly while the reactor maintained a temperature of 250°C (a
temperature sufficient for complete CO conversion in all samples). The drop-off in CO conversion

as a function of time after cutting O flow is depicted in Figure 2.6. The term ‘timeso’ is defined
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as the time required for CO conversion to drop to 50% after cutting the O2 flow (see Table 2.1). It

is used to provide a comparative metric between the catalysts tested.

a) b) c)
Pd@CeO2 conversion after 02 cut Pd@SiO2 conversion after 02 cut Pd/CeO 2 conversion after 02 cut
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Figure 2.6. Recruitment of lattice oxygen for fresh and O, aged catalysts.

Percent conversion of CO as a function of time after cutting O gas flow at 250°C for fresh and Oz-aged (a)
Pd@CeO,, (b) Pd@SiO; and (c) Pd/CeO,. The dashed line indicates the time at which conversion falls to 50%
(timeso).

Removing the gaseous oxygen supply forces the catalysts to utilize residual oxygen in the
system to maintain CO conversion. This residual oxygen could be in three forms; (1) as residual
gaseous Oz in the feed lines and dead volume of the reactor, (2) absorbed/trapped O2 in the pores
of the catalyst, or (3) solid-phase oxygen in the case of a reducible oxide support. The same reactor
preparation and packing procedures were used for all three samples. Consequently, any dead
volume effects are assumed to be uniform between catalysts. As the Pd@SiO2 system does not
exhibit OSC, residual gaseous oxygen in the feed lines and dead volume of the reactor and trapped
in the pores provide the only two sources of oxygen that can prolong conversion. Pd@SiO2 had
the shortest timeso among all samples tested, regardless of whether the catalyst was fresh or aged.
This indicates that changes in pore size, pore volume, and consequently the content of residual
gas-phase Oz are not significant descriptors of CO conversion after cutting the O2 flow. Thus, the
Pd@SiO:2 data provide us with the best measure of the system response associated with purging

the feed lines and reactor dead volume. In comparison, the fresh Pd/CeO2 maintained a longer
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timeso. A longer timeso is expected as the reducible oxide provides a source of atomic oxygen in
the absence of gas-phase Oz. Interestingly, once aged, the Pd/CeO:2 timeso dropped slightly. This
faster downturn for aged Pd/CeO: is consistent with sintering processes that produce larger Pd
macroparticles with a lower number of sites capable of accessing lattice oxygen, and the light-off

behavior discussed above.

Pd@CeO:2 exhibited the longest timeso among fresh samples. Similar to its light-off
performance, this observation is attributed to enhanced interfacial contact by encapsulation of Pd.
800°C 0O2-aging of the Pd@CeO2 catalyst extended the timeso by 75%. These experimental
findings support the notion that thermally induced active site restructuring in Pd@CeO2 enhances
access to solid-phase oxygen in the CeO2 support. With a greater proportion of the restructured
active sites capable of accessing MvK oxidation pathways, the thermal barriers for catalyst light-

off can be considerably decreased.

To probe how oxygen storage-release capacity influences redispersion during aging,
catalysts with reducible (Pd@CeO2) and non-reducible (Pd@SiO2) oxide shells were aged at
800°C in a pure nitrogen environment termed ‘N2z-aging’. Light-off plots for CO oxidation before
and after two sequential 4-hour N2-aging cycles are displayed in Figure 2.7. The light-off profile
for the Pd@SIO2 catalyst did not significantly change following N2 aging (Figure 2.7a). This
observation persisted after a second aging under the same conditions. The absence of a Te change
implies that redispersion of the core Pd does not occur in the absence of oxygen, which is consistent

with previously proposed mechanisms of PdO mobility.144748
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Figure 2.7. Contributions of support reducibility to favorable restructuring.
CO oxidation light-off profiles for fresh and 800°C N.-aged (a) Pd@SiO- and (b) Pd@CeO, catalysts. The Tgo
profile for PA@SiO, does not change after N2-aging.

We see a correlation between the availability of oxygen during aging and the extent of
light-off decrease, which ranges from 0% ATgo when no oxygen source is available (Pd@SiO2 N2-
aging), to -34% when oxygen is supplied in the gas phase and solid phase through a reducible
oxide (Pd@CeOz, O2-aging). N2-aging of Pd@CeO2 produced both a change in T and light-off
profile in line with this correlation, where the Too decreased over two aging cycles, from a ATgo
of -5% to -15%. Our O2-cutoff experiments (Figure 2.6) and literature*® indicate that the aging
temperature used here is within the range for observable oxygen donation from CeO2. In addition,
XEDS analysis of the Pd@CeO: catalyst subjected to one cycle of N2—aging illustrates that
redispersion of Pd had occurred. Consequently, the nitrogen aging experiments are entirely
consistent with the notion that the accessibility of lattice oxygen plays an important role in the
redispersion and restructuring of core@shell catalysts. Although there are small, but noticeable,
Too differences between this batch of “fresh” catalysts and the one used in the earlier figures, the
main point of this experiment is to demonstrate that, in the absence of gas-phase oxygen, the lattice

oxygen can participate in the restructuring process.
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In summary, the participation of lattice oxygen during high temperature restructuring, as
suggested by the N2—aging studies, may act synergistically with the abundant pathways for Pd
mobility, conferred by the CeO: shell crystallites, to produce the extensive redispersion observed
in the O>—aged Pd@CeO2. Altogether, it appears that thermally induced redistribution of core Pd,
which is facilitated by the core@shell morphology, combines synergistically with accompanying

changes in metal coordination and oxidation state to enhance low temperature activity.

2.3 Conclusions

The work in this chapter has delineated a promising strategy of using thermally induced
restructuring in well-controlled core@shell morphologies to enhance low-temperature activity.
Thermally induced catalyst restructuring has a strong dependence on both support morphology
and composition. Unlike aging of Pd/CeO:2 catalysts, that resulted in Pd agglomeration and a Too
increase in line with typical sintering behavior, Pd encapsulated with mesoporous oxide shells
responds with active site redispersion, which significantly decreases the light-off temperature. In
summary, these results exemplify that active-site restructuring in core@shell nanoparticles can be

used to improve low-temperature activity in the following ways:

« Encapsulation facilitates separation of active metal domains, increasing the likelihood that
mobile metal species will redisperse rather than locally agglomerate. Thus, encapsulation

allows for extended utilization of the active metal in the catalyst.

« When a CeO: shell is used, high-temperature restructuring produces an abundance of Pd

species that can readily access highly active mechanisms for oxidation.

« The inhibition of CeO: shell crystallite growth, with sites that are highly active for CO

oxidation, is attributed to the presence of redispersed Pd.
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« The reducibility of CeO2 appears to contribute towards favorable restructuring processes.

Using a probe CO oxidation reaction, these factors combine to produce a substantial Tgo
decrease for an aged Pd@CeO: system without the need for additional treatment or reactivation
steps. The stark contrast of these observations with conventional sintering suggests that core@shell
morphologies can be promising for catalyst design in applications, such as automotive emissions
catalysis, where high-temperature degradation is a significant challenge. In addition, the simplicity
of our aging protocol illustrates the possibility of using temperature inputs as an inexpensive and
scalable post-synthesis method to significantly enhance, instead of hinder, low-temperature

activity.

2.4 Experimental Details
2.4.1 Synthesis of conventionally supported Pd/CeO2 nanospheres

Cerium nitrate hexahydrate (99%, Sigma Aldrich, Ce(NO3)s - 6H20) was made into a 2.30
M solution with deionized water and left to stir. A 0.564 mM solution of acetic acid (99.7%, Sigma
Aldrich, CH3sCOOH) in ethylene glycol (99.8%, Sigma Aldrich, anhydrous, (CH20H)2) was added
under stirring to the Ce(NOs3)s - 6H20 solution. The solution was heated at 180°C for 4 hours. The
resulting solid nanosphere particles were centrifuged and washed three times with deionized water
and three times with ethanol prior to 3 hours of 550°C calcination.

Pd/CeO: catalysts were prepared from the previously made CeO2 nanospheres by wet
impregnation. A 7.51 mM solution of palladium nitrate dihydrate (99%, Sigma Aldrich,
Pd(NOs3)2 - 2H20) in deionized water was added to a 64.6 mM dispersion of the CeO2 nanospheres
in deionized water under vigorous stirring. The solution was dried in an oven at 110°C for 6 hours

after 12 hours of vigorous stirring, followed by treatment in a muffle furnace at 500°C for 1 hour.
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At this stage, catalysts were considered fresh. Once treated, all catalysts were subjected to TEM
and XEDS characterization (see Section 2.4.5 for more details on characterization techniques).
2.4.2 Synthesis of core@shell nanoparticles

Core@shell nanoparticles were prepared using a one-pot methodology of base-catalyzed
polymerization of a shell precursor around fully formed palladium core seeds.

Upon synthesis completion, the core@shell catalysts were collected by centrifugation and
washed three times with water and three times with ethanol. All catalysts were treated in a muffle
furnace at 500°C in air for 1 hour. At this stage, catalysts were considered fresh. Once treated, all
catalysts were subjected to TEM and XEDS characterization (see Section 2.4.5).

Synthesis of Pd@SiO2 core@shell catalyst: Tetraethylorthosilicate (99%, Sigma Aldrich,
TEOS) was made into a 572 mM solution with ethanol. A 10 mM solution of trimethyl tetradecyl
ammonium bromide (99% Sigma Aldrich, TTAB) in deionized water was prepared and left under
vigorous stirring.

Pd nanoparticles were synthesized from a 30 mM solution of Pd(NO3s)2 - 2H20 in deionized
water. This solution was added to the TTAB solution. A solution of 36 mM hydrazine hydrate
(99%, Sigma Aldrich, N2H4 - H20) in deionized water was added to reduce the Pd?* into Pd core
seeds. The pH of the solution was adjusted to 10.7 with sodium hydroxide (99%, Sigma Aldrich,
NaOH) in deionized water and left under vigorous stirring for 30 minutes to ensure excess N2Ha
decomposition. The solution’s pH was re-adjusted to 10.7 after the 30 minutes, and the TEOS
solution was added dropwise. After 24 hours, the solution was transferred to an oven for
hydrothermal aging at 80°C for 4 hours.

Synthesis of Pd@CeO:2 core@shell catalyst: Cerium-isobutyrate (Ce-Iso) was made into a

52.2 mM solution with ethanol. 13.6 mmol of triethanolamine (99%, Sigma Aldrich, TEA) was
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used as a chelating agent to form cerium-atrane. A separate solution of 5.95 mM TTAB in water
was made and left under vigorous stirring.

Pd nanoparticles were made from a 15.8 mM solution of Pd(NOs3)2 - 2H20 in deionized
water. This solution was added to the TTAB solution. A 1.02 M N2H4 - H20 solution in deionized
water was added to reduce the ionic dissolution of Pd?* into Pd core seeds.

Once reduced, a 5.20 mM TTAB solution was added to further disperse the Pd core seeds
and promote discretized encapsulation. The pH of the solution was adjusted to 10.7 with NaOH
and left uncovered for 30 minutes to ensure decomposition of excess N2Ha.

After the 30 minutes, the pH of the system was readjusted to 10.7 and the cerium-atrane
solution was added dropwise. After 24 hours, the solution was transferred to an oven for
hydrothermal aging at 80°C for 4 hours.

2.4.3 Catalyst aging

For the purposes of this study, in situ aging refers to aging in the catalytic test bed for
analyzing the effects of aging on catalytic performance. Ex situ aging refers to aging in a tube-
furnace system for morphology characterization as a function of aging. All gas flow rates were set
to 200 mL/min total.

In situ air aging of core@shell catalysts: Samples were transferred to a quartz reactor and
placed inside a tube furnace for catalytic activity testing once post-synthesis treatment was
completed (see Section 4). Prior to initial testing, catalysts were exposed to 2.5% O2 with N2
balance (aging gas), flowing at 200 mL/min at 500°C for 1 hour to ensure a clean catalytic surface.
After initial treatment, the sample was cooled down to 35°C and stabilized for 1 hour in the aging
gas mixture. Initial catalytic testing was then undertaken. Once complete, the sample was purged

in aging gas conditions at a temperature of 100°C for 1 hour. The temperature was raised to 800°C
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at a rate of 2°C/min and held for 4 hours. Samples were left to ambiently cool after aging. Once
aged and cooled, an additional catalytic test was undertaken.

In situ N2 aging of core@shell catalysts: To examine the role of the reducible oxide in the
redispersion process, in situ aging of both Pd@CeO2 and Pd@SiO: catalysts were performed in a
pure nitrogen gas environment. The procedure was similar to that in Section 3.1, however after
sample purging in aging gas conditions at 100°C for 1 hour, the inlet gas was changed to pure
nitrogen and the system was left to purge any excess oxygen for an additional hour. After purging,
the catalyst was aged for 4 hours in pure nitrogen at 800°C and left to ambiently cool. Once cooled,
the inlet gas was changed from nitrogen to the aging gas and left to stabilize for 1 hour. An
additional catalytic test was undertaken once stabilization was complete.

Ex situ air aging of core@shell catalysts: Once post-synthesis treatment was complete,
samples were subjected to initial characterization (see Section 2.4.5). Samples were then placed in
a tube furnace and under aging gas flow, subjected to 800°C aging for 4 hours. Samples were left

to cool in ambient conditions prior to additional characterization.

2.4.4 Catalytic testing parameters

CO oxidation light-off tests: Catalytic measurements were carried out using a 4.00 mm 1D
quartz reactor subjected to continuous flow. Test gas was comprised of 1% CO and 2.5% Oz (with
N2 gas balance) set to 200 mL/min total flow. 60 mg of catalyst (60-80 mesh) diluted with 100 mg
of SiO2 (60-80 mesh) was used to obtain CO oxidation light-off curves. The reactor system was
encased in a muffle furnace, and the temperature was raised from 35°C to 250°C by a 2°C/min
ramp to ensure good linear temperature control and proper heat transfer. The reactor was connected

to a downstream FTIR to quantify effluent gas components.
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Cutting O2 supply to examine oxygen recruitment from CeOz2: The supply of gaseous O2
was cut once the light-off test (see Section 4.1) had concluded and the temperature had stabilized
at 250°C. The percent CO conversion was then monitored as a function of time since the cutting

of the O2 gas supply.

Arrhenius plotting to estimate apparent activation energy for Pd@CeO2: Arrhenius
experiments were carried out using a 4.00 mm ID quartz reactor subjected to continuous flow. Test
gas was comprised of 1% CO and 2.5% O (with N2 gas balance) set to 200 mL/min total flow. 20
mg of fresh Pd@CeO2 was used to obtain apparent activation energy. The reactor system was
encased in a muffle furnace, and temperatures points used for Arrhenius plotting were kept under
60°C to ensure that CO conversion was under 20%. Each temperature point was stabilized for 45
minutes, with constant effluent gas analysis by downstream FTIR. Upon completion of the
Arrhenius experiment, the fresh Pd@CeO2 catalyst was subjected to in-situ O2 aging (see

Experimental section 3.2), followed by an additional Arrhenius experiment.

The rate of COz2 production at a given temperature (r¢,,) was calculated as follows:

where [CO,] is the inlet concentration of CO, X, r is the CO conversion at the given
temperature, V is the test gas flow rate and m,, is the mass of catalyst used in the experiment.

Calculation of turnover frequency: Turnover frequency (TOF) for the fresh and post Oz2—

aged Pd@CeO: catalysts was determined by the following equation:

mmol
sec

CO conversion - [inlet CO] (
TOF (s71) =

/catalyst mass (g) - accessible Pd (mmol)

g cat
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where CO conversion is the fractional conversion of CO at 40°C, [inlet €O] is the molar flow
rate of CO into the reactor system (1% CO at a total flow of 200 mL/min = 0.0814 mmol/sec),
the catalyst mass is 20 mg and the amount of accessible Pd is taken from pulsed CO

chemisorption experiments (see below).

2.4.5 Material characterization

Characterization of samples was done using six techniques: transmission electron
microscopy (TEM), x-ray energy dispersive spectroscopy (XEDS), x-ray photoelectron
spectroscopy (XPS), x-ray powder diffraction (XRD), Brunauer—Emmett—Teller derived N:

physisorption surface analysis (BET) and pulsed CO chemisorption.

A JEOL 3011 HREM was used to obtain standard bright-field TEM characterizations. A
JEOL 2100F Probe-Corrected Electron Microscope with a zirconated tungsten thermal field
emission tip was used for high-angle annular dark-field scanning transmission electron microscopy
characterization and XEDS mapping/line scans of samples. Line scans were conducted with a line

~3 nm in diameter.

XPS measurements used a Kratos Axis Ultra XPS with a monochromatic Al x-ray source
operating at 10 mA and 15 kV. XPS spectra were normalized relative to the adventitious Cis peak
at 284.5 eV. Deconvolution in the Pd3d scan region was done according to three characteristic
peaks, each with a spin-doublet at +5.26 eV: zero-valent Pd® (335.2-335.3 eV 34!, bulk PdO
existing as Pd?* (335.8-336.5 eV %22%) and electron-deficient Pd interacting strongly with the CeO>
support, denoted as Pdd* or Pd—O—Ce (338.0-338.1 eV 32-3%), Deconvolution in the Ce3d scan
region was done according to two different oxidation states. Ce** peaks were centered at 882.3,

889.0, 898.3, 900.8, 907.5 and 916.7 eV and Ce3* peaks were centered at 885.7 and 903.6 eV.
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A Rigaku 600 Miniflex with a step size of 0.01 was used for XRD measurements A

Micromeritics ASAP 2020 was used for BET surface area and pore distribution characterization.

Pulsed CO chemisorption similar to that described by was performed by Takeguchi et. al.*
and Lee et. al.3! was performed with a Quantachrome ChemBET 3000. All gas flows were kept at
70 mL/min. The sample was pretreated in 3% O2 (with N2 gas balance) for 1.5 hours at 300°C,
achieved with a ramp rate of 10°C/min. After a system purge with pure He, 5% H2 (with Ar gas
balance) was flown over the sample at 300°C for 1.5 hours to ensure complete reduction of the
catalyst surface. Pure He was used again to purge the system once the temperature had cooled to
50°C. 3% O2 (with N2 gas balance) was then flown over the sample for 5 minutes. 1% CO2 (with
N2 gas balance) was subsequently flown over the sample for 5 minutes. 5% H2 (with Ar gas
balance) was then flown over the sample for 10 minutes, prior to a final He purge. The pulse CO
chemisorption test was then conducted.

The number of molecules adsorbed per mass of catalyst, Nm [mol/g] was calculated by:

-1
_ Vr X peo X Mgg X Ny
Meat

N,
Where V. is the total volume of chemisorbed CO, p, is the density of CO at the temperature
used for the experiment, M, is the molar mass of CO, N, is Avogadro’s constant and m; iS
the mass of catalyst used in the experiment.

Metal dispersion, y [%], was calculated by:

_ (Fs X Mpq X Nyn)
100 X Wpy
Where Fs is a stoichiometric fitting number (1 in this case), Mp, is the molar mass of Pd and

Wpq 1s the weight percent of Pd in the catalyst sample.
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The average Pd nanoparticle size, dp was calculated by the following relationship defined

by Baylet et. al.*:

_ (6 x 10%) X Mpy
Ppa X Y X Spa

Where pp, is the density of Pd and Sp,; is the metal molar surface area of Pd, assuming an

equidistribution of low index faces.

