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ABSTRACT

High-entropy materials (HEMs) have emerged as a new class of multi-
principal-element materials with great technological prospects. As a unique class
of concentrated solid-solution materials, HEMs, formed on the premise of
incorporating five or more principal elements into a single crystalline phase,
provide an excellent opportunity to access superior catalytic materials ‘hiding’ in
the unexplored central regions of a multicomponent phase space of higher orders.

However, the fabrication of HEMs is energy-intensive, typically requiring
extreme temperatures and/or pressures under which agglomeration of particles
occurs with a commensurate decrease in surface area. For most catalytic
applications, non-agglomerated particles with high surface areas are preferred.
Accessing nanostructured HEMs with an increased surface area has motivated
efforts to explore unconventional synthesis strategies.

On the other hand, ultrasound can be used to drive high-energy chemical
reactions via the physical process of acoustic cavitation that provides a unique
high-energy environment at such magnitude and time scale that is unattainable
with conventional energy sources. Our overarching goal is to exploit this unique
high-energy environment toward the synthesis of nanostructured HEM as an
emerging new class of catalytic materials. Taking advantage of the acoustic
cavitation phenomenon, nanostructured particles of various subclasses of HEMs,
including high-entropy fluorite oxides (HEFOSs), high-entropy perovskite oxides
(HEPOs), and high-entropy alloys (HEAs) were fabricated at seemingly room

temperature conditions in the present study. Several characterization techniques



were used to understand the crystalline structure, chemical composition, surface
chemistry, and textural features of the fabricated nanocatalysts. Their catalytic
performances were assessed towards carbon monoxide (CO) oxidation and/or
selective phenol hydrogenation. Such a technologically feasible, facile, and
scalable synthetic strategy holds great promise towards the synthesis of

nanocrystalline materials for different applications.
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CHAPTER 1: GENERAL INFORMATION AND INTRODUCTION TO

CATALYSIS

1.1 Importance of catalysis

Catalysis is fundamental to many chemical processes that are essential to
daily living and a sustainable future. As one of the oldest application fields of
modern civilization, catalysis is at the heart of many successfully operated
chemical processes with far-reaching applications in the energy, chemical,
pharmaceutical, electronics, and automobile industries.>? Catalysis is involved at
some stage in the processing of approximately 90% of all manufactured goods,®

and accounts for more than 25% of the world’s gross domestic products.?

One of the most useful applications of catalysis in modern civilization is the
upgrading of crude petroleum feedstock via catalytic cracking to lower molecular
weight hydrocarbons that are ultimately used for a large portion of the world’s
supply of fuels.* Catalysis is also applied in areas of environmental protection. A
classic example is the design and development of catalytic converters — a critical
component of the exhaust system of modern automobiles that converts toxic
pollutants such as nitrogen oxides (NOx), carbon monoxide (CO), and
hydrocarbons (CxHy) emitted from the internal combustion engine into less-toxic
pollutants like nitrogen (N2), carbon dioxide (CO2), and water (H20).> Modern
catalytic converters are made of precious metals finely dispersed onto high-surface

support specifically formulated into a tubular, honeycomb structure to enhance the



exposure of the catalytically active metals to the target gaseous species.®
Immobilization of catalytically active components onto a high surface area support
is an important concept in heterogeneous catalysis and will be discussed further

in more detail.

As the demands for environmentally friendly, sustainable, and carbon-
neutral processes continue to rise across chemical industries, catalysis will,
without doubt, be one of the most highly sought-after technologies to navigate
these industrial and socio-economic constraints. With the increasing world
population and depleting earth’s resources, the demands towards sustainable
processes of low energy input, improved atom efficiency, increased selectivity,
pollution prevention, and simplified purification procedures could not be more
pressing. Catalysis-related research is regarded as a multidisciplinary task that
requires the concerted efforts of chemists, materials scientists, physicists, and
engineers and has remained at the very central position in contemporary science,
constituting both fundamental and conceptual challenges. Indeed, recent catalytic
science is characterized by both technical and conceptual challenges, that is,
identification of the catalytic active sites, and improvement of efficiency of the
existing catalysts, which, without a doubt, is the core area in which catalysis

currently operates.

1.2 Introduction to catalysis

The term ‘catalysis’ was first introduced by Berzelius in the year 1836 to

rationalize a wide range of observed phenomena by many researchers.® Berzelius



observed that a number of reactions only occurred when certain substances,

known today as catalysts were present to initiate the process.

A catalyst is defined as a substance that speeds up the rate of a chemical
reaction without being consumed in the process.” The increase in reaction rate is
a result of a decrease in the activation energy of the reaction. A catalyst decreases
activation energy by providing stability to reactive intermediates that are otherwise
too unstable or energetic to provide alternative mechanistic pathways for reactant
transformation to the desired products.” A catalyst, therefore, is a substance that
provides alternative routes to the final products with the least activation energy,
effectively lowering the required energy input to complete the desired reaction or
increasing the reaction rate at a given energy input. A schematic representation of
a typical activation energy plot for catalyzed versus non-catalyzed reactions is

depicted in figure 1.1.

Catalysis can be divided into two broad categories — homogeneous and
heterogeneous — based on the phase of reactants relative to the catalysts.’

Homogeneous catalysis involves a one-phase system, in which the
catalysts and reactants exist in the same phase as one another, typically in the
liquid phase. Traditional homogeneous catalysts are very active and highly
selective at relatively mild reaction conditions. Homogeneous catalysts are readily
soluble in reaction mixtures which makes them amenable to analysis by a host of
solution-based spectroscopic techniques that can provide direct information on the

catalysts for precise and accurate characterization of the active site.
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......................................

Reaction Progress

Figure 1.1. Reaction coordinate diagram of a generic exothermic reaction of a
catalyzed (red) versus non-catalyzed (black) reaction. Figure reprinted from

reference eight.®



Heterogeneous catalysis, on the other hand, involves a system in which the
catalysts are of different phases from the reactants: usually, the catalyst is in a
solid state and