The turnover frequency, TOF [s], at a given temperature, T, was calculated by:

Feoo X Xcor

TOF =
Megr X Ny, X Fg

Where F¢p, is the molar flowrate of CO at the inlet of the reactor and X, is the

conversion at a temperature, T (which was taken to be 40°C in this case).
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Chapter 3 : Stabilizing Highly Dispersed Active Sites in Favorably
Restructured Core@Shell Catalysts

3.1 Motivation

As described in Chapter 2, core@shell architectures can facilitate favorable and counter-
intuitive restructuring when exposed to the high-temperature (800°C) conditions common to many
catalytic applications.'? Specifically, we discovered that core Pd disintegrated and migrated
outward into the encapsulating shell, nearly doubling the number of available sites for reaction.
The resulting highly dispersed Pd species formed an arrangement that resembled a “halo” around
the original location of the core. The formation of these halo sites, which occurred within reducible
CeO2 and nonreducible SiO2 shells, significantly improved active metal utilization and low-
temperature activity in a probe CO oxidation reaction. The divergent restructuring behaviors
exhibited by core@shell and surface-decorated structures emphasized that the initial nanoscale
morphology influences the restructuring trajectory of a catalyst during high-temperature exposure.
Specifically, it appears that encapsulating core@shell morphologies can act as a structural template
that directs favorable restructuring outcomes in conditions that would typically deactivate a
catalyst.

Such favorable outcomes are for naught if they cannot be sustained during extended periods
at elevated temperature. Catalyst deactivation on-stream due to thermal degradation tends to be
unidirectional, and methods that reverse such processes have remained elusive. As such, it is

important to continue developing methods that can achieve favorable nanoscale restructuring by
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directly using conditions that are intrinsic to and compatible with industrial applications. While
some work has been done to achieve such outcomes,*- the challenge remains to achieve long term
stability of favorably restructured catalysts under the transient gas compositions and temperature
profiles encountered in industrially-relevant applications.

As such, the long-term stability of halo sites in favorably restructured core@shell systems
remains uncertain. To address this question, here, we study the formation, activity, and structural
stability of Pd halo sites in core@shell configurations over successive high-temperature aging
cycles. Specifically, we examine the morphology and catalytic performance of three catalyst
systems with comparable initial Pd dispersion, in between sequential 4-hour cycles of 800°C aging
in air as summarized in Figure 3.1. Pd@CeO: catalysts are compared to (1) Pd surface decorated
on CeO:2 (Pd/CeOz2) to understand the role of active metal placement, specifically encapsulation,
and (2) Pd@SiO:2 to understand the role of encapsulating shell chemistry and morphology, as
polycrystalline CeO2 and amorphous SiO2 exhibit significant differences in their reducibility and
porous nanoscale structure. We use a suite of analysis techniques that includes scanning and
conventional transmission electron microscopy (STEM, TEM), x-ray energy dispersive
spectroscopy (EDS), N2 physisorption for surface area analysis, CO chemisorption,
thermogravimetric analysis (TGA), x-ray photoelectron spectroscopy (XPS) and x-ray powder
diffraction (XRD) to obtain structural and morphological insights. CO oxidation serves as a probe
reaction due to its relevance in industrial catalytic settings, such as vehicle emission control and
preferential oxidation for renewable hydrogen production.t® CO oxidation probe reactions can
also extract structural information and examine the recruitment of lattice oxygen.®1°

Our investigation into the nanoscale structure of the aged catalysts identifies that

encapsulation and support chemistry are key to mediating the formation and trapping of Pd halo
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sites. Encapsulation appears to shift the dominant thermal restructuring pathway away from whole
particle migration to the emission-limited transport of smaller, mobile species. This transport
process, coupled with the tortuous nature of the shell support, increases the likelihood that mobile
species do not locally interact and agglomerate and instead become trapped on the support as halo
sites with high dispersion and catalytic activity. While both SiO2 and CeO:2 shells facilitate the
formation of dispersed metal sites,**1* we show here that only Pd@CeOz2 can retain its favorable
catalytic activity after sequential cycles of 800°C aging. Pd@SiO: in contrast, exhibits continued
mobility of dispersed Pd during repeated aging, which results in agglomeration on the external
surface of the SiO2 shell support. The improved stability and retention of activity in Pd@CeO: is
due to the strong anchoring of Pd halo sites on the CeOz2 support, which synergistically stabilizes
the CeO2 domains. We subsequently age the restructured Pd@CeO: catalyst in pure N2 after it has
been reduced under the flow of excess CO to further probe the stability limits of halo sites. These
conditions result in some agglomeration of Pd halo sites and loss of catalytic activity, which
emphasizes the importance of support chemistry for forming and stabilizing highly dispersed
active sites. We demonstrate, however, that returning to 800°C air aging conditions can recover
halo sites and low-temperature activity. Thus, in addition to probing the applicability of
core@shell architectures in catalytic settings that require exposure to high-temperature conditions,
this work offers insights into how core@shell nanostructures can be more generally designed and

aged to facilitate favorable restructuring that improves both material utilization and robustness.
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Figure 3.1. Graphical overview of cycled aging study.

Pd@CeO,, PA@SiO,, and Pd/CeO, catalysts are subjected to four sequential cycles aging at 800°C in air for 4
hours to examine Pd transport and trapping in various catalytic architectures. A suite of structural analysis
techniques complements CO oxidation activity measurements prior to each aging cycle to understand better how
morphology can be used to direct catalyst restructuring and improve material utilization.

3.2 Results and Discussion

3.2.1 Defining model catalyst systems

The three model catalyst systems prior to cycled aging (referred to as initial catalysts) are
shown in the first column of Figure 3.2. We note that these catalysts were prepared following
previously described methods'?'4 and have been exposed to 500°C in air for 2 hours (see
Section 3.4 for more information). The Pd@SiO2 and Pd@CeO2 have comparable Pd core size on
the order of 3 —5 nm in diameter and similar oxide shell thickness of approximately 10 — 12 nm.
The overall core@shell structures have total diameters on the order of 20—-25nm. CO
chemisorption confirms that all catalysts exhibit similar initial Pd dispersion values between 32
and 36%. Meanwhile, XRD analysis of the initial Pd@CeO2 and Pd/CeO2 demonstrates a slight
difference in the CeO: crystallite size as calculated by the Debye—Scherrer Equation. The

crystallites in the encapsulated catalyst are smaller (~4 nm) than those in the conventionally
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prepared system (~8 nm). This data is summarized in Table 3.1. See published work for additional
microscopy characterization of the model catalysts before and after aging.*®

The comparable size of the core and shell domains in Pd@SiO2 and Pd@CeO: are
contrasted by differences in the morphology of the encapsulating shells. SiOz2 shells exist as single,
porous encapsulating envelopes. The formation of these envelopes is due to the way that silicate—
based precursors, such as tetraethyl orthosilicate (TEOS, which is used here), undergo
polymerization into a unified structure around a surfactant micelle as they proceed through stages
of homogeneous and heterogeneous nucleation.'® In contrast, CeO2 shells form through the
stacking of smaller CeOz2 crystallites, which are approximately 3 — 5 nm in size (Figure 3.2).
Precursors that strongly coordinate Ce** ions,” such as cerium-atrane (used here), provide a
degree of steric hindrance to mitigate agglomeration into larger crystals and facilitate slow
hydrolysis. This process increases the likelihood that CeO2 crystallites form around Pd core seeds
through surfactant-mediated interactions instead of quickly hydrolyzing into larger CeO:
structures that do not adequately encapsulate Pd. The packing of these smaller CeO:2 grains creates
void spaces that provide the shell with its porosity and facilitates reactant accessibility to the active
metal. These differences in shell morphology appear responsible for the different BET surface
areas of the initial Pd@CeO:2 and Pd@SiO2, which are 131 and 296 m?/g, respectively. Pd/CeOz,
whose support also consists of stacks of smaller CeOz crystallites, has a surface area of 150 m?/g.
This surface area is comparable to Pd@CeO: (see Table 3.1).

Overall, these well-defined structures facilitate a direct comparison of how active metal
placement, support shell morphology, and the chemical differences between nonreducible SiO2
and reducible CeO: affect the formation and stability of Pd halo sites during high-temperature

exposure.
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Figure 3.2. Distribution of Pd in initial and cycled catalysts.

Electron microscopy characterization of encapsulated Pd/CeO,, Pd@SiO», and Pd@CeO; as synthesized (a—c),
and after one (d—f) and four (g—i) repeated cycles of 4-hour aging at 800°C in air. EDS elemental mapping has
been included for Pd/CeO; and Pd@CeO; due to poor Z-contrast between Pd and Ce. Embedded legends on
each Figure indicate the corresponding colors for the elemental maps (Pd: Green, Ce: Pink) and the detector used
to collect the STEM image (DF: Dark-field). The overlay elemental map of Pd and Ce has been included for
initial Pd@CeO; to demonstrate the relative placement of active metal and support domains as synthesized. The
dark-field image that corresponds to the elemental map of the initial Pd@CeO3 is inset.
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Table 3.1. Catalytic activity and structural features of samples as a function of aging cycle.

No. of 4-hour 800°C aging cycles
Sample 0 (Initial) 1 2 4
CeO:z crystallite size (nm) 6.4 30.4 32.8 34.2
Bare CeO2
BET surface area (m?/g) 164 18 8 5
Too (°C) 150 177 199 210
Pd dispersion (%) 31.8 10.0 8.6 59
Pd/CeO:2
CeO:z2 crystallite size (nm) 7.8 21.6 25.3 26.6
BET surface area (m?/g) 150 33 17 11
Too (°C) 186 177 193 197
Pd@SiO2 Pd dispersion (%) 35.9 61.9 25.3 11.1
BET surface area (m?/g) 296 117 50 32
Too (°C) 153 103 102 103
Pd dispersion (%) 32.8 88.4 85.7 83.7
Pd@CeO:
CeO:2 crystallite size (nm) 3.9 6.4 6.5 8.2
BET surface area (m?/g) 131 72 63 40

3.2.2 ldentifying activity limits through cycled aging

CO oxidation was used as a probe reaction to monitor how nanoscale restructuring affected
catalytic performance, as it is particularly sensitive to active site abundance and active site
recruitment of lattice oxygen at the metal-support interface when reducible oxide supports, such
as CeOq, are present.>0 The rate of CO oxidation at 40°C, as displayed in Figure 3.3a, was
normalized by the total mass of Pd present in the catalyst and examined before and after the first
cycle of 800°C aging to probe how thermally induced restructuring affected Pd utilization. As a
commonly used measure of catalytic activity,*® the temperature required for 90% conversion of

CO, also known as the light-off temperature, or Too, was used to examine structural and functional
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stability over the four sequential 800°C aging cycles (Figure 3.3b). See Section 3.4 for more detail
on catalytic testing. As seen in Figure 3.3, Pd@SiO2 exhibited the poorest utilization of Pd among
the initial catalysts, which coincided with the highest Teo (186°C). This high Teo is attributed to
the fact that Pd@SiO2 does not contain a reducible oxide component, thereby impeding the
possibility of high-activity MvK oxidation mechanisms.? Instead, CO oxidation on Pd@SiO2
occurs via Langmuir-Hinshelwood kinetics, which requires the dissociative adsorption of gas-
phase O2. The CeOz-containing Pd/CeQO2 exhibited a lower T (150°C) and a higher rate of CO2
production, normalized by its Pd content, which suggests a greater utilization of the active metal
present. Pd@CeO2 exhibited the greatest Pd utilization among the initial catalysts, with a mass-
normalized CO:2 production rate almost one and a half times greater than that observed on
conventional Pd/CeO.. It is possible that CeO2 encapsulation, which has been shown to enhance
interfacial contact,’® improved the recruitment of lattice oxygen and consequently, the rate of
oxidation at low temperatures. However, the Tgo for the initial Pd@CeO2 (153°C) was similar to
Pd/CeO:2 (150°C). This is likely due to the autocatalytic nature of exothermic CO oxidation as the

reaction temperature increases.?
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Figure 3.3. Effects of cycled aging on Pd utilization and Tgo for CO oxidation.
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Rate of CO; production at 40°C, normalized by the mass content of Pd, for Pd/CeQO; and encapsulated Pd@SiO-
and Pd@CeO; as-synthesized and after one cycle of aging (a). Temperature for 90% conversion of CO (T o) for
conventional Pd/CeQ; and encapsulated Pd@SiO; and Pd@CeO; as a function of the number of 4-hour 800°C
aging cycles in air (b).

3.2.3 Adverse restructuring in conventionally prepared Pd/CeO:

As demonstrated in Figure 3.4, cycled aging at 800°C revealed diverging trends in the
relative stability of the three restructured catalysts. Pd in the conventionally prepared, surface-
impregnated Pd/CeO2 underwent significant sintering, consistent with our previous
observations.'? Pd dispersion in Pd/CeO2 decreased from 31.8 to 10.0%, and average CeO:
crystallite size increased over two and a half times, from 7.8 to 21.6 nm. The release of atomic
oxygen from the lattice of reducible CeO2, which dramatically affects catalytic performance, is
particularly sensitive to changes in active metal dispersion and CeOz2 crystallite size.?! As such, we
used TGA experiments to probe how thermal restructuring affected the ease of oxygen release
from the CeO: lattice. This data is shown in Table 3.2. Pd/CeO2 and Pd@CeO: initially have
comparable amounts of lattice oxygen released per mass of catalyst. This agrees well with the
similar Too values of the initial Pd/CeO2 and Pd@CeO: catalysts as shown in Figure 3.3b. The total
oxygen released from Pd/CeO2 however, decreased over three and a half times from 0.696 to 0.198
mmol O released/gcat after the first cycle of 800°C aging in air. This suggests that the adverse
sintering of Pd and CeO: in the conventionally-prepared catalyst has impeded the recruitment of

lattice oxygen. This loss in utilization coincided with a Teo that increased from 150 to 177°C.

Table 3.2. Lattice oxygen release from conventional Pd/CeO; and core@shell Pd@CeO, catalysts.

Total mmol O
released/gcat

Initial Aged
Conventional Pd/CeO2 0.696 0.198
Pd@CeO:2 core@shell 0.536 1.634
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It should be noted that the crystallite growth of Pd/CeO2 was less than that exhibited by a
control sample of bare CeO2, whose domains grew from 6.4 to 30.4 nm after 800°C aging. There
was also better retention of porosity in Pd/CeO2 (33 m?/g) compared to bare CeO: (18 m?/g) after
aging (Table 3.1). This suggests that the presence of active metal can impede support sintering at
elevated temperatures. It is possible that the stabilization of CeO: in the conventional catalyst was
conferred by some Pd species that remained dispersed, as seen in EDS analysis (Figure 3.2). Such
observations have been corroborated in recent work by Datye et al., which demonstrated that
atomically dispersed metal dopants can stabilize the surface area of CeO2 amidst high-temperature
aging.??> As demonstrated in recent experimental and computational work, metal species can
become stabilized or trapped on the surface of CeO2 supports in high dispersions during periods
of thermally induced mobility. The reducibility of CeO- facilitates this trapping, as dispersed active
metal species can form strong chemical bonds with undercoordinated Ce3*.4%3-2> While Pd species
trapped on CeO: exhibit high energetic barriers for mobility, the observation of sintered Pd by
EDS, and increased Too after aging support that placing Pd active sites in close proximity through
surface decoration promotes sintering over redispersion and trapping at high temperatures. This is
consistent with other works which have shown that the initial placement of active metal readily

implicates thermal stability.?5%7
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Figure 3.4. Changes in Pd dispersion, average CeO; crystallite size, and BET surface area with cycled aging.
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Pd dispersion as calculated from CO chemisorption for Pd/CeO,, Pd@SiO,, and Pd@CeO-, catalysts as a function
of the number of 4-hour 800°C aging cycles in air (a). Average CeO crystallite size as calculated by the Debye-
Scherrer equation applied to XRD patterns of Pd/CeO,, Pd@CeO; and bare CeO, nanospheres (b). BET surface
area as determined by N2 physisorption (c).

Pd and CeO:2 continued to agglomerate with successive aging cycles. By the end of the
fourth 800°C aging cycle, the Pd dispersion dropped over five times to 5.9%. This sintering is
supported by XRD analysis, which shows a sharp peak corresponding to the (111) plane of bulk
Pd.’> The CeO:2 crystallite size increased over three times to 26.6 nm, and the BET surface area
had dropped around ten times to 11 m?/g. Thus, the initial 800°C aging caused the most profound
restructuring, with the relative magnitude of sintering dropping with each successive aging cycle.
The continued sintering of Pd/CeO: resulted in a gradual increase in Teo. Similar to the Pd
dispersion loss and CeO2 domain growth trends, the Too increase was more severe after the first
aging cycle and plateaued over sequential cycles to a value of 210°C. By the fourth exposure to
800°C aging conditions, Pd/CeO2 had achieved a stable, albeit catalytically less active, structural

state.

3.2.4 Metastability of halo sites in Pd@SiO:

In contrast to the surface-impregnated Pd/CeO2, the encapsulated Pd@SiO2 catalyst
exhibited the formation of Pd halo sites, which increased dispersion from 35.9 to 61.9%, after an
initial 800°C aging (Figure 3.4, Table 3.1). Coinciding with the appearance of these sites was an
increase in active metal utilization and a concurrent decrease in Teo. The Pd@SiO2 catalyst
exhibited a Too that decreased from 186 to 177°C, corresponding to a decrease of ~5%. Due to the
non-reducible nature of the supporting SiO2 shell, the improvements in Pd utilization and low-
temperature activity are attributed solely to redispersion increasing the availability of active metal
sites for reaction. Recent work by Cargnello et al. demonstrated that whole particle migration and

coalescence could exist as the dominant restructuring mechanism in Pd/SiO2 catalysts during
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800°C aging.?’ In the core@shell system, however, we observe the coexistence of Pd cores
alongside dispersed halo sites after the first cycle of aging. This suggests that total particle
migration and coalescence is not the dominant restructuring mechanism in core@shell
architectures. Several computational®?® and experimental?®3® works suggest that the
decomposition or disintegration of larger clusters into smaller mobile species can also occur in
800°C aging conditions. As such, it appears that encapsulation promotes active metal
disintegration and transport, which is a process that is limited by the emission of mobile species.
This may be due to steric effects imposed by the average pore size of the shell (1.7 nm) being twice
as narrow as the initial core size (3—5nm). To this end, we observed an aged Pd@SiO2
nanoparticle that contained redispersed Pd along with two Pd cores that had not sintered together
Figure 3.5. If particle migration was dominant in encapsulated morphologies, these two Pd cores
would not exist as separate entities after high temperature aging. As such, this observation is
consistent with the notion that encapsulation promotes active metal disintegration and
redispersion, instead of total particle migration and coalescence, during high-temperature
exposure. TEM investigation also identified some aged Pd cores that do not appear as unified
nanoparticles as seen in the initial structures. Instead, these cores appear to have fragmented into
many smaller Pd clusters, as seen in Figure 3.5. This observation also supports that Pd cores in
encapsulated architectures do not migrate as single entities during high-temperature aging, but
instead restructure through disintegration and emission. Consequently, it appears that
encapsulation facilitates favorable restructuring by providing a physical barrier that promotes the
emission-limited mobility of small metal species and inhibits local agglomeration through its

porous, tortuous structure.
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Figure 3.5. Characterization of active metal cores in Pd@SiO».
Core regions of Pd@SiO; (a) as synthesized and (b) after the first 800°C aging cycle. (c) A serendipitous
finding of a PA@SiO-, particle after the first 800°C aging cycle with two Pd cores.

The existence of halo sites in PA@SIOz2 is short-lived, however. Cycled aging led to the
eventual sintering of Pd in the Pd@SiO2 system after subsequent aging cycles. Pd dispersion
dropped from 61.9% to 25.3% between the first and second 800°C aging cycle and proceeded to
drop over five times to 11.1% by the fourth aging cycle. STEM analysis identified that the Pd did
not remain within the encapsulating SiO2 envelope but had moved to the external surface of the
supporting shell where it was locally sintered. The Pd@SiO:2 catalyst also exhibited a significant
loss in porosity over the four sequential aging cycles, as the surface area dropped from 296 to
32 m?/g (Figure 3.4, Table 3.1). These adverse morphological changes are reflected in the loss of
catalytic activity. The Tgo increased to 193°C and 197°C after the second and fourth cycles,
respectively.

Our observation of initial dispersion and formation of halo sites, followed by sintering,
suggests that the chemical interactions between the Pd metal and SiO2 support are insufficient to
prevent mobile species from eventually agglomerating at high temperatures. On SiO2 supports,
active metals are known to coordinate with silanol groups through dehydrogenation.343 As
demonstrated in work by Guo et al., the interaction between dispersed metal and the SiO2 support

is relatively weak, as even mild temperature (500°C) conditions can dislocate PGM from these
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isolated sites and induce local agglomeration into small, nanosized clusters.3* It appears that such
a phenomenon occurs in Pd@SiO2 (Figure 3.2). As the concentration of silanol groups is strongly
temperature-dependent,*? it is likely that repeated aging would decrease the number of trapping

sites on the SiO2 support, which would increase the likelihood of sintering.

3.2.5 Performance and stability of halo sites in Pd@CeO:2

Unlike the two catalysts discussed above, which exhibit degradation during high-
temperature cycling, the catalytic performance of Pd@CeO: obtained after the first aging was
retained over four aging cycles (Figure 3.3, Table 3.1). EDS characterization confirmed that the
first 800°C aging cycle redistributed core Pd into halo sites. These halo sites appear highly
dispersed, as confirmed by electron microscopy and EDS analysis conducted at high magnification
and resolution (Figure 3.7). These results are corroborated by CO chemisorption, which shows that
dispersion increased by over two and a half times, from 32.8 to 88.4% (Figure 3.4, Table 3.1).
Accompanying the improved utilization was a Too that decreased from 153 to 103°C.
corresponding to a Teo decrease of ~33%, which is greater than that of aged Pd@SiO-.

The more uniform and complete redispersion of Pd observed after aging Pd@CeOx,
compared to Pd@SiO2, suggests that the encapsulating CeO2 environment promotes the formation
of highly dispersed halo sites. As both encapsulated catalysts have comparable initial core size and
shell thickness, causes for the difference in redispersion appear to be related to the chemistry of
the supporting material and the morphology of the encapsulating structure. Concerning chemical
differences, Pd species have been shown to be trapped preferentially as single atoms on Ce3* step-
edges.?® Pd cannot be stabilized in this highly dispersed fashion on SiO: due to the weaker bonding
between metal species and the SiO2 support. In addition, we previously demonstrated the

reducibility of the CeO2 support was able to facilitate the oxidation and subsequent disintegration
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of core Pd to promote redispersion.? Regarding morphological differences, the stacked crystallites
of the CeO2 shell, which undergo dynamic restructuring simultaneously with the redispersing Pd,
may offer a larger resistance to outward transport of active metal. This would increase the
likelihood of trapping on the CeOz2 surface. Furthermore, the theoretical mean free path of gaseous
PdO at 800°C, which is on the order of 116 nm, is significantly larger than the average pore
diameter of the CeOz2 shell, which is 1.5 nm (see published work®® for mean free path calculation
details). Such considerations emphasize that encapsulation increases the likelihood that Pd species
remain separated from one another and readily collide with the CeO: surface to become trapped in
highly dispersed arrangements during periods of thermally induced transport.

Although the greater redispersion plays a role in promoting activity and utilization, the
reducible CeO:2 environment should also be considered because catalytic turnover on reducible
oxide supports is strongly dependent on the degree of interfacial contact between the active metal
and the support.® XPS analysis of the aged Pd@CeO: catalyst conducted in our previous work
identified that these halo sites exhibit Pd-O—Ce bonding.? This is characteristic of dispersed Pd
that bonds through an oxygen atom to undercoordinated Ce3*, which are typically located at step
and edge sites on CeO2 crystals.?3363" As demonstrated in recent work by Wang et al., these Pd
species adopt a coordination-unsaturated, square-planar structure.?* The formation of
coordination-undersaturated Pd—O-Ce bonds perturb the local electronic environment of the CeOz,
which improves lattice oxygen mobility and, subsequently, oxidative activity at low
temperatures.?*38:39 XPS measurements in the Pd3d scan region of Pd@CeO2 and Pd/CeO: in their
initial state, and after the first and fourth cycles of 800°C aging in air, were used to track the
abundance of Pd—O-Ce during cycled aging. As shown in Figure 3.6, deconvolution of the XPS

spectra showed a distribution of metallic Pd®, Pd?* as PdO and Pd—O—Ce in the initial Pd/CeO2
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catalyst. The abundance of Pd—O—Ce increased slightly after the first aging cycle, which is
consistent with notion that some Pd was redispersed on the surface of the CeO2 nanospheres during
elevated temperature aging. The abundance of Pd—O—Ce appreciably decreased by the fourth aging
cycle, however, giving rise to peak growth in regions characteristic of Pd°. This loss in Pd—-O-Ce
species likely contributes to the activity loss observed in aged Pd/CeO2. The initial Pd@CeO:
sample was not subjected to deconvolution due to the low relative Pd signal obtained. This is likely
due to screening from the encapsulating CeO: shell. As Pd redisperses throughout the CeOz2 shell
during elevated temperature aging, the population of metal that exists within the photoelectron
escape depth of the XPS instrument increases.? This improves signal collection and permits
deconvolution. Deconvolution identified Pd—O—Ce as the most abundant form of Pd on the aged
Pd@CeO: catalyst. The abundance of this type of oxidized Pd, which is known to promote facile
oxygen transfer on CeO2 supports and oxidative activity, likely contributes to the superior

performance of the catalyst.
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Figure 3.6. Effects of thermal aging on Pd oxidation state distribution.

Effects of thermal aging on Pd oxidation state distribution. XPS spectra of the Pd3d scan region of Pd/CeO; and
Pd@CeO: in their initial state (a, b) and after one ‘X1’ (c, d) and four ‘x4’ (e, f) repeated cycles of 4-hour 800°C
aging in air. The relative percentage of each type of Pd, obtained through spectra deconvolution, have been inset.

TGA experiments confirmed that the formation of halo sites improved the ease of
abstracting oxygen from the CeO: lattice, particularly at the low temperatures (<150°C) where

aged Pd@CeO: exhibits its superior catalytic performance. The total amount of oxygen released
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in Pd@CeO: increased from 0.536 to 1.634 mmol O released/gcat after aging. XPS analysis in the
O1s scan region for Pd/CeO2 and Pd@CeO: after the first cycle of 800°C air aging was also
conducted to examine how thermally induced restructuring affected the distribution of oxygen
species on the catalyst. Deconvolution on the obtained spectra indicated that both catalysts exhibit
varying abundances of three types of oxygen: Oi, which is associated with bulk oxygen in the CeO2
lattice,*%# Ou, which is associated with surface bound oxygen species and/or oxygen
vacancies,*“? and O, which is associated with hydroxyl groups or H20 bound to the surface of
Ce02.*3 O, which has been discussed in literature as being particularly mobile on CeO:2 supports
and thus contributing to improved oxidative activity, is over 1.5 times more abundant in Pd@CeO2
than Pd/CeO: after the first cycle of aging (Table 3.3). As such, it is likely that the superior Pd
redispersion and greater access to lattice oxygen are working synergistically here to improve
catalytic performance. It should be noted that this type of bonding has been leveraged to improve

activity on metal oxide supports beyond CeOz, such as TiO2.4

Table 3.3. Oxygen composition for conventional Pd/CeO- and core@shell PA@CeO; catalysts.

O1/ On / O composition (%)
800°C x1 800°C x4
Conventional Pd/CeO: 61.36 /18.62 / 20.02 58.07/9.73/32.2
Pd@CeO:2 core@shell 42.95/30.37 / 26.68 40.8/17.29/41.91

79



&

800 °C first cycle

=2

800 °C fourth cycle

Figure 3.7. Examining Pd distribution in aged Pd@CeO:..

High-resolution TEM and overlaid EDS elemental mapping of Pd@CeO, catalysts after one (a) and four (b)
repeated cycles of 4-hour 800°C aging in air. Embedded legends on each Figure indicate the corresponding
colors for the elemental maps (Pd: Green) and the detector used to collect the STEM image (DF: Dark-field).
Red circles highlight grain boundaries between multiple restructured CeO; crystallites, where Pd appears to have
localized after sequential aging.

Cycled aging of Pd@CeO: resulted in slight CeO2 support growth and Pd dispersion loss.
The slight loss of Pd dispersion was reflected in XPS experiments as the abundance of Pd—O-Ce
was seen to drop from 81.46 to 74.53% between the first and fourth cycles of 800°C aging.
However, these effects were significantly smaller than in the other catalysts and did not readily
affect catalytic performance as the low Too obtained after the first aging was retained after four
aging cycles (Figure 3.7, Table 3.1). Pd@CeO: also exhibited the greatest surface area (40 m?/g)
among all catalysts subjected to the four aging cycles, which further demonstrates the relative
stability of the structure. The most apparent structural change as result of cycled aging is the that
the supporting domains between Pd@CeO: particles had grown together during high-temperature

aging. XRD analysis shows that the CeO2 domains grow, albeit slightly, from ~4 nm to ~8 nm by
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the fourth aging cycle. This slight rearrangement and growth may be responsible for the observed
localizing of halo sites at CeO2 grain boundaries, as shown in Figure 3.7. This localizing, however,
did not significantly impact the Pd dispersion, as it dropped only slightly from 88.4 to 83.7%. CO
chemisorption and light-off experiments also confirm that the crystallite growth did not adversely
affect gas-phase accessibility to active sites.

Overall, the robust catalytic performance of Pd@CeO:2 can be attributed to the ability of
the support to effectively trap Pd and the synergistic slowing down of CeO:2 grain growth. The
CeOz2 crystallites that form the encapsulating shell are favorable for facilitating active metal
trapping. They exhibit a high abundance of step and edge sites relative to their volume (Figure 2.2),
containing undercoordinated Ce®* that can readily form strong chemical bonds with mobile PGM
species.** Furthermore, comparison with the adverse growth of both Pd and CeO2 domains on
conventional Pd/CeO2 demonstrates that the stabilization of supporting crystallites scales with the
degree of metal redispersion. This demonstrates the importance of encapsulated morphologies for
directing the formation of abundant and highly dispersed halo sites that can effectively stabilize
support morphology. Such observations are consistent with previous works, which show that M—
O-Ce bonding (where M is a PGM) on CeOz2 slows sintering and support collapse.?22446 A number
of computational studies demonstrate the stability of Pd trapped on CeO2 surfaces.®¢4"4° It is the
strength of these interactions and the physical intercalation of metal species that likely stabilizes
the Pd halo sites, as well as the supporting CeO2 domains. A schematic interpretation of the
formation and stability of Pd halo sites in PA@SiO2 and Pd@CeO: is presented in Figure 3.8 to
summarize these findings. The consistent performance and structural stability of aged Pd@CeO:
experimentally validate how precise tuning of support morphology and chemistry can improve

material utilization and robustness in high-temperature conditions.
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Figure 3.8. Graphical depiction of the restructuring of Pd@SiO; (a) and Pd@CeO; (b) catalysts.

3.2.6 Understanding the role of support reducibility on halo site stability

The reducibility of the CeO: shell support dramatically improves both catalytic
performance and stability through the formation of strong metal-support interactions.'33%50 As
such, we sought to better understand the role of support reducibility in promoting the stability of
dispersed Pd species. To achieve this, we aged the Pd@CeO: catalyst, after forming halo sites
through 800°C air aging, in a completely reduced state, as shown in Figure 3.9. Complete reduction
of the catalyst was performed by cutting the flow of gaseous Oz in the presence of 1% CO and Nz,
as demonstrated in previous work.? For conciseness, we refer to this aging protocol as ‘reduced’

aging (see Section 3.4 for reduced aging protocols and published work for additional

characterization).®
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Figure 3.9. Influence of aging in a reduced environment on Pd@CeO structure and activity.

Tgo for CO oxidation for Pd@CeO;, which has been subsequently aged in air (Air aging), then reduced under the
flow of excess CO and aged at 800°C in pure N2 (Reduced aging), and then subsequently aged again in air at
800°C (a). STEM analysis with overlaid EDS elemental mapping of the latter two aging cycles have been
included to elucidate trends in Pd dispersion (b, ¢). These microscopy images have been labelled as (i) and (ii)
respectively, to indicate which data points they correspond to in Figure 3.9a.

The bonding of dispersed active metal species that exhibit M—O—Ce coordination is
mediated through atomic oxygen.>:53 As such, it is expected that conditions which perturb the
stability of that oxygen species would dislocate trapped active metal. Consistent with this
expectation, reduced aging at 800°C appeared to affect halo site stability adversely. EDS analysis
identified some Pd species that seemed to remain dispersed. However, several Pd agglomerates,

some on the order of ~25 nm in diameter, were also observed. The loss of some halo sites also
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appeared to affect the stability of polycrystalline CeOz, as grains larger than those obtained after
four cycles of 800°C aging in air were seen under STEM inspection. Coinciding with this adverse
restructuring was a Tgo for CO oxidation that increased from 103 to 135°C. This finding builds
upon our previous work, which showed that the reducibility of CeO2 could promote Pd
redispersion,? by demonstrating that the oxidation state of CeO2 helps stabilize halo sites during
high-temperature exposure. Kim et al. showed that subjecting catalysts with appreciable Pt-O—Ce
sites to reducing conditions can remove some of the oxygen species that promote anchoring,
adversely affecting the structural stability.*® Our findings from the reduced aging of Pd@CeO»,
which are consistent with this past literature, support the conclusion that the stability of atomic
oxygen, which mediates the interaction between dispersed active metal and metal oxide supports,
directly affects the overall stability of Pd halo sites.

The Tgeo value of the reduced aged Pd@CeO:2 (135°C) is lower than that of the initial
Pd@CeOz, likely due to the partial retention of highly dispersed halo sites as confirmed by EDS
analysis. This Tgo value is also lower than that of a Pd@CeO: catalyst that has been subjected to
reduced aging prior to the 800°C air aging protocol that forms halo sites (186°C). These
observations suggest that Pd halo sites exhibit greater resistance to adverse restructuring under
highly reducing, elevated temperature conditions than as-prepared Pd species. The Pt species in
the study conducted by Kim et al. exhibited improved stability to the adverse reduction that
promotes metal dislocation and sintering due to the strong Pt—-O—Ce bonding that forms after
800°C exposure.*® As such, the abundance of Pd-O-Ce bonding likely contributes to the improved
stability of halo sites under high-temperature reducing conditions.

To examine the role of catalyst oxidation for promoting favorable restructuring, we aged

the partially deactivated, reduced Pd@CeO2 back in air at 800°C for 4 hours. As shown in
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Figure 3.9, returning to these aging conditions recovered a portion of the low-temperature catalytic
performance as the Too decreased from 135 to 120°C. EDS analysis identified a greater abundance
of dispersed Pd halo sites, which is likely the cause for the improved Too. Although some larger
Pd agglomerates persisted, our observations demonstrate that aging at 800°C in air can regenerate
a portion of the Pd halo sites that have sintered. Our findings agree with other works that have
emphasized the importance of controlling redox conditions for directing the restructuring behavior

of Pd.3154

3.3 Conclusions

In this work, we sought to understand the formation, activity, and structural stability of
nanoscale Pd halo sites formed by exposing core@shell catalysts repeatedly to the high-
temperature conditions commonly encountered in industrial applications. While encapsulation
improves metal utilization and activity through the formation of halo sites, our cycled aging
experiments indicate that these sites cannot be maintained in all catalysts. The weak bonding
between Pd and SiO2 makes halo sites in PA@SiO2 susceptible to continued Pd transport and
ultimately sintering. In contrast, the formation of halo sites improves structural stability in
Pd@CeOy, likely due to the Pd—O—Ce bonding that forms between the CeO: support and dispersed
Pd. In stabilizing step and edge sites on the CeO: lattice, halo sites were found to mitigate the
adverse sintering and structural collapse of support domains during cycled high-temperature aging.
The retention of the Pd@CeO: catalyst’s superior low-temperature performance between the first
and fourth aging cycles emphasizes that favorable restructuring in core@shell architectures can
significantly improve catalytic lifetime. By subjecting the Pd@CeO: catalyst to reduced aging, we
further demonstrate that the oxidation state of the support is integral to stabilizing high dispersions

of the active metal. Returning to air aging conditions can regenerate a portion of highly dispersed
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species from larger agglomerates, which delineates a simple methodology for recovering
dispersion and activity on-stream. By examining the stability of highly active halo sites in
core@shell architectures, we demonstrate how the initial catalyst can be designed to promote
favorable high-temperature nanoscale restructuring that improves catalytic performance, stability,

and material utilization.

3.4 Experimental Details

3.4.1 Synthesis of surface-impregnated (conventionally supported) Pd/CeO2

Surface-impregnated Pd/CeO: catalysts were prepared by wet impregnating Pd onto
already synthesized CeO2 nanospheres (NS) outlined in Section 2.4.1. All initial catalysts were
subjected to characterization by transmission electron microscopy and x-ray energy dispersive
spectroscopy prior to catalytic testing. After initial characterization to confirm morphology,
synthesized samples were split into two batches: one set to be used for catalytic testing and

subjected to in situ aging and another set for ex situ aging and material characterization.

3.4.2 Synthesis of core@shell catalysts

Pd@CeO:2 and Pd@SiO:2 catalysts were prepared by methods outlined in Section 2.4.2. It
should be noted that the method of preparing Pd@CeO2 was improved upon by periodically
adjusting the pH during the synthesis to maintain alkaline conditions. This was inspired by recent
work, which demonstrated that the synthesis pH plays a critical role in mediating the crystallinity
and stability of encapsulating metal oxide structures.>>

All initial catalysts were subjected to characterization by transmission electron microscopy
and x-ray energy dispersive spectroscopy prior to catalytic testing. Similar to the surface-

impregnated Pd/CeOz, synthesized samples were then split into two batches: one set to be used for
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catalytic testing and subjected to in situ aging and another set for ex situ aging and material

characterization.

3.4.3 Catalyst aging

In situ and ex situ aging, as outlined in Section 2.4.3, was conducted to examine how cycled
aging affected catalyst structure and activity.

In situ Aging to Examine Changes in Catalytic Activity: Upon completing an initial light-
off test (see below for light-off test reaction conditions), catalysts were left to cool to ambient
conditions under the flow of dry air at 200 mL/min. Once cooled, the catalysts were heated to
800°C with a ramp of 5°C/min under flowing air at 200 mL/min. Finally, the catalysts were held
at 800°C for 4 hours. This defined one cycle of 800°C aging. Once the 4-hour aging period had
finished, the catalysts were cooled to 35°C, and the flowing gas was changed from air to the test
gas (see below for test gas information). This cycled aging and light-off testing was repeated until
four cycles of 800°C aging had been conducted.

Ex situ Aging to Examine Changes in Catalyst Structure and Morphology: Catalyst
samples were placed in a tube furnace and heated to 800°C with a ramp of 5°C/min under flowing
air at 200 mL/min. The catalysts were held at 800°C for 4 hours. This process defined one cycle
of 800°C aging. Once the 4-hour aging period had finished, the catalysts were cooled to ambient
temperature, removed from the tube furnace, and subjected to characterization (see below for more
information). This cycled aging and characterization was repeated until four cycles of 800°C aging
had been conducted.

In situ Reduced Aging of Pd@CeO2: Two sets of initial Pd@CeO: catalyst were subjected
to aging while the supporting ceria was reduced to examine the role of support reducibility in

facilitating Pd mobility and trapping. Reduction of the Pd@CeO: catalyst was conducted at 300°C
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after the conclusion of a light-off test to maintain 100% conversion of CO. The flow of gas-phase
02 was cut, and the catalyst was exposed to flowing 1% CO in an N2 gas balance for 15 minutes.
The CO conversion, which was monitored by downstream FTIR, was confirmed to drop to zero
over this timeframe, which indicated the complete reduction of the ceria support. This O2-cut
approach was described in our previous work.? Once the support was reduced, the flow of CO was
cut, and the Pd@CeO2 was aged at 800°C for 4 hours in pure N2 flowing at 200 mL/min to ensure
the support would not re-oxidize. Once the 4-hour aging period had finished, the catalysts were
cooled to ambient temperature and exposed to 2.5% O2 with an N2 gas balance, flowing at 200
mL/min for 2 hours prior to light-off testing to ensure re-oxidation of the support. One set of
Pd@CeO2 was subjected to this N2 aging after an initial light-off test, and another set of Pd@CeO-

was subjected to N2 aging after being aged in situ under the flow of air at 800°C for 4 hours.

3.4.4 Catalyst testing parameters

CO oxidation light-off tests were used to examine catalytic activity. Catalyst preparation,
reactor set up and analysis was identical to that outlined Section 2.4.4. A notable difference is the
temperature range used to conduct the light-off experiments. The encapsulating furnace
temperature was raised from 50°C to 300°C, achieved by a 2°C/min ramp. Catalysts were
subjected to a variety of in situ aging in the testbed after initial testing.

Rate of CO Conversion to Probe Pd Utilization: The rate of CO2 production at 40°C,
normalized by the mass content of Pd within each catalyst, was used to probe active metal
utilization prior to and post 800°C aging. 40°C was used for the experiment to ensure a completely
kinetic regime. During each experiment, the conversion of CO was monitored at 40°C for 30

minutes and averaged. The rate was calculated as follows:
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mmol 71 Ncoin X Xcoaooc
Tcoz =

sec X 9prd Mpg
where 7¢, is the rate of CO2 conversion, N¢ i, is the inlet molar flow rate of CO, X¢o 4¢ ¢

is the conversion of CO at 40°C and mp, is the mass of Pd present in the catalyst.

3.4.5 Material characterization

Sample characterization was done using seven techniques: transmission electron
microscopy (TEM), X-ray energy dispersive spectroscopy (EDS), thermogravimetric analysis
(TGA), X-ray photoelectron spectroscopy (XPS), X-ray powder diffraction (XRD),
Brunauer—Emmett—Teller-derived N2 physisorption surface analysis (BET), and CO
chemisorption. Refer to Section 2.4.5 for details pertaining to that latter four techniques, as
characterization and acquisition methods were identical. XPS data analysis differed in that the
integrated intensity of the deconvoluted peaks were used to calculate the composition [%] of
various oxidation states with the samples.

A Thermo Fisher Talos F200X G2 S/TEM was used for simultaneous conventional bright-
field, dark-field and scanning transmission electron microscopy (STEM) imaging and EDS
elemental mapping. The electron source was an X-FEG high-brightness Schottky-type emission
gun. A Super-X windowless EDS detector was used to conduct EDS mapping. A JEOL 3100R05
double Cs corrected S/TEM was used for high-resolution aberration-corrected bright-field and
high-angle annular dark-field imaging (HAADF). The electron source was a tungsten cold field
emission tip.

Thermogravimetric analysis of the Pd/CeO2 and Pd@CeO: catalysts was conducted before
and after the first cycle of 800°C aging to quantitatively examine how thermally induced

restructuring affected the release of oxygen from the CeO: lattice, which plays a role in mediating
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catalytic performance in oxidation reactions. A TA Q500 thermogravimetric analyser (TA
Instruments) was used to perform the TGA experiments. According to previous work by Schwank
et al.,>” initial catalyst samples were loaded onto the TGA sample pan and pretreated under pure
N2 gas flowing at 100 mL/min for 1 hour at 300°C, achieved with a ramp of 5°C/min. This was
done to remove any adsorbed water from the catalyst. The catalyst was then cooled to 50°C. Once
the weight was stable at 50°C, the gas flow was switched to a 4% H2/ N2 mixture (also at 100
mL/min) and the sample was kept at 50°C for 4 hours. The sample was then heated by 50°C with
a ramp of 5°C/min, and left at 100°C for 4 hours. This process of ramping to the next temperature,
point at intervals of 50°C and holding at each temperature point for 4 hours, was repeated until the
temperature reached 600°C. The amount of oxygen released at each temperature, normalized by

the mass of catalyst, was calculated as follows:

mg
mmol] [ Mgy — My [mg] 1000 [ g ]
16 [L] M, [Mg]

mol

Ng ¢
Scat

where ng is the mmol amount of oxygen released at the current temperature point, mr, ;, is the mass
of the sample at the preceding temperature point averaged over its respective 4-hour dwelling
period, mr . is the mass of the sample at the current temperature point averaged over its respective
4-hour dwelling period and m,, is the mass of the catalyst used in the experiment, after the 1-hour

pre-treatment at 300°C in pure No.
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Chapter 4 : Regenerating Catalytic Performance and Dispersed Sites

Through Favorable Restructuring

4.1 Motivation

The increased cost, scarcity, and demand of precious metals that comprise industrial
catalysts has motivated interest in improving performance, lifetime, and consequently the
utilization of catalytic material. Such goals are particularly relevant to automotive emissions
control applications that must simultaneously manage wide windows of operating temperature,
increasing costs of active metals (Pd, Pt and Rh), and regulations controlling emission quality.*?
Efforts in this field have focused on optimizing the number of active metal atoms that interact
directly with reducible oxide supports such as CeOz, as the participation of lattice oxygen at the
metal-support interface can dramatically improve activity.3* Despite advancements in catalyst
design, the unfavorable active site restructuring caused by high-temperature sintering still remains
a challenge.® Consequently, there has been significant interest in understanding catalyst
restructuring at high temperatures to develop techniques that can improve or regenerate the

abundance of active metal sites that interface with reducible supports.

To this end, the dynamics of active metals under high-temperature, oxidizing conditions
have been of particular interest.>® These conditions can cause active metal particles to shrink
through the emission of adatom species that exhibit high mobility.®*? This process can improve
the fraction of sites that interact with the reducible support in two ways. First, the shrinkage of

metal particles improves the abundance of perimeter sites that interface with the support.® Second,
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the mobile adatoms can be anchored or trapped on reducible oxides, such as CeO2, on
undercoordinated sites (e.g., Ce®*).%1314 Computational and experimental investigations show that
the active metal sites formed from such trapping processes are highly dispersed as single atoms. 16
Recent work has demonstrated that if the density of trap sites exceeds the density of active metal
atoms, particles completely disintegrate into highly dispersed single atom sites.'? The coordination
of these single atoms provides improved thermal stability and accessibility to reaction pathways
mediated at the metal-support interface, through the formation of strong M—O-Ce interactions
(where M is a metal).2”-® Consequently, these favorable restructuring strategies show promise for
improving material utilization. Other processes that improve the density of support-interfacing
sites include wet chemistry methods such as strong electrostatic adsorption,*® dispersing metals
with short thermal pulses?®?! and chemical treatments with halogenated compounds.?? It is
important to note that while catalysts with single atom dispersion exhibit good material utilization
in well-controlled probe reactions such as CO oxidation, their efficacy in application-relevant
conditions is still being investigated. One such example is managing competitively adsorbing
reactants, which is necessary in emissions control. Recent work shows that single atom catalysts
(SACs) perform poorly in such reaction mixtures, as there are no alternative sites available to

adsorb competing reactants.?32*

Favorable thermal restructuring is often conducted at intermediate temperatures (<800°C),
which are below the thermal decomposition temperature of the active metal oxide subjected to
redispersion (e.g., PdO, Pt02).%> As previously demonstrated however, conditions that disrupt
metal oxide stability, such as reduction under mild temperature, can decompose M—-O-Ce bonds

and result in sintering of redispersed sites.?%2” Consequently, the stability of restructured catalysts
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at temperatures that favor metal oxide thermal decomposition (but are still relevant to application,

e.g., 1000°C), remains to be addressed.

If sintering occurs, catalysts must be regenerated to recover the material. Techniques that
can be deployed in—operando are particularly valuable as they avoid the cost associated with taking
a deactivated catalyst off—stream for regeneration. Many of the strategies used to synthesize highly
dispersed and interfacing sites, however, are not applicable for in—operando regeneration as they
require wet chemistry, specialized equipment, or halogenated compounds, which can have
environmental risks.'6:28 Alternatively, favorable restructuring appears as a promising regeneration
method as it relies on parameters which are readily controllable in many catalytic settings such as

temperature and oxygen composition.

Here we investigate favorable thermal restructuring through intermediate temperature
(800°C) exposure as a simple method to regenerate 1000°C-sintered catalysts that could be
deployed in-operando. This study is graphically summarized in Figure 4.1. We use a Pd-CeO2
system due to its widespread use and high cost, which warrants material utilization. As our model
catalyst, we encapsulate Pd nanoparticles with a porous CeO:2 shell that has a high density of
undercoordinated Ce®* trap sites.?”?° Aging these core@shell catalysts at 800°C in air redisperses
core Pd in into highly dispersed sites, which exhibit the characteristic dispersion and Pd—O—Ce
bonding of single atoms in literature.’>3° Although 1000°C aging sinters Pd in core@shell
catalysts, exposure to the 800°C aging protocol partially redisperses Pd. Sintered Pd particles
shrink as a result, and a partial recovery of single atom sites is observed. This increases the density
of interfacial sites, which regenerates catalytic performance. The Pd particles do not completely
disintegrate after 1000°C sintering as redispersion scales with the retention of Ce3* trap sites. This

is demonstrated by comparing the effects of regeneration on as—synthesized (control) and 800°C
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pretreated Pd@CeO2. Notably, the regenerative effect is larger if the catalyst is pretreated at 800°C
prior to aggressive sintering at 1000°C. We identify that pretreatment simultaneously impedes the
formation of large Pd particles and stabilizes small, polycrystalline CeO2 domains, which contain
greater densities of trap sites. This increases the fraction of Pd that can be redispersed, which
improves the shrinkage of sintered particles. The performance of the regenerated catalyst is
examined through the co-oxidation of CO and CsHs, two reactants that competitively adsorb on
single-atom-rich catalysts.?* We find that the regenerated catalyst is the most effective for the
complete co-oxidation of CO and CsHs. This is due to the presence of bulk and interfacial Pd sites,

which can effectively oxidize CsHs and CO, respectively.
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P . 1000°C aging
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Figure 4.1. Graphical depiction of experimental approach used.

The sintering and redispersion phenomena observed here align with the thermodynamic
stability limits of PdO, which is demonstrated by aging the Pd-CeO: catalysts over a range of
temperatures around the PdO decomposition temperature. Altogether, this work provides a
framework for understanding regeneration of Pd-CeO: catalysts, which can be applied to other
material systems that use active metals with well-defined decomposition thermodynamics.
Furthermore, it introduces a simple method to improve thermal stability and regenerate catalytic

performance upon high-temperature sintering, thereby addressing material utilization challenges.
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4.2 Results and Discussion

4.2.1 The role of 800°C pretreatment on catalyst stability at 1000°C

CO oxidation is an effective probe reaction to examine the effects of aging on catalyst
stability. This is due to the well-established scaling of CO conversion with active metal dispersion,
and accessibility to lattice oxygen provided by reducible oxide supports.®43! The temperature
required for 90% conversion of a target reactant (Too) is used here to define light-off and compare
how aging conditions affect nanoscale structure and macroscale activity. Figure. 4.2 shows Too
values for Pretreated and Control Pd@CeO2 samples after aging at 1000°C and regeneration by
repeated aging at 800°C. These two as prepared states are labelled Al. Four repeated cycles of
800°C define the regeneration treatment. As such, the four cycles are indexed a—d. Aging cycles
have been labelled as ‘S’ or ‘R’ to indicate sintering or regeneration, respectively. Catalyst samples
that come from the Pretreated and Control batches are denoted as ‘P’ and ‘C’, respectively. As
such, Pretreated and Control catalysts prior to sintering or regeneration are denoted as A1-P and
A1-C, respectively. These catalysts would be denoted as S1-P and S1-C, respectively, after an
initial cycle of 1000°C aging. Similarly, R1a-P would describe a Pretreated catalyst that is exposed
to one cycle of 800°C aging as part of the regeneration treatment and R1d-P would describe that

catalyst after four cycles of 800°C aging.

As previously indicated, the Too for these catalysts varies due to highly dispersed sites in
the Pretreated (A1-P) sample and Pd nanoparticles on the order of 3-5 nm in diameter in the
Control (A1-C) sample.?® Tgo values for these samples are 95°C and 137°C, respectively.
Arrhenius experiments corroborate the trends in Tgo, as the Pretreated and Control catalysts exhibit

apparent activation energies for CO oxidation of 23.5 and 47.2 kJ/mol, respectively (Table 4.1).
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Figure 4.2. CO Tg (°C) for Control and Pretreated Pd@CeO; catalysts as a function of aging condition.

As prepared samples are denoted as Al. Aging conditions have been abbreviated to signify the cycle of sintering
(e.g., S1) or regeneration (e.g., R1d). A break in the Y-axis for Tgo has been used to highlight the differences in
Tgeo behavior during the 1000°C sintering and 800°C regeneration protocols. Test gas composition was as
follows: 1% CO, 2.5% O (N2 gas balance). Total flow rate was maintained at 200 mL/min and the ramp used
was 2°C/min.

After 1000°C aging in air for 4 hours, Teo increases to 213°C for the Pretreated sample.
The increased Too coincides with an increase in Ea for CO oxidation to 116.8 kJ/mol. This indicates
sintering of the active Pd species as CO oxidation exhibits a strong structure sensitivity to the
interface between active sites and reducible oxide supports.®'°> Consistent with this observation,
the S1-C catalyst exhibits a similar increase in Too to 216°C after 1000°C aging. STEM
characterization of the S1-P and S1-C catalysts (Figure 4.3a, b) show agglomerated CeO2
crystallites that exceed 40 nm in diameter in addition to large Pd nanoparticles on the order of 20—
50 nm in diameter. In addition, the EDS Pd signal indicative of highly dispersed species in the
Pretreated sample has decreased and given way to larger, concentrated signals indicative of

agglomerated particles.

100



Pretreated — Post 1000°C sintering (S1-P) Control - Post 1000°C sintering (S1-C)

W

Control — Post 800°C regeneration (R1d-C) d)

Figure 4.3. STEM and EDS characterization of Pretreated and Control Pd@CeO; after 1000°C sintering and
800°C regeneration.

Samples depicted correspond to the (a, b) Pretreated and (c, d) Control Pd@CeO, samples after 1000°C sintering
(S1) and 800°C regeneration (R1d) stages of aging, respectively. EDS figures contain embedded legends
to indicate the corresponding colors for the elemental maps (Pd: Green) and the detector used to collect the
STEM image (HAADF: high angle annular dark-field).

Table 4.1. Apparent activation energy (Es) for CO oxidation.

Sample Activation energy (kJ/mol)
Control (A1-C) 47.2
Pretreated (A1-P) 23.5
Post 1000°C sintering (S1-P) 116.8
Post 800°C regeneration (R1d-P) 90.5

The sintering of Pd and CeO2 was probed at the bulk scale by XRD. This analysis
demonstrates that both Pretreated and Control catalysts exhibit sintering of active metal and
support components upon 1000°C aging, and that pretreatment at 800°C appears to reduce the
degree of adverse restructuring. It is important to note that XRD does not detect any remaining
highly dispersed Pd atoms or clusters. Therefore, the XRD particle size for Pd reported here
corresponds to just the sintered part of the Pd, not the total average particle size. As shown in
Figure 4.4 and summarized in Table 4.2, 1000°C aging increases the average CeO2 and Pd particle
size of the Pretreated (S1-P) samples to 43 and 36 nm, respectively. The Control (S1-C) samples

exhibit similar increases in CeO2 and Pd particle size to 56 and 47 nm, respectively. These values
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are markedly higher than those of the S1-P sample, which suggests that pretreatment has improved
thermal stability during 1000°C aging. Thermal pretreatments at intermediate temperatures
(<800°C) have been shown to improve stability under elevated temperature aging in Pd/CeO:2
through the crystallization of support domains.*>3233 Furthermore, a critical difference between the
Pretreated and Control samples is the presence of highly dispersed Pd species after 800°C
pretreatment. As previous work shows, atomically dispersed metals can coordinate strongly with
support domains and stabilize structure and high catalytic performance under elevated temperature
aging.?"34%5 Although these dispersed species cannot completely negate the effects of aging at
1000°C, our work demonstrates that pretreatments which form strongly coordinated metal-support
interactions can improve stability during high temperature exposure. Such outcomes can be

valuable to extend the lifetime and material utilization of catalysts on-stream.
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Figure 4.4. Average Pd nanoparticle and CeO; crystallite size for Pd@CeO; catalysts with aging condition.
Aging conditions have been abbreviated to signify the cycle of sintering (e.g., S1) or regeneration (e.g., R1d).
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4.2.2 Regenerating activity and dispersed sites through intermediate 800°C aging

The 1000°C-sintered catalysts were exposed to the 800°C aging conditions previously
shown to produce favorable restructuring to recover catalytic performance. As shown in
Figure 4.2, the Too for the Pretreated catalyst decreased after an initial 800°C aging to 197°C (R1d-
P). Coinciding with this partial performance regeneration was an average Pd particle size that
decreased to 26 nm. This suggests that the sintered Pd particles have shrunk through partial
disintegration and redispersion, which increases the fraction of interfacial sites that exhibit superior
low-temperature oxidation activity. This is corroborated by the Arrhenius experiments, which

show an Ea that decreases from 116.8 to 90.5 kJ/mol post-regeneration (Table 4.1).

Table 4.2. Summary of average CeO- crystallite and sintered Pd nanoparticle size.

Sample Average CeOzcrystallite size  Average bulk Pd particle size
(nm) (nm)
Pretreated Control Pretreated Control
(P) (©) (P) (©€)
As prepared 6.4 3.9 1.3* 3.4*
(A1)
Post 1000°C sintering 43 56 36 47
(S1)
Post one 800°C aging cycle 48 65 26 32
(R1a)
Post 800°C regeneration 50 65 23 29
(R1d)

*Denotes sizes were determined by CO chemisorption per previous work.?” All other size values were calculated
from XRD data via the Debye-Scherrer equation.

The activity continued to improve with 800°C aging, as evidenced by the decreasing Teo.
The Too continued to decrease for the Pretreated sample until an approximate plateau value of
186°C was reached after the fourth cycle of 800°C aging (R1d-P). This trend is reflected in the
XRD analysis (Figure 4.4a), with the average sintered Pd particle size decreasing to 23 nm. STEM

characterization of the catalysts shows partial redispersion of sintered Pd post-regeneration. As
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seen in Figure. 4.3b, the average sintered Pd particle size has decreased, and the dispersed Pd
signal indicative of highly dispersed sites on the surface of supporting CeO2 crystallites has
returned. As shown in Figure 4.5, Pd particles on the order of 5 nm can be observed post-
regeneration. This characterization suggests that aging sintered catalysts at intermediate
temperatures (800°C) facilitates partial disintegration and redispersion of agglomerated clusters,

which decreases the bulk particle size and increases the abundance of sites that interface directly

with the reducible oxide support.

v

a)

Figure 4.5. Additional electron microscopy characterization of Pretreated catalyst post regeneration (R1d-P).
(a) Dark-field and (b) bright-field microscopy characterization is shown. Red circles highlight small Pd particles
on the order of 5 nm in diameter.

The redispersion of agglomerated Pd and coinciding recovery of Te performance post-
regeneration was also observed for the Control Pd@CeO2 (R1d-C), as Teo and average Pd size
decreased to 199°C and 26 nm, respectively. It is important to note that the Pretreated Pd@CeO2
exhibited a more significant regeneration of Tgo, dispersed Pd species and bulk particle shrinkage
during cycled 800°C aging than the Control. Thus, pretreatment at 800°C results in greater

regeneration. This phenomenon is further discussed in Section 4.2.3.
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To investigate whether the regeneration process is repeatable, the 1000°C sintering and
800°C regeneration steps were re-applied to the catalysts. The Too increased to 207°C for the
Pretreated sample (S2-P) and 210°C for the Control sample (S2-C). These Too values are slightly
lower than after the first 1000°C aging. This is likely due to partial sintering during the catalysts’
prior exposure to 1000°C. As shown in previous works, high-temperature exposures can crystallize
active metal and support domains, which can slow further sintering and improve oxygen mobility.
3236 With respect to regeneration, the second round of cycled 800°C aging (R2a—d) produced a
similar Too recovery outcome as the first (Figure. 4.2). This suggests that this catalyst system can
exist in a sintered state and a partially redispersed or regenerated state, depending on the aging or
working conditions applied. These observations also demonstrate that the regeneration protocol
can be repeatably deployed to catalysts that undergo deactivation due to high-temperature
exposure. The importance of this result is that the procedure should be suitable for in—operando
catalyst regeneration, which can significantly lower operational costs.®> To this end, there have
been significant advancements in controlling oxygen content and temperature for reactor systems
in industrial applications.®”-*® Developments for emissions control catalysts, such as on-board air:

fuel ratio control, are particularly relevant.®

4.2.3 Ce®* trap site density influences regeneration efficacy

The intermediate temperature exposure, discussed above, has been proven to regenerate
low temperature catalytic activity through the partial shrinkage and redispersion of sintered Pd
particles. As mentioned in Section 3.2, the efficacy of regeneration improves if the catalyst is
pretreated at 800°C prior to aging at 1000°C. The ability to recover highly dispersed active sites
on CeO: is dependent on the density of Ce3* trap sites,24%41 with smaller CeO2 crystals exhibiting

greater trap site densities (Figure 4.6). Further, the highly dispersed metal species anchored to
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these sites through M—O—Ce bonding exhibit electron-deficient (Mé*) characteristics, which can
be readily examined through XPS analysis and spectra deconvolution.?64243 These M%*
characteristics are also observed at the perimeter sites on Pd nanoparticles,** which allows the Mé&*
composition to effectively describe the Pd—CeO: interfacial site abundance. Consequently, XPS
was conducted on the Pretreated and Control catalysts before and after 1000°C sintering (S1) and
800°C regeneration (R1d) protocols to investigate how changes in the distribution of dispersed and

agglomerated Pd can be correlated to changes in the fraction of Ce3".

a)

Figure 4.6. STEM characterization of changing Ce3* trap site abundance with average crystallite size.
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Table 4.3. Summary of Pd and Ce oxidation states for Pretreated and Control Pd@CeO; as a function of aging
condition.

Sample Pds* / Pd?* / Pd® composition (%) Ce?® composition (%)
Pretreated Control Pretreated Control
(P) (©) (P) (©)
As prepared 745/14.7/10.8 —/—/- 22.6 24.7
S1 34.2/25.1/40.7 23.2/30.9/45.9 18.0 13.3
R1d 40.5/29.1/30.4 26.1/35.5/38.4 17.5 12.6

— Denotes that the composition could not be accurately determined from XPS data

Figure 4.7 and Table 4.3 show the Pd and Ce oxidation states as a function of aging
condition as determined by XPS (the Pd composition is not shown for the Control sample because
the encapsulating CeO: shell attenuates the signal).?® The Pretreated Pd@CeO: catalyst exhibits a
large fraction (74.5%) of Pdé*, which is associated with highly dispersed Pd—O—Ce sites.?”?®
During 1000°C aging, the fraction of electron deficient Pd decreases in favor of Pd° which is
associated with sintered particles and consistent with activity and structure characterization
presented above (Figure. 4.2). The Pretreated catalyst (S1-P) does contain a larger fraction of Pdé*
(34.2%) than the Control (S1-C, 23.2%) after 1000°C aging. This outcome emphasizes the
importance of intermediate temperature pretreatments for promoting thermal stability at elevated
temperatures. The fraction of Pdé* for both the Pretreated and Control catalysts increases upon
800°C regeneration, which corroborates the increase in interfacial sites through the redispersion
and subsequent shrinkage of agglomerated Pd® observed through STEM and XRD
characterization. Notably, regeneration produces approximately 1.5 times more Pdd* in the

Pretreated catalyst (R1d-P, 40.5%) than in the Control catalyst (R1d-C, 26.1%). As highly
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dispersed and perimeter Pd sites exhibit superior performance in CO oxidation,®° the differences

in Pds* fraction explain why the Pretreated catalyst has better Too performance post-regeneration.
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Figure 4.7. Changes in oxidation state distribution as a function of aging condition.

Distribution of (a) Pds*, (b) Pd?*, (c) Pd°, and (d) Ce®* oxidation states as determined by deconvoluting XPS
spectra obtained from Pretreated and Control Pd@CeO; after 1000°C sintering and 800°C regeneration aging
protocols.

With respect to trap sites, the Control Pd@CeO2 has a slightly higher density of Ce3*
(24.7%) compared to the Pretreated sample (22.6%) as prepared (Figure 4.7d). After 1000°C
sintering, however, the Pretreated (S1-P) sample contains approximately 1.35 times more Ce3*
than the Control (S1-C) sample (18.0% compared to 13.3). This is likely due to the formation of
dispersed Pd sites during 800°C pretreatment, which stabilize the supporting CeO2 and slow

sintering at 1000°C (Figure. 4.4b). These Ce®* sites in turn facilitate regeneration by trapping Pd
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during 800°C aging as highly dispersed Pdé*. As the number of dispersible metal atoms exceeds
the trap site density, bulk particles will be unable to completely redispersion and will remain, albeit
at smaller sizes.? Such effects appear to mediate the shrinkage of sintered Pd and partial recovery
of dispersed Pd sites here. The smaller bulk Pd size and greater Ce3* density observed in the R1d-
P sample is consistent with this framework. The lower fraction of Ce3* species in the R1d-C sample
correlate with a greater Pd® fraction and lower Pdé* fraction. Combined with XRD characterization
and probe CO oxidation (Figure 4.2) data, these results show that the efficacy of the regeneration
depends on the retention of undercoordinated Ce3* trap sites. As CeO2 undergoes adverse
restructuring at temperatures approaching 1000°C, it is expected that re-exposure to sintering
conditions will decrease the fraction of Ce3* trap sites. This was probed by conducting XPS on the
Pretreated Pd@CeO: after a second round of 1000°C aging (S2-P). The fraction of Ce3* decreased
from 17.5% to 15.9%. The loss in Ce3* trap density explains why the second round of regeneration
on the catalyst results in a higher Too than the first round, as seen in Figure 4.2. This data suggests
that improving support thermal stability will improve the efficacy of regeneration. To this end,

recent work with solid solutions of metal oxides and high-entropy oxides show promise.3+45-47

4.2.4 General mechanism of agglomeration and regeneration

Several studies have investigated the process by which mobile species are generated, and
have demonstrated the importance of oxidizing the active metal (e.g., PdO, PtO2) for
redispersion.1%1348:4% Even in the absence of gas phase oxygen, prior work has shown that lattice
oxygen in CeO2 can facilitate redispersion at 800°C.?° An oxidized active metal is also necessary
for trapping on CeO: surfaces, as it facilitates M—O—Ce bonding at undercoordinated Ce3* sites.
Although such bonds exhibit high thermal stability, conditions that destabilize the oxygen bond,

such as aging in reducing environments,?6?’ can dislodge trapped metal species. Specifically, Pd—
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O bonds are known to decompose at temperatures beyond 800°C in the partial pressure of O2
contained in air (2.13 x 10* Pa), which can facilitate sintering as demonstrated by a number of
computational and experimental works.?>5051 As such, we hypothesize that the decomposition

thermodynamics of Pd—O bonding can describe the thermal restructuring outcomes observed in

this study.
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Figure 4.8. Effect of aging temperature on restructuring outcome.

(a) Summary of Tgo values for fresh Pd@CeO; subjected to 4-hour aging at various temperatures outlined in the
phase diagram depicted below. (b) PdO-Pd phase diagram, plotted from the relationship described in reference,?
with inset points corresponding to aging temperatures used. Each point is labelled with its respective Tg for CO
oxidation.

Figure 4.8 shows the CO oxidation Teo values for Pd@CeO: catalysts aged at a variety of
temperatures alongside the PdO equilibrium decomposition line.?®> The Too decreases as the aging

temperature approaches 800°C, indicating favorable Pd redispersion. The decreasing Teo trend
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with temperature is attributed to kinetic effects. Once the aging temperature surpasses 800°C, the
trend reverses and Too begins to increase with increasing temperature. This corresponds in
Figure 4.8b to conditions that promote the thermal decomposition of the PdO phase, in favor of
the Pd® phase. Under these conditions, Pd—-O—Ce bonds appear to decompose, which facilitates the
unfavorable sintering of bulk Pd® observed in our material characterization. While it is likely a
simplification of the process, the thermodynamics of PdO decomposing into oxygen and metallic

Pd is consistent with experimental data and, therefore a relevant indicator of the onset of sintering.

Based on these observations, we propose the following mechanism for sintering and
regeneration in Pd-CeO:2 systems shown below. These insights should generalize to other catalyst
systems containing reducible supports and active metal species with well-defined oxide
decomposition thermodynamics.

(a) Below the PdO equilibrium decomposition temperature, Pd redisperses through the
formation of mobile PdO, which interacts strongly with undercoordinated Ce3* sites on
supporting CeO2 through Pd—O—Ce bonding.

(b) The extent of redispersion is governed by both the density of the Ce3* trapping sites
between the Pd domains and the aging temperatures applied, with higher temperatures
improving the kinetics of metal disintegration, redispersion and trapping.

(c) Above the PdO equilibrium decomposition temperature (e.g., 1000°C), dispersed species
become mobile and sinter.

(d) Returning to conditions that favor the PdO phase and provide sufficient kinetics
(e.g., 800°C) redisperses a portion of the sintered Pd. This process is governed by the same
factors outlined in (a).

(e) Retention of trap sites during elevated temperature exposure is integral to regeneration.
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4.2.5 Catalyst performance in the co-oxidation of CO and CsHs

The above sections demonstrate that intermediate temperature exposure partially
regenerates highly dispersed active sites in sintered catalysts, offering a simple and low-cost
approach to improving material utilization on stream. Nonetheless, the performance under more
application-relevant conditions has yet to be examined. As previously mentioned, automotive
emissions control is a particularly relevant application.? The management of competitively
adsorbing species, such as CO and uncombusted hydrocarbons (HCs), is a consistent challenge in
this space.?® Previous work has shown that CO oxidation occurs at interfacial sites due to the
extraction of lattice oxygen from reducible supports.®* HC oxidation, in contrast, is catalyzed by
larger metal ensembles where facile scission of C-C and C-H bonds can occur.>?45253 The poor
adsorption-desorption characteristics of single atom sites with respect to HCs such as CsHs,
impedes catalytic performance®*** and the access of CO. This shifts light-off plots for CO
oxidation to higher temperatures when HCs are co-fed.%?* Thus, catalysts that contain both site
types, such as the 800°C Regenerated Pd@CeO3, are expected to conduct the co-oxidation of CO
and CsHs more effectively. To this end, we investigate the activity of the Pretreated catalysts (Al-
P) in the co-oxidation of CO + CsHs after sintering (S1-P) and regeneration (R1d-P). The as
synthesized Control catalyst (A1-C) was also studied for comparison. Figure 4.9 shows compiled
light-off plots for CO and CsHs oxidation in single and co-fed oxidation conditions for the four
aforementioned catalysts. Too data is summarized in Table 4.4. Meanwhile, in situ DRIFTS (shown
in Figure 4.10) was conducted under CO single fed and CO + CsHs co-fed conditions to further

investigate how cofeeding affected adsorption.
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Table 4.4. Too summaries for CO and CsHsg oxidation in single and co-fed oxidation conditions.

Sample Single fed oxidation Co-fed oxidation
COTo (°C)  CsHs Teo (°C) CO Tw (°C) CsHs Too (°C)

Control 137 — 136 -
(A1-C)

Pretreated 95 - 210 -
(A1-P)

Post 1000°C sintering 213 405 213 —
(S1-P)

Post 800°C regeneration 186 374 193 345

(R1d-P)

— Indicates catalyst did not reach Tgo over the 50-450°C temperature range used in the light-off experiment.

The Control catalyst does not exhibit a change in CO oxidation Tgo upon cofeeding CsHs.
This effect may be due to the encapsulating CeOz2 shell restricting CsHs transport to core active
sites, which would be consistent with a number of other studies.>>>" Further, the catalyst shows
poor activity for CsHs oxidation, particularly at low temperatures (Figure 4.9a), requiring
temperatures above 300°C to begin oxidizing CsHs. The initial particle size in the Control
Pd@CeO2 (~3-5 nm) is unoptimized for C3Hs oxidation, for which larger Pd particles are better.58
DRIFTS experiments indicate that adding CsHs incurs no significant change in the bands of
adsorbed CO on the Control catalysts, which shows peaks that can be assigned to (i) CO adsorbed

on oxidized PdO, (ii) Pd that is interfacing strongly with the reducible CeO2 support, and (iii) bulk

Pd.15:31.59
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Figure 4.9. Light-off plots for CO and C3Hg oxidation in single and co-fed oxidation conditions.

Catalysts tested are (a) Control, (b) Pretreated, (c) S1-P, and (d) R1-P catalysts. Test gas compositions were as
follows: CO single fed oxidation — 1% CO, 2.5% O (N2 gas balance), CsHs single fed oxidation — 0.1% CsHs,
and 3% O; (N2 gas balance), co-fed oxidation — 1% CO, 0.1% CsHs, and 3% O (N2 gas balance). Total flow
rates were maintained at 200 mL/min and the ramp used was 2°C/min.

The Pretreated Pd@CeO2 showed the lowest CO oxidation Teo and Ea among all catalysts
(95°C and 23.5 kJ/mol, respectively), but the highest Ea for CsHs decomposition (78.3 kJ/mol).
This observation is consistent with the poor adsorption—desorption exhibited by SACs for HCs.
Such effects are likely responsible for the unchanged CsHs light-off profile when CO is co-fed
(Figure 4.9b). In contrast, the light-off plot for CO oxidation shifts to higher temperatures (Tgo
increases from 95°C to 210°C). when CsHs is present. These effects are consistent with CsHs
impeding the accessibility of CO to active sites, i.e., competitive adsorption.?* CO-DRIFTS

experiments show a single vibrational peak centered at 2099 cm* (Figure 4.10b). This peak is
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indicative of CO adsorbed on Pd that is electron deficient due to strong interactions with the CeO2
support.>® The absence of other characteristic CO adsorption bands suggests that the sites are not
at the edges of Pd nanoparticles, but more likely single-atom Pd sites.3%¢ The intensity of this
peak decreases significantly upon the addition of CsHs, which is consistent with competitive
adsorption impeding CO oxidation activity. The CO adsorption peak also shifts to lower
wavenumbers in the presence of CsHs. Such phenomena have been attributed to decreased CO

coverage.5?

1000°C sintering of the Pretreated catalyst (S1-P) improved CsHs oxidation activity,
resulting in Too and Ea values of 405°C and 56.7 kJ/mol, respectively. Sintering increases the
fraction of bulk Pd (Table 4.3), which is known to be active in oxidizing hydrocarbons such as
CsHs.%® In situ DRIFTS corroborates that CsHs preferentially adsorbs at these sites as the addition
of CsHg decreases the CO band intensity at ~1970 cm™, which corresponds to CO adsorbed on
bulk Pd (Figure 4.10c). The decreased CO coverage causes these peaks to shift to lower
wavenumbers. As seen in Figure 4.9c, there is no significant difference in the light-off
characteristics for CO when CsHs is added to the reaction mixture. This is likely because CO still

adsorbs to oxidized and interfacial Pd sites.
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Figure 4.10. In situ DRIFTS conducted under CO single fed and CO + C3Hg co-fed conditions.

Catalysts tested are (a) Control, (b) 800°C Pretreated, (c) 1000°C Sintered, and (d) 800°C Regenerated catalysts.
Gas compositions were as follows: CO single fed — 1% CO, 2.5% O (N2 gas balance), CO + CsHs co-fed— 1%
CO, 0.1% CsHsg, and 3% O (N2 gas balance). Total flow rates were maintained at 100 mL/min and the
temperature used was 50°C.

After the Pretreated catalyst is regenerated (R1d-P), the abundance of Pd—CeO: interfacial
sites increases through the partial redispersion of Pd, and coinciding decrease in average sintered
particle size (Figure 4.3-4.5). As demonstrated in Figure 4.10b these sites can be susceptible to

poisoning by CsHs, which impedes CO light-off. When CO and CsHs are cofed to the R1d-P
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catalyst, the intensity of peaks in the 1970-1800 cm™ range decreases (Figure 4.10d). This
suggests that CsHs is adsorbing on the bulk Pd sites that remain in the R1d-P sample and not on
the interfacial sites. As C3Hs is co-fed, the intensity of the peak at ~2080 cm increases. Such
growth may indicate that CO displaced from bulk Pd sites by CsHs can adsorb on interfacial sites,
which are now more abundant due to regeneration. These adsorption dynamics result in two
outcomes observed in light-off experiments for the regenerated catalyst (Figure 4.9d). First, the
CO oxidation activity is unaffected by the presence of CsHs. Second, the R1d-P catalyst retains its
CsHs oxidation activity when CO is co-fed, unlike the S1-P catalyst. In fact, the CsHs Too decreases
by approximately 30°C to 345°C in the presence of CO. This makes the R1d-P catalyst the most
effective for achieving the complete co-oxidation of CO and CsHs. Given the exothermic nature
of CO oxidation,®26% conversion at interfacial sites at temperatures <200°C may provide excess
heat to accelerate CsHs oxidation on nearby bulk sites, which decreases the thermal requirements
for Toeo. This may close the gap between CO Tgo and the onset of CsHs conversion during co-fed

conditions.

4.3 Conclusions

This work demonstrates that intermediate temperature exposure, when applied in
combination with a suitable pretreatment, effectively regenerates the abundance of metal-support
interface sites and catalytic performance in sintered Pd-CeO: catalysts. We find that the
combination of bulk and interfacial sites achieved through this regeneration produces a catalyst
with superior activity in applied conditions that contain competitively adsorbing reactants. The
catalyst facilitates the co-oxidation of CO and CsHs, two species which are known to competitively

adsorb.
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Using a Pd@CeO2 model catalyst system, we show that the boundary between favorable
and unfavorable restructuring is well described by the thermodynamic decomposition of the PdO
phase. Aging temperatures that approach the thermodynamic limit of PdO stability were shown to
facilitate redispersion of metal into dispersed sites that are anchored to the surface of reducible
CeOz2 through oxygen-mediated bonding. When this limit is surpassed, e.g., high temperature aging
at 1000°C, Pd—O—Ce bonds decompose and the active metal sinters. Returning to aging conditions
that favor the PdO phase, shown here through 800°C aging, can recover catalytic performance
through the partial redispersion of sintered Pd. Pretreating the catalyst at 800°C creates a larger
fraction of dispersed metal sites, which help stabilize small polycrystalline CeO2 domains during
1000°C aging. This preserves the Ce** sites that can trap mobile metal upon returning to 800°C
conditions, which increases the efficacy of the regeneration protocol. We show the applicability
of this regeneration mechanism through its successful reuse when catalysts are repeatedly sintered

at 1000°C.

Our findings provide a framework that informs how controlling temperature can be used
to regenerate catalyst performance. Such protocols are simple and require little intervention, which
makes them attractive for in-operando regeneration strategies, given the control over temperature
and aging environment that can be achieved in many modern reactor systems including those in
automotive emissions control. The development of such simple, yet effective strategies help
improve lifetime, which addresses growing concerns over the sustainability and utilization of

costly materials in industrial catalysis.
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4.4 Experimental Details

4.4.1 Synthesis of model core@shell catalysts

Pd@CeO:2 catalysts were synthesized according to the methods outlined in Section 2.4.1

and Section 3.4.1.

4.4.2 Catalyst aging

Fresh Pd@CeO: catalysts were divided into two batches: a Control batch (C) that was
directly aged at 1000°C and a Pretreated batch (P), that was aged at 800°C in air for 4 hours, to
produce highly dispersed halo sites.?” Each batch of catalysts was subjected to a 4 hour in situ
aging at 1000°C, for catalytic activity measurements, and ex situ aging, for structural
characterization. For this study, in situ aging denotes aging done in the catalytic testbed described
below, and ex situ aging denotes aging conducted in a temperature programmable furnace. One
aging cycle is defined by ramping at 5°C/min to a target temperature in dry air, holding said
temperature for 4 hours, then cooling back down to ambient conditions. Catalysts exposed to aging
at 1000°C are referred to as ‘Sintered’. Upon completion of the respective characterization, the
catalysts were subjected to four repeated cycles of 800°C aging. These four cycles, which were
indexed a-d, define the catalytic performance and structure regeneration protocol. Catalysts
exposed to these four cycles were referred to as ‘Regenerated’. The CO light-off capability of each
batch of catalysts was examined after each cycle of 800°C aging. After completing the four 800°C
aging cycles that define the regeneration protocol, samples were once again exposed to 1000°C
sintering conditions (S2) and probed for CO oxidation activity. Following this, samples were again
subjected to four 800°C aging cycles (R2a—d). This was done to investigate the repeatability of the

regeneration protocol.
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4.4.3 Catalytic testing parameters

Light-off experiments to evaluated catalyst performance: Light-off experiments were
split into three categories: CO oxidation, CsHs oxidation and CO + CsHs co-oxidation. Before
catalytic tests, 50 mg of catalyst was sieved between 60 — 80 mesh and diluted with 80 mg of SiO2
(which was also sieved between 60 — 80 mesh). Once sieved and mixed, the catalyst samples were
loaded into a 4.00 mm (internal diameter) quartz reactor tube, placed inside a temperature
programmable furnace, and subjected to continuous gas flow. Samples were cleaned by heating to
500°C for 2 hours under the flow of dry air, achieved with a ramp rate of 5°C/min. All total flow
rates were set to 200 mL/min. In addition, all light-off experiments used a temperature range of
50-450°C achieved with a ramp rate of 2°C/min to ensure appropriate linear control of temperature
and heat transfer within the catalyst bed. A downstream FTIR analyzer was used to provide real-
time quantification of effluent gas components. CO oxidation light-off experiments used a test gas
made of 1% CO and 2.5% Oz with N2 gas balance (CO single fed). CsHs light-off experiments
used a test gas made of 0.1% CsHs, and 3% O2 with N2 gas balance (CsHs single fed). Co-oxidation

experiments used a test gas made of 1% CO, 0.1% CsHs, and 3% O2 with N2 gas balance (co-fed).

The conversion of the target reactant (CO or CsHs) was used to identify Tgo values and to
plot light-off curves. The conversion of a target reactant at a given temperature, X5, was calculated

as follows:

[Rlout
[R]in

Xa[%] = (1 - ) x 100[%]

where [R];, is the inlet concentration of the target reactant and [R],,: 1S the outlet concentration

of the target reactant at a given temperature.
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Arrhenius experiments to identify activation energy: Arrhenius experiments were
conducted using the reactor setup and CO and CsHs oxidation experiment test gas compositions
outlined above. The temperature was increased in a stepwise method to ensure that conversion was
under 20%. Each temperature point was stabilized for 30 minutes, with constant effluent gas
analysis by a downstream FTIR. The rate of conversion of a target reactant, r, was calculated as

follows:

mol ]_XR * [R)in - V¢

TR
g cat - sec Megr

where Vf is the total test gas flow rate and m_,; is the mass of the catalyst.

4.4.4 Material characterization

Catalysts were characterized using five techniques: STEM, EDS, XPS, XRD and in situ
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). Refer to Section 3.4.5 for
STEM and EDS characterization details and Section 2.4.5 for XRD and XPS characterization
details as acquisition parameters were identical.

A Bruker Tensor 27 spectrometer equipped with a Harrick Praying Mantis high-
temperature reaction chamber and an MCT detector cooled by liquid nitrogen was used to collect
in situ diffuse reflectance infrared spectra (DRIFTs). Approximately 50 mg of sample was diluted
with KBr (99+% Fisher Scientific) to increase IR reflectance prior to loading into the Praying
Mantis sample cup. The samples were then pumped down to vacuum (~10° torr), to clean the
catalyst surface prior to pretreatment and 315°C for 2 hours under 20% O2 with an N2 gas balance
flowing at 100 mL/min. Once pretreatment had been completed, the sample was cooled to 50°C.

Background signals for in situ DRIFTS experiments were collected under the flow of 3%

O2 with a N2 balance flowing at 100 mL/min. in situ DRIFTS spectra were collected for catalysts
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under two flow conditions, which were similar to light-off experiment conditions: 1% CO with

3% O2 (CO single fed) and 1% CO with 0.1% CsHs and 3% O: (co-fed). The total flow rate was

maintained at 100 mL/min for all experiments. Gases were left to flow over the catalyst after for

30 minutes prior to data collection, to ensure steady-state transport. The peak area in regions

corresponding to the adsorption of CO (2200-1700 cm)!3%5% were monitored to probe

competitive adsorption dynamics. It should be noted that the same catalyst sample was used for

single and cofed experiments. Catalysts were heated to 500°C for 2 hours under 20% Oz with an

N2 gas balance flowing at 100 mL/min to remove any adsorbates remaining from the single fed

experiments. Catalysts were then exposed to the vacuum and pretreatment steps discussed above.
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Chapter 5 : Favorable Restructuring in Monometallic Au@CeO. and
Bimetallic AuPd@CeO: core@shell catalysts

5.1 Motivation

The favorable restructuring of core@shell nanoparticles is a simple and effective strategy
to redisperse active metal into highly dispersed sites with improved stability and activity. Highly
dispersed sites are valuable to a variety of catalytic processes beyond oxidation.* In addition,
these high atomic efficiency arrangements have garnered attention for a number of other
applications such as biosensing,* and energy storage and conversion.> As demonstrated during the
aging of Pd@SiO2 and Pd@CeO: catalysts, core@shell architectures can effectively promote the
redispersion of active metal species that would otherwise agglomerate in conventional
morphologies.®’ The ability to generalize this favorable restructuring strategy to redisperse metals
other than Pd, however, has yet to be observed.

The previous chapters of this thesis have demonstrated how oxidation plays a significant
role in the ability to redisperse an active metal at elevated temperature. The stability of the
redispersed phase is also effectively described by the thermodynamics of metal-oxygen
interactions. These observations suggests that if a metal can be oxidized in elevated temperature,
oxygen-rich conditions, it should redisperse in the encapsulating environment of a core@shell
architecture. This chapter probes this hypothesis by investigating the restructuring of Au in a
Au@CeO2 core@shell system, as Au exhibits much poorer oxidation thermodynamics when

compared to Pd. As shown in Figure 5.1, Au does not form a stable oxide at oxygen partial
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pressures below 10'° Pa. Consequently, it is a good model system to probe the importance of

oxidation thermodynamics for mediating favorable restructuring in core@shell architectures.
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Figure 5.1. Thermodynamics of oxidation for Au and Pd.
Au-Au,03 and Pd-PdO gas phase equilibrium diagrams plotted from the relationships described in reference.®

Au is found to not redisperse in Au@CeO2 systems using the same aging conditions that
redisperse Pd in Pd@SiO2 and PA@CeO2 (800°C in air for 4 hours). This suggests that oxidation
thermodynamics can effectively describe the propensity for metal redispersion. Consequently, in
instances where core metals exhibit unstable oxides, the role of encapsulation changes from a
restructuring template to a physical barrier that promotes thermal stability.

As previously described in Chapter 1, alloying active metal species together can alter local
electronic structure, which can improve catalytic performance.®1° Au can be readily alloyed with
Pd, which results in a high performing catalyst for applications such as the production of
commodity chemicals and the remediation of volatile organic compounds.’*4 The synergy
between Au and Pd has also been investigated for use in emissions control catalysts.>6 In addition
to their catalytic relevance, Au—Pd bimetallic systems have been shown to dynamically restructure

under catalytic working conditions.t”1° As such, this work investigates whether a metal with a
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very stable oxide such as Pd, through alloying, can facilitate the favorable restructuring of a metal
with an unstable oxide such as Au.

Au cores are synthesized with overlayers of Pd in AuPd@CeO:2 nanoparticles due to the
superior reduction potential of the Au precursor, AuBra4’, in solution when compared to the Pd
precursor, PdBr4?.2° In contrast to the monometallic Au@CeO2 system, Au appears to redisperse
in bimetallic AuPd@CeO2. As demonstrated by scanning transmission electron microscopy
(STEM) and energy dispersive spectroscopy (EDS) elemental mapping, bimetallic cores break up
and form smaller particles in addition to regions of highly dispersed Au and Pd. The redispersion
of bimetallic cores at 800°C is tracked in real time using in situ STEM. X-ray diffraction (XRD)
characterization identifies that average metal particles have shrunk and reconstructed to form
intermixed alloys of Au and Pd, instead of Pd overlaid on Au. Consequently, this work shows that
alloying can facilitate favorable restructuring for Au in a core@shell architecture, which
demonstrates a promising method to both redisperse active metals with poor thermodynamics of

oxidation and produce dispersed bimetallic sites for catalysis.

5.2 Results and Discussion

5.2.1 Defining model nanoparticle systems

Au@CeO2 and AuPd@CeO: catalysts were synthesized using methods similar to those
previously described by Zhang et. al, where pH conditions and metal precursor redox potentials
are controlled in a one-pot procedure.?! The synthesis proceeds as an autoredox reaction between
brominated core metal precursors and a CeOz precursor, cerium hydroxide (Ce(OH)s), which form
through reactions as outlined in Figure 5.2. The autoredox behavior of the core and shell precursors
makes for a straightforward synthesis that can be volumetrically scaled to improve batch yield.

Cerium acetylacetonate (Ce(acac)s) is converted to Ce(OH)s through a reaction with NHs in-
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solution. Ce(OH)s is used as a shell precursor as it can readily reduce brominated metal precursors
through the formation of —Ce-O-Ce— linkages (i.e., CeO2 nanoparticles) and HBr, which
dissociates in the aqueous synthesis environment. Addition of a surfactant such as
polyvinylpyrrolidone (PVP) helps control metal nanoparticle size, minimize particle aggregation,
and facilitates the growth of CeO2 around metal particles in a core@shell morphology. As the
formation of the core and shell simultaneously occur through reactions with Ce(OH)s, the rate of
producing Ce(OH)s can be used to control core and shell thickness. This is done by tuning the
solution alkalinity introduced through NHs addition. When greater amounts of NH3 are added, core
sizes are smaller and active metal species are highly distributed throughout the shell. Adding lower
concentrations of NHs allows Ce(OH)s to form more slowly, which allows active metal ions to

coalesce in solution before reacting to zero-valent states. This results in larger core sizes.

HBCYO
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Figure 5.2. Mechanism of core and shell precursor formation.

AuBr4 is preferentially reduced by Ce(OH)s when compared to PdBrs?.2° As such, Au ions
aggregate and form particles, which act as seeds for Pd ions to adsorb upon. This results in
bimetallic AuPd@CeOz2, which exist as cores of Au with overlayers of Pd. These cores are then

encapsulated by CeO:2 shells that form through the stacking of smaller CeO2 particles, similar to
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those described in Chapters 2—4. In the absence of Pd precursors, monometallic Au@CeO:

particles are a formed, as shown in Figure 5.3.

Figure 5.3. STEM, EDS and high-resolution TEM characterization of fresh Au@CeO,.
(a) STEM characterization and EDS elemental mapping. EDS figures contain embedded legends to indicate the
corresponding colors for the elemental maps (Au: Blue, Ce: Pink) and the detector used to collect the STEM
image (BF: bright-field, HAADF: high angle annular dark-field). (b) High-resolution TEM characterization of
an individual CeO; crystallite on a Au@CeO; particle. Fast Fourier transform (FFT) of the CeO crystallite has
been inset (left) in addition to a selected area electron diffraction pattern of a whole Au@CeO; nanoparticle

(right).

As seen in Figure 5.3, Au cores are approximately 20 — 30 nm in diameter and CeO2 shells
are on the order of 10 nm thick. This results in fresh Au@CeO2 nanoparticles that are
approximately 50 nm in diameter. XRD characterization in Figure 5.4 identifies that Au cores are
27.3 nm in diameter and CeO: crystallites are 6.8 nm in diameter on average. Figure 5.3b confirms
that these crystallites are small, randomly oriented, and polycrystalline. These structural features
allow for a high density of steps, edges and consequently, undercoordinated Ce3* sites, which are
effective for trapping metal species during elevated temperature mobility.?>-24

Figure 5.5 shows successfully synthesized bimetallic AuPd@CeO: particles prepared with
an equimolar concentration of Au and Pd. As can be seen, the cores are comparable in size to the
monometallic Au cores in Au@CeOz2, with an average diameter of 23.03 nm, as determined by the
Debye-Scherrer equation. The peak locations of the (111) and (200) Au reflections directly overlap

that of monometallic Au@CeO:z2. In addition, no discernable reflection for bulk Pd can be observed.
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These observations are consistent with a Au core that has an overlayer of Pd instead of being
atomically mixed.?® CeO: crystallites have a comparable average size of 5.91 nm (Figure 5.4,b),
and stack together to form shells of similar thickness to their monometallic counterparts. EDS

characterization shows that Pd overlayers have formed atop the Au cores.

a) b) c)
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Figure 5.4. X-ray diffraction characterization of fresh and aged Au@CeO, and AuPd@CeO,.

XRD characterization of fresh and aged (a) Au@CeO; and (b) AuPd@CeO; catalysts. Peaks corresponding to

Au reflections have been highlighted with V. All other peaks are attributed to reflections of the CeO> shell. (c)

XRD characterization in the region corresponding to Au (111) and (200) reflections for fresh and aged

Au@CeO; and AuPd@CeO,. Average CeO; and Au crystals sizes has been inset.

Figure 5.5. STEM and EDS characterization of fresh AuPd@CeO..
EDS elemental mapping figures contain embedded legends to indicate the corresponding colors for the elemental
maps (Au: Blue, Pd: Green, Ce: Pink) and the detector used to collect the STEM image (BF: bright-field,
HAADF: high angle annular dark-field).

5.2.2 Absence of redispersion in Au@CeO2 nanoparticles

Au@CeO: catalysts were aged at 800°C in air for 4 hours to examine whether the favorable
restructuring observed in Pd@CeO:2 systems would occur.®” As seen in Figure 5.6, Au cores are

still intact after high-temperature aging. The concentrated Au signal at the core, as shown by EDS
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elemental mapping, suggests that partial redispersion of Au did not occur. This outcome is
expected due to the poor oxidation thermodynamics exhibited by Au nanoparticles,® which
decreases the likelihood of cluster disintegration and redispersion without the use of an adsorbate
such as a halogenated compound.?®?” The lack of core disintegration and redispersion is
corroborated by XRD, which shows that the average Au core size remains relatively consistent
(30.62 nm) after aging. The cores appear to have reshaped during the elevated temperature aging.
This may have been caused by the restructuring of CeO:2 shell crystallites, which have

agglomerated into larger particles, with an average size of 27.39 nm, around the Au core.

Fresh

Aged

Figure 5.6. STEM and EDS characterization of Au@CeO; before and after ex situ aging.

Au@CeO; catalyst (a) as fresh and (b) after aging at 800°C in air for 4 hours. EDS elemental mapping figures
contain embedded legends to indicate the corresponding colors for the elemental maps (Au: Blue, Ce: Pink) and
the detector used to collect the STEM image (BF: bright-field, HAADF: high angle annular dark-field). Red
outlines of the cores have been included to identify their shape prior to and post 800°C aging.

Additional characterization of Au@CeO2 shows that CeO: crystallites from neighboring
particles have grown together after aging at 800°C (Figure 5.7). This emphasizes the importance
of dispersible active metal species for stabilizing support morphology during high temperature
exposure.”?? Despite the interparticle coalescence of supporting CeO2 crystallites, Au cores in

neighboring particles have not sintered. This suggests that when an active metal with poor
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oxidation thermodynamics is used, the core@shell morphology does not act as a template to direct
restructuring behaviors. Encapsulation instead acts to impede active metal accessibility and
consequently slow the effects of high temperature sintering, as shown in a number of other
works.?830 When the aging temperature is increased to 1000°C, CeO2 crystallite sintering
continues, forming particles over 200 nm in diameter (Figure 5.7¢). In addition, a large Au particle
on the order of 100 nm in diameter, over four times the size of an as-synthesized Au core, can be
found with no dispersed Au signal throughout the sintered CeO: crystals. This, combined with the
observations in Figure 5.7b, suggests that CeOz2 crystallites continue to sinter between neighboring
particles as aging temperatures increase. As these crystallites continue to grow and the core@shell

morphology begins to deteriorate, Au cores can access one another and sinter together.

a)

800°C aged

50 nm

1000°C aged

100 nm

Figure 5.7. STEM and EDS characterization of monometallic Au@CeO; aged at 800°C and 1000°C.

EDS elemental mapping figures contain embedded legends to indicate the corresponding colors for the elemental
maps (Au: Blue, Ce: Pink) and the detector used to collect the STEM image (DF: dark-field, HAADF: high angle
annular dark-field).

134



In situ STEM was conducted to observe the restructuring of Au@CeO: in real time (Figure
5.8). The Protochips Fusion Select in situ electrothermal holder used in these experiments was not
gas-flow compatible. Therefore, the in situ heating experiments were conducted under vacuum.
Favorable restructuring was previously observed for a Pd@CeO: catalyst aged at 800°C under an
inert N2 atmosphere,® however, which shows that reducible oxides such as CeO2 can provide the
oxygen necessary to facilitate adsorbate-induced disintegration and redispersion, albeit to a lesser
extent compared to samples aged in air. Consequently, it is expected that conducting these
experiments in vacuum would not readily confound results and Au would redisperse from its core
location during these experiments if it were capable of being oxidized at the temperatures used.
Temp = 23°C t=0 Temp=800"C t=10hr. Temp=800"C t=15hr

Temp =23"C t=2.0hr.

Time (hr.)

Figure 5.8. Characterization of Au@CeO; during in situ aging in the STEM.

Subfigures have been labelled with their respective time points and temperatures. A collection of five particles,
boxed in red, has been magnified. A serendipitous finding of a Au@CeO; particle with two Au cores has been
circled in white.

The stability of Au in the core@shell particles is corroborated by in situ STEM, as Au
cores do not agglomerate over two hours of exposure to 800°C. In a serendipitous instance of a
Au@CeO2 particle containing two cores, agglomeration of Au is still not observed. This
demonstrates the value of encapsulation for inhibiting metal particle mobility and agglomeration,

even over distances smaller than the particles themselves. The reshaping of Au cores and sintering
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of CeO2 domains during the elevated temperature observed during ex situ aging is corroborated in

these in situ experiments.

5.2.3 Co-redispersion of Au and Pd in bimetallic AuPd@CeO:2 nanoparticles

PdO forms readily upon exposure to 800°C in the partial pressure of oxygen contained in
air (2.13 x 10* Pa).® The high temperatures, coupled with the strain to Pd—Pd bonds caused by the
dissociative chemisorption of oxygen can drive adsorbate-induced disintegration of Pd clusters.31-
3 These adatoms can readily redisperse throughout a core@shell structure, as the porous
encapsulation separates active metal domains during periods of thermally induced mobility." As
shown in previous work by Lee et. al.,3* hydrothermal aging (10% H20 at 750°C) bimetallic Pd—
Fe, Pd-Ni and Pd—Co systems redispersed both metal species and increased their coordination to
one another. As Au and Pd readily form alloys, bimetallic AuPd@CeO2 nanoparticles were
synthesized to investigate if Au and Pd could be redispersed together during elevated temperature
aging in air.

Figure 5.9 shows AuPd@CeO: catalysts before and after 800°C ex situ aging in air for 4
hours. While CeO:2 crystallites appear to have agglomerated during the elevated temperature
exposure, EDS elemental mapping shows a highly dispersed signal of both Au and Pd. This
observation is starkly different from the Au@CeO: system, which suggests that alloying the Au
core with a readily dispersible metal such as Pd has indeed facilitated a co—redispersion of both
metals. As shown in Figure 5.10, many small CeO2 crystallites (<20 nm in diameter) can still be
found after 800°C aging. XRD characterization shows these crystallites are 12.4 nm in diameter
on average, approximately 15 nm smaller than the average crystallites found in Au@CeO:

(27.39 nm) aged in identical conditions. This is consistent with past work that shows atomically
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dispersed active metals can stabilize small polycrystalline support domains and slow their sintering
during high-temperature annealing.”%?

a)

Figure 5.9. STEM and EDS characterization of Au@CeO; before and after ex situ aging.

EDS elemental mapping figures contain embedded legends to indicate the corresponding colors for the elemental
maps (Au: Blue, Pd: Green) and the detector used to collect the STEM image (BF: bright-field, HAADF: high
angle annular dark-field).

The redispersion observed in microscopy characterization is corroborated by XRD
analysis, which shows peak broadening in the (111) and (200) reflections of Au particles and an
average particle size that has decreased to 14.19 nm. This does contrast with other works that show
a disappearance of bulk metal reflections in XRD when particles redisperse completely into single
atoms.®® Consequently, it appears that Au particles do not completely disintegrate and redisperse.
EDS analysis of individual crystallites of CeO: after aging show highly dispersed signals of Au
and Pd (Figure 5.10). This combined with the retention of smaller crystallites after aging suggests

that some near-atomically dispersed species exist within the restructured AuPd@CeO:..
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10 nm

Figure 5.10. Additional STEM and EDS characterization of Au@CeO; after ex situ aging.

EDS elemental mapping figures contain embedded legends to indicate the corresponding colors for the elemental
maps (Au: Blue, Pd: Green) and the detector used to collect the STEM image (BF: bright-field, HAADF: high
angle annular dark-field).

The (111) and (200) reflections for Au in the aged AuPd@CeO:2 have shifted by
approximately 0.7° towards the (111) and (200) reflections of bulk Pd (Figure 5.4c). This contrasts
with the peaks in monometallic Au@CeO2, which do not shift or change in width after aging.
Shifts in XRD peaks are indicative of alloying between metals.26:363” The continued absence of a
bulk Pd reflection suggests that Pd has not segregated from the Au phase during annealing. As
such, it is unlikely that Pd segregated from the Au cores is responsible for the decreased particle
size found in XRD analysis. Instead, it appears as though the presence of Pd species has facilitated
the disintegration and redispersion of Au clusters into smaller bimetallic particles that exhibit
interatomic mixing. It is possible that the small size of the AuPd nanoparticles enables mixing that

deviates from the modeled thermodynamic behaviors of bulk AuPd systems.3®
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Temp = 23°C t=0 Temp=800C t=1.0hr. Temp=800C t=15hr. Temp=23C t=20hr

.

Figure 5.11. Characterization of AuPd@CeO- during in situ aging in the STEM.

EDS elemental mapping figures conducted before and after the heating experiment have been placed below their
respective figures. EDS figures contain embedded legends to indicate the corresponding colors for the elemental
maps (Au: Blue, Pd: Green, Ce: Pink) and the detector used to collect the STEM image (BF: bright-field,
HAADF: high angle annular dark-field). Red circles highlight the bimetallic core during the heating experiment.

In situ STEM was conducted on AuPd@CeO: to corroborate the redispersion of Au and
Pd observed after ex situ aging. As seen in Figure 5.11, the bimetallic core begins to decrease in
size and eventually disappear over two hours of annealing at 800°C. EDS elemental mapping
before and after the annealing experiment confirm that the disappearance of the core is associated
with the redispersion of both Au and Pd. This observation corroborates that Au can be redispersed
through elevated temperature aging when it is alloyed with an easily oxidized metal such as Pd.
This approach provides an alternative to conventional strategies that use thermal treatment
alongside halogenated chemicals that can exhibit adverse environmental properties.?® As these in
situ TEM experiments are conducted under vacuum, these data also demonstrate that successful
redispersion can occur in the absence of gas phase oxygen. In such cases, it is likely that lattice
oxygen is provided from the reducible CeO2 as shown in previous work.” It should be noted that

the CeO: shell crystallites appear to rapidly sinter into larger particles in the in situ microscopy
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experiments, when compared to CeOz2 crystallites of AuPd@CeO: after ex situ aging. The sintering
of support crystallites at elevated temperatures can be impeded by atomically dispersed metal
species.?> We have demonstrated this in past work using a Pd@CeO2 system.®’ The absence of
gas phase oxygen may have impeded redispersion during the in situ aging experiments, which

would allow the CeOz to sinter more rapidly.

5.2.4 Proposing a mechanism for bimetallic restructuring

Owing to the thermodynamic favorability of their oxide phase, platinum group metals can
be readily oxidized at elevated temperature, and subsequently redispersed throughout reducible
CeO2 domains through the formation of M—O-Ce interactions (where M is a metal).3%4 It is clear
from aging monometallic Au@CeO, that the thermodynamics of oxidation can describe the
propensity to undergo redispersion in an oxygen-rich environment.

Au nanoparticles can undergo adsorbate—mediated disintegration and redispersion through
the use of highly electrophilic halogenated compounds such as CH3l.?” For example, Yuan et. al.
demonstrated that treating sintered Au particles with average diameter >30 nm with CHzsl at 40°C
for 72 hours resulted in Au particles with an average diameter of 0.73 nm.2® It was proposed that
the iodohydrocarbons oxidized Au species through the formation of Au-I interactions, which
facilitated their fragmentation and redispersion on carbon supports. XPS was used to track the
degree of Au oxidation. Fresh Au/C catalysts displayed similar fractions of Au® (41.9%) and
oxidized Aud* (42.6%). The oxidation state distribution changed to favor Aus* (72.3%) over Au°
(27.7%) after CHsl treatment, which supported successful oxidation and redispersion of bulk Au.
As shown in Figure 5.12 and Table 5.1, the changes in Aud* and Au® distributions in AuPd@CeO:
after 800°C aging are consistent with the trends observed in the Au/C system. This suggests that a

similar oxidation and redispersion process has taken place. The driving force for diffusing Auxly
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complexes, once fragmentation has occurred, was proposed to be the difference in reduction
potential for Auxly and the oxidation potential for the carbon surface. This redox behavior is similar
to redispersion on reducible CeO:2 supports, as the oxidation of undercoordinated Ce®* sites is a

driving force for the deposition of highly dispersed metal species.*43

i)

Aged AuPd@CeO2 Au4f XPS

Raw signal

Normalized Intensity (a.u.)

92 90 88 86 84 82 80
Binding Energy (eV)

C

Fresh AuPd@CeO, Au4f XPS

Normalized Intensity (a.u.)

92 90 88 86 84 82 80
Binding Energy (eV)

Figure 5.12. XPS characterization of fresh and aged AuPd@CeO; nanoparticles in the Au4f core scan region.

The degree of Au redispersion can be modulated by the iodohydrocarbon chosen, with
smaller compounds resulting in greater redispersion. Yuan et. al. demonstrated this by treating
sintered Au particles with CHsl, CsH7lI and CeHsl at 40°C for 72 hours.?® The resulting
nanoparticles exhibited average diameters of 0.73, 2.94 and 7.21 nm, respectively. It was proposed

that the strength of the C—I bond influenced degree of redispersion. Compounds with C-I bond
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dissociation energies (BDEs) lower than the BDE of Au—I (270 kJ/mol) facilitated Au redispersion.
The greater the difference in C-I and Au-I BDE, the greater the redispersion and the smaller the
resulting Au nanoparticles.?¢4* Several studies have demonstrated Au redispersion during elevated
temperature (300-400°C) exposure in oxidizing environments.*46 While such studies do not
quantify the degree of redispersion or particle size decrease with the rigor as in the aforementioned
studies,?® they demonstrate that it is possible to redisperse Au using oxygen. Given that the ease
of abstracting iodine from iodohydrocarbons influences the degree of Au redispersion, it stands to
reason that improving the ease of abstracting oxygen would increase the likelihood and degree of
particle disintegration and redispersion.

Table 5.1. Oxidation state distribution of Au in fresh and aged AuPd@CeO; nanoparticles.

Sample Aus* composition (%) Au® composition (%)
Fresh AuPd@CeO; 52.9 47.1
Aged AuPd@CeO, 72.7 27.3

Several computational research efforts describe that alloying Au with Pd decreases the
energetic requirements for oxidation and increases the thermodynamic stability of the alloyed
oxide phase.*’® O—O bond breakage is found to be thermodynamically favorable, with negative
energies of reaction, when Au is alloyed with Pd. DFT analysis shows that diatomic oxygen can
dissociate on neighboring Pd atoms and transport to the interface sites between Pd and Au atoms.
Consequently, theory supports that an alloyed structure is more readily oxidized than monometallic
Au. This provides a possible basis for the redispersion observed here, given the high Kinetic
impetus for mobility provided by the 800°C aging environment. The participation of lattice oxygen

in the reducible CeO2 provides a low energy pathway for oxidation, as has been demonstrated for
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the oxidation of reactants such as CO.4%%0 It is possible this phenomenon also contributes to the

improved ease of Au oxidation and subsequent redispersion.

5.3 Conclusions

This work sought to investigate the generalizability of favorable restructuring in
core@shell morphologies with a Au@CeO: nanoparticle system. The absence of Au redispersion
upon 800°C aging confirmed that the thermodynamics of metal oxidation can effectively describe
whether favorable restructuring can occur. While metals with unstable oxides (Au) do not
redisperse, alloying such elements with readily dispersible metals (Pd) can promote redispersion.
The favorable restructuring of a bimetallic AuPd@CeO2 system was confirmed using a
combination of ex situ and in situ STEM, EDS, XRD and XPS. The improvement in oxygen
abstraction and stabilization on an alloyed Au—Pd surface was proposed to incite the redispersion
of Au from core particles. Consequently, this work demonstrates a method to achieve the favorable
restructuring of active metal species that exhibit poor thermodynamics of oxidation using a simple

thermal treatment in air.

5.4 Experimental details

5.4.1 Synthesis of monometallic Au@CeO:2 and bimetallic AuPd@CeO2 nanoparticles
Au@CeO2 and AuPd@CeO2 nanoparticles were synthesized similar to previous work,
methods where pH conditions and metal precursor redox potentials are controlled in a one-pot
procedure to tune core size, bimetallic composition and shell thickness.?
A deionized water (DI) solution was made with mM polyvinyl pyrrolidone (PVP) and
84.0 mM potassium bromide (KBr). The solution was left to stir at 60°C for 30 minutes. During

this time, separate 20 mM aqueous solutions of chloroauric acid (HAuCls) and potassium
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tetrachloropalladate (K2PdCls) were prepared. A 50 mM solution of cerium acetate hydrate
(Ce(ac)s) was also prepared during this time. The three solutions were added in sequence to the
PVP/ KBr solution (in the case of synthesizing monometallic Au@CeOz, the K2PdClas solution
was not prepared). A 2.8 mM aqueous solution of ammonia (NH3s) was then added to the solution
to facilitate the autoredox reaction between the CeO2 and core precursors. The solution was left to
stir at 60°C for an hour prior to collection by centrifugation and washing (three times with water
and three times with ethanol). All samples were treated in a muffle furnace at 500°C in air for 2
hours. At this stage, samples were considered ‘fresh’. All fresh samples were subjected to STEM,

EDS, XRD and XPS characterization (see Section 5.4.3).

5.4.2 Aging parameters

For the purposes of this study, in situ aging refers to aging using an electrothermal STEM
holder to monitor the restructuring of Au@CeO2 and AuPd@CeO: in real time. Ex situ aging refers
to aging in a tube-furnace system for morphology characterization as a function of aging.

Ex situ aging was conducted in a tube-furnace at 800°C in air for 4 hours, achieved with a
temperature ramp of 5°C/min. The gas flow rate was set to 200 mL/min total. Upon aging, samples
were characterized by STEM, EDS, XRD and XPS characterization (see Section 5.4.3).

In situ aging was conducted with a Protochips Fusion Select in situ electrothermal holder
and compatible E-chips (product number E-FHDC-VO-10). Samples were heating to 800°C using

a ramp of 1000°C/sec. Samples were held at 800°C for 2 hours to observe restructuring.

5.4.3 Material characterization
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Characterization of samples was done using four techniques: scanning transmission
electron microscopy (STEM), x-ray energy dispersive spectroscopy (EDS), x-ray photoelectron
spectroscopy (XPS) and x-ray powder diffraction (XRD).

Refer to Section 3.4.5 for STEM and EDS characterization details and Section 2.4.5 as
acquisition parameters were identical. XPS was conducted in the same instrument as described in
previous chapters (refer to Section 2.4.5). Deconvolution also used the CasaXPS software,
however the parameters differed. Deconvolution was done in the Au4f core scan region using two,
each with a spin-doublet at +3.7 eV: zero-valent Au® (83.0 — 83.5 eV) and oxidized Au’" (84.0 —
84.6 €V).265! XRD characterization was conducted using the same instrument as described in
previous chapters (refer to Section 2.4.5). Application of the Debye—Scherrer equation for average
particle size was conducted similar to that described in Section 2.4.5, albeit at the peak

corresponding to the (111) reflection of Au, which was located between 38.2°and 38.9°.
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Chapter 6 : Conclusions and Future Work

6.1 Conclusions

Industrial catalysts are integral technologies for chemical and fuel production, energy
generation and storage and environmental remediation. As society continues to rely on catalytic
processes, the cost, scarcity, and demand for the metals that comprise industrial catalysts will
continue to increase. Combined with growing interests in material and environmental
sustainability, it is paramount to develop methods that can improve the utilization of costly metal
resources in industrial catalysts.

Thermally induced deactivation through the sintering of active metal species presents a
consistent challenge to improving material utilization in catalytic systems. This thesis
demonstrates that nanoscale restructuring can be controlled to produce favorable outcomes that
improve dispersion, activity, and thermal stability. Building upon a substantial review of nanoscale
restructuring dynamics, this thesis proposes that the emission and mobility of atomic-scale species
that is part of sintering mechanisms can be used to redisperse active metal species into highly
dispersed sites. The ability to redisperse these adatoms is limited however, as they readily interact
and agglomerate during periods of thermally induced mobility. Consequently, this thesis
investigated how nanoscale catalyst morphology can be used to segregate active metal species
such that they redisperse upon high temperature exposure.

This thesis demonstrates that encapsulating active metal domains in a core@shell

morphology can effectively promote favorable restructuring. Encapsulation changes the dominant
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restructuring pathway to particle disintegration and adatom emission, instead of whole particle
migration. This encapsulation, coupled with the porous, tortuous nature of the metal oxide shell
separates mobile adatoms to increase the likelihood of metal redispersion. Using Pd@SiO2 and
Pd@CeO: catalysts, this work shows that core@shell architectures can effectively promote the
redispersion of active metal species that would otherwise agglomerate in conventional
morphologies. Thus, core@shell architectures provide a simple and effective strategy for
improving material utilization in catalytic systems. Using core@shell catalysts, this thesis
identifies that the thermodynamics of metal oxide formation and decomposition can describe the
ease of forming and stabilizing highly dispersed metal species. This thesis demonstrates that these
interactions can be leveraged to promote dispersed site stability (as shown through the formation
of stable M—O—Ce interactions on reducible CeQOz2), recover dispersed sites after sintering at high
temperature, and extend favorable restructuring to metals other than Pd, such as Au.

This closing chapter proposes some future directions that can build upon the findings of

this thesis to improve activity, stability, and material utilization in catalytic systems.

6.2 Developing a predictive redispersion model

This thesis demonstrates that thermally induced restructuring is a simple and effective
strategy for creating high dispersions of stable and active catalytic sites. Chapter 4 demonstrates
however, that the density of trap sites impacts the degree of metal redispersion on reducible CeO2
during high temperature aging. Consistent with other literature, if the density of trap sites exceeds
the amount of dispersible metal, near complete redispersion will occur.r? Should the trap site
density be exceeded by the amount of metal, particles will decrease in size through the emission
and trapping of adatoms, but will still persist. Although there are many industrial catalytic

applications that benefit from highly dispersed single atom active sites, the relationship between
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trapping site density and optimum metal loading for total redispersion through thermally induced
restructuring has yet to be developed. Developing a relationship that informs the optimum loading
of metals for maximizing redispersion can be a valuable tool for industrial-scale catalyst design

that seeks to improve utilization of costly active metal resources. This is depicted in Figure 6.1.

Developing a structural descriptor to
maximize favorable restructuring

|dentify trap-site density

I \
I 1
I 1
I 1
: : Load target metal wt.%
I
N\ =
Synthesis via favorable \\\\\\ X~ Pdwt.%
_ _restructuring W B
~ Y

e

W
i ‘\»\\x

. .

- = = = =

S~

Figure 6.1. Vision for applymg a general descriptor to maximize the redispersion of active metal using thermally
induced restructuring.

A structural parameter X would be correlated to trap site density, n(Ce®*). Once identified, this parameter would
then inform the optimum weight% (wt.%) loading of active metal such that maximum redispersion into single
atom sites would be obtained upon exposure to high temperatures.

To this end, recommended future work would be to first identify a structural parameter that
can be easily analyzed, which acts as a proxy for Ce3* trap site density. While XPS can be
effectively used, it is a costly and low-throughput technique and thus not ideal for industrial
analysis of support densities. CeO2 crystallite size and by extension, surface area, are bulk
parameters that are known to scale with the density of trap sites. Trap site density is expected to

scale proportionately with the surface area and scale inversely with average crystallite size.
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50 nm 20 nm

Figure 6.2. CeO; nanospheres aged at 550°C and 1000°C in air for 2 hours.
As can be seen, the average particle size increases substantially with aging temperature, which decreases Ce3*
density.

As a preliminary test, CeO2 nanospheres, synthesized according to the protocol outlined in
Section 2.4.1, were aged at a variety of temperatures for 2 hours in air, to sinter crystallites and
subsequently change the density of Ce3* trap sites. As shown in Figure 6.2, treating the bare
nanospheres at elevated temperature increases average crystallite size, which decreases both the
specific surface area (m?/g) and Ce** abundance. As BET is a high throughput and bulk analytical
technique; specific surface area (m?/g) is a promising structural proxy for trap site density. Figure
6.3 shows the specific surface area for CeO2 nanospheres aged from 550°C — 800°C plotted against
Ce® composition (which was obtained through XPS according to Section 2.4.5). Ce®* abundance
appears to scale according to the square of nanosphere surface area. Given this relationship, future
work could load varying weight percent (wt.%) amounts of Pd through conventional wet

impregnation on this library of CeO2 nanospheres. The dispersion before and after 800°C can then
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be determined using CO chemisorption to discern the relationship between surface area and

optimum loading of active metal to ensure 100% dispersion upon thermally induced restructuring.
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Figure 6.3. Ce®* abundance as a function of specific surface area.

Table 6.1. Ce3* abundance and specific surface area for CeO nanospheres aged at a variety of temperatures.

Aging temperature (°C)

Specific surface area (m?/q)

Ce®* abundance (%)

550
600
650
700
750
800

131.9
104.8
87.7
61.6
56.2
49.3

17.8
141
12.4
11.2
10.8
10.6

A predictive model would be a valuable means of generalizing favorable restructuring
phenomena, particularly when informed by an empirically derived approach such as the one
outlined above. As summarized in Figure 6.4, a predictive model would benefit from two distinct
modeling segments: a thermodynamic model and a kinetic model. As described in Chapter 3 and
4, the thermodynamics of the formation and decomposition of active metal oxides, which can

effectively describe whether redispersion or sintering, respectively, is more likely. A
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thermodynamic model would compile these thermodynamic equilibria for catalytically relevant
active metals to inform what temperature and oxygen partial pressure ranges would be necessary
to produce mobile metal oxide adatoms. The proposed thermodynamic segment of this model
would also provide the energy of adsorption of the metal adatom to the undercoordinated trap sites
of a chosen support, and the likelihood that stable trapping is maintained at an aging temperature
of interest. CeO: is a good metal oxide to begin with as the adsorption energy to a Ce3* trap site
has been computed for a variety of metals.® Other metal oxides such as TiO2, which has

demonstrated some atom-trapping potential, may also be of interest.*
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Figure 6.4. Proposed overview of predictive model.

A kinetic model would take the aging conditions outlined in the thermodynamic model and
would be able to identify, per a given density of trap sites and amount of active metal, the likely
redispersion outcome. Given the high temperatures used to drive favorable restructuring, the
mobility of emitted adatoms is unlikely to be rate limiting. This has been demonstrated in recent
work by Cargnello et. al., who developed a model that treated the emission of mobile species as
the rate-limiting step.®> Similarly, the kinetic model proposed here could use the rate of mobile

adatom emission as a rate limiting step. The model could then use an input of temperature, mean
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free path length and trap site concentration, to determine the ratio of sintered vs. trapped metal.

This could be experimentally corroborated using the approach outlined above.

6.3 Stabilizing the CeO:2 support to retain trap site density

As demonstrated in Chapter 4, the loss of Ce3* trap sites during the 1000°C aging of
Pd@CeO: inhibited the complete regeneration of halo sites. Future work could look to address this
by investigating methods to stabilize the CeO2 support or otherwise retain the trap sites at high
temperatures. Treatment with reductive chemicals can increase the abundance of surface Ce?" sites.
This was demonstrated by Zheng et. al. who used an ascorbic acid treatment to increase the fraction
of Ce?®* sites to disperse up to 1.0 wt.% Pt on porous CeO2 nanorods.® These treatments were
conducted prior to the addition of Pt to the system. As such it would be important to investigate
whether such treatments would still be effective if sintered active metal species were already
loaded onto the support, as is would be the case in a regeneration application.

Combining the CeO2 with other thermally robust materials can also improve stability. This
was demonstrated by Liu et. al. who showed thermally treating CeO2, which was synthesized and
impregnated onto a commercial y-Al203 support, resulted in small, stable CeO2 domains that could
effectively trap Pd species through Pd—O—Ce interactions and persist up to 800°C.” Other methods
of stabilizing CeOz2, such as forming CeO2-ZrO2 solid solutions, could improve Ce®*" density. As
described in Chapter 1, high entropy structures containing Ce have shown promise as supports
with thermal stability and atom-trapping affinity. It is important to note however, that reducing the
content of CeO2 may effectively decrease the Ce3* trap site abundance. This may also occur if the
CeO:2 surface is doped on the surface to improve stability, as dopants may compete with active
metal species for atom-trapping sites. As such, a tradeoff between improving thermal stability of

CeO:2 and trapping active metal atoms is likely to occur. Future work may investigate this tradeoff
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by identifying how the dopant percent, or molar ratio of Ce to other metals in a solid solution or

high entropy oxide would affect the degree of redispersion.

6.4 Elucidating the mechanisms of bimetallic redispersion

As described in Chapter 5, Au appears to redisperse when alloyed with Pd in a bimetallic
AuPd@CeO: structure. It was proposed that nearby Pd increases the ease that Au atoms can
abstract and stabilize oxygen. This is analogous to iodohydrocarbons, which promote the ease of
iodine abstraction and stabilization onto Au surfaces.® This adsorption destabilizes Au-Au bonds,
which promotes fragmentation and redispersion, akin to adsorbate—mediated disintegration. While
this dissertation has established the role of oxygen for promoting redispersion in a monometallic
(e.g. Pd) system, the role of oxygen is less clear in a bimetallic structure. As such, future work
could conduct an experiment like that described in Section 2.2.5, where a Pd@SiO:2 catalyst was
aged in pure N2. Similarly, a AuPd@SiO: catalyst could be synthesized and aged in the in situ
TEM at 800°C. As there is no gas phase oxygen present and the SiO2 cannot donate lattice oxygen,
the role of oxygen in bimetallic restructuring could be elucidated.

It is possible that mobile PdO adatoms can facilitate the disintegration and redispersion of
Au clusters. Under this proposed mechanism, Pd, owing to its favorable thermodynamics of
oxidation, readily forms PdO. Au atoms, through their strong interactions with PdO, are
subsequently emitted from larger clusters during high temperature exposure as a Au/Pd/O
complex. This mechanism is difficult to experimentally verify, however. Consequently, future
work that seeks to understand the origins of bimetallic redispersion in the AuPd@CeO:2 system
could pursue a computational investigation. A small Au nanoparticle can be built as a test system
and the Au—Au bond strength can be calculated using density functional theory (DFT). The Au—

Au and Au-Pd bond strength can then be examined when an overlayer of Pd, resembling the
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bimetallic AuPd cores, is added. This modeling would identify whether alloying helps weaking
metal-metal bonds in bulk nanoparticles and whether it is feasible that a Au atom remains attached
to a Pd atom at elevated temperatures. The strength of these bonds can be calculated when the Pd
overlayer is subsequently oxidized, in order to see if the oxidation of surface Pd can sufficiently
weaken Au-Au interactions to permit the emission of a Au/Pd/O complex. Similar studies have
been conducted by Goldsmith et. al. and Liu et. al. who examined the adsorbate-induced
disintegration and redispersion of active metals relevant to emissions control.®° In addition, it
may be valuable to model a potential energy diagram for the oxidation of a bimetallic AuPd
particle. This would help inform the most stable structure of a Au/Pd/O complex.

Building a theoretical understanding of this bimetallic restructuring process can help
inform compatible metals that, when combined, can effectively redisperse in a core@shell
morphology during high temperature exposure. This would provide the basis for a generalizable
strategy that can produce highly dispersed bimetallic sites for catalysis using well-controlled

nanoscale architectures and simple heating protocols.

6.5 Generalizing and scaling the synthesis of core@shell catalysts

Morphology—directed restructuring in core@shell nanoparticle systems demonstrates a
strategy to obtain high dispersions of active metal species that may not readily redisperse in
conventionally—synthesized architectures. To realize this potential, it would be valuable to develop
a core@shell synthesis strategy that can be generalized for a variety of core and shell combinations

and scaled to the large batch quantities necessary in industrial catalyst manufacturing.
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iy

Figure 6.5. Synthesized Ag@TiO, core@shell nanoparticles done in collaboration with Dr. Adrsh Bhat.

The two-step core@shell synthesis strategy used in Chapters 2—4 relies on the base-
catalyzed hydrolysis of a shell precursor around nanoparticle core seeds, which have been formed
through reduction via hydrazine hydrate and are stabilized using a surfactant (trimethyl tetradecyl
ammonium bromide, TTAB).11? The ability to form Pd@SiO2 and Pd@CeOz2 nanoparticles from
this synthesis method demonstrates potential for generalizability. This is further shown in
Figure 6.5, through the recent synthesis of Ag@TiO2 core@shell particles, which used the ionic
dissolution and hydrazine—induced reduction of a Ag precursor (AgNOs) and subsequent
hydrolysis of a TiO2 precursor (titanium isopropoxide). In this instance,
hexadecyltrimethylammonium bromide (CTAB) was used as the surfactant. This suggests that any
core precursor that ionically dissociates in agqueous solution is compatible with this synthesis
technique.

Many synthesis techniques exhibit difficulty scaling due to changes in mass and thermal
transport, which can affect nucleation and growth rates.'® Core@shell particles are particularly
susceptible as precise tuning of surfactant concentrations is required to ensure appropriate

interactions between core and shell precursors. Too little of an interaction (low surfactant), and
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cores can agglomerate to become larger than intended. Too great of an interaction (excess
surfactant) and metal particles become encapsulated in a contiguous envelop of metal oxide as
opposed to individual shells. It should be noted that such arrangements may still result in the same
favorable restructuring outcomes at elevated temperature as found in particles with one core per
shell. In these cases, it is expected that the critical distance between active metal particles, as
described in Chapter 1, is the determining factor for whether active metal particles can successfully
redisperse during elevated temperature exposure. Determining this critical distance, by tuning
properties such as the active metal loading, porosity, and shell thickness, could be the focus of
future work.

Returning to the volumetric scaling of the core@shell synthesis, examining how the
concentration of surfactant necessary for successful encapsulation scales volumetrically would
build this protocol’s industrial relevance. In addition, synthesis methods that use alternative
strategies to obtain encapsulating morphologies may also be valuable to investigate. Protocols that
leverage autoredox reactions between core and shell precursors, such as those used in Chapter 5,4
facilitate encapsulation. As shown in Figure 6.6, the synthesis of Au@CeO2 nanoparticles
produced from this synthesis method was scaled volumetrically by a factor of five, with only slight
changes to core size or shell thickness distribution. It should be noted however, that the
generalizability of such autoredox methods have yet to be investigated. This could be the focus of

future work, given this promising preliminary result in volumetric scaling.
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Figure 6.6. Au@CeO; synthesized according to a standard and 5x volumetrically scaled protocol.

STEM characterization, core size and shell thickness distributions for Au@CeO- synthesized from the protocol
described in Section 5.4.1 (a—d) exactly as described (i.e., standard) and (e-h) when volumetrically scaled by a
factor of five.

Transitioning conventional one-pot aqueous synthesis methods to continuously flowing
systems can be an effective means of achieving high product yields while simultaneously avoiding
the altered nucleation and growth rates that can occur in traditional volumetric scaling of synthesis
solutions. Ruddy et. al. demonstrated this using a heated millifluidic system for the synthesis of
transition metal carbide catalysts.’>% It is possible that such flow-based systems could be an
effective means of scaling the production of core@shell nanoparticles synthesized from two-step

methods.

6.6 Applying encapsulation to other catalytic systems

Encapsulation is an effective method to facilitate the morphology—directed restructuring of
catalytic systems for improved material utilization. Similar to Chapter 5, future efforts could
attempt to generalize this behavior for novel core and shell combinations, should a generalizable
synthesis strategy be developed as discussed in Section 6.4. Rh and Ir are candidate core metals,
as their oxidation thermodynamics have been well-defined, they are relevant in many catalytic

applications and exhibit high cost.1®-18 TiO is a promising candidate shell material due to its high
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UV absorption, which makes it highly application for photocatalytic processes.'%2° Encapsulating

morphologies, however, can benefit many other catalytic applications.
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Figure 6.7. Summary of Ag-TiO; catalyst restructuring.

Conventional Ag-TiO. catalysts undergo sintering and lose Tgo performance for n-butanol oxidation during
repeated aging at 550°C in air for 10 hours. In contrast, encapsulated Ag—TiO; catalysts exhibit appreciable
structural and catalytic stability when exposed to the same aging conditions.

One such example is using encapsulation to improve thermal stability, when operation
temperatures are not high enough to make adatom emission and mobility the dominant
restructuring mechanism. This was demonstrated in a recent collaborative work with Dr. Adarsh
Bhat, whereby Ag nanoparticles were encapsulated by a porous TiO2 envelope in order to improve
their thermal stability during 550°C aging, which is typically used to remove carbonaceous
deposits, also referred to as ‘coke’, from catalysts remediating volatile organic compound
concentration in industrial settings.?* It was found that encapsulation hindered sintering over five
10 hour 550°C aging cycles when compared to Ag—TiO2 catalysts prepared by conventional wet

impregnation (Figure 6.7). Similar to the Pd@CeO: catalysts described in Chapter 2, encapsulation
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also lowered Tgoo temperatures for the oxidation of a probe VOC, n-butanol, due to improved
metal-support interactions, which increased the participation of TiO:2 lattice oxygen as part of
MvK oxidation mechanisms. The encapsulating morphology has been found to impede Ag
nanoparticle sintering at temperatures as high as 800°C as determined by preliminary aging
studies, despite the adverse sintering of the TiO2 support (Figure 6.8). The mechanisms for this

improved stability have yet to be fully understood and could be the subject of future work.

a) b)

(KARDE [Ag

Figure 6.8. Encapsulation promotes Ag stability at 800°C.

(a) TEM and (b) EDS elemental mapping characterization of encapsulated Ag—TiO- after aging in air at 800°C
for 4 hours. As can be seen, small, highly dispersed clusters of Ag persist, despite the sintering of the underlying
TiO, support.

The spatial separation of active metal species conferred by encapsulation is an attractive
platform for designing novel catalysts. Photocatalysts use semiconductor materials that use
incident photons with equal or higher energy than its to move electrons in from its valence band
(highest occupied molecular orbital) to its conduction bad (lowest unoccupied molecular
orbital).?>?® These photoexcitation events produce a mobile electron, which can be used to drive
reduction and a hole that remains in the valence band, which can conduct oxidation. The efficiency
of such processes are typically low, due to the recombination of electrons and holes (charge
carriers). A semiconductor can be doped or decorated with active metal particles, which can adsorb

target reactants and act as electron reservoirs to increase the charge carrier lifetime. As charge
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carrier stabilization relates to the ease of electron transport and acceptance by active metal centers,
encapsulating morphologies may be a promising architecture for photocatalyst design as they
improve the degree of metal-support interaction.?4#?> Plasmonic photocatalysis relies on the
absorption of photos with energy that resonates with the frequency of electron oscillation in an
active metal.?®?” This results in substantial enhancements in electric field. The energy stored in
these plasmonic resonant oscillations can be used to drive catalytic processes in a manner similar
to traditional photocatalysts. There are few metals, such as Ag, Au and Cu that exhibit plasmonic
resonance in practical wavelength regions. Such metals however, are useful as catalysts for a
limited number of reactions. In contrast, metals such as Pd, Pt and Rh, which have high catalytic
performance for a variety of reactions, do not support plasmonic resonance. Combining the
plasmonic and catalytic properties of these two metal types could be a path towards high
performing photocatalysts. The high interfacial contact conferred by core@shell morphologies can
be beneficial for designing cocatalysts that contain both a plasmonic and catalytically active metal
component in close contact. This has been demonstrated in recent work by Halas et. al. using a
Al@Cu20 catalyst for enhanced CO: reduction,?® and by Linic et. al. using a Ag@Pt catalyst.?%
Building upon the preliminary results described in Section 6.4, future work could decorate
Ag@TiO2 nanoparticles with a catalytically active metal such as Ru, which has been shown to be
highly active for NH3 synthesis and COz2 reduction.3!*2 In these arrangements, the Ag core would
act as the plasmonic metal, the Ru would be the catalytically active center and the TiO2 would

provide high surface area and a medium to transfer charge.
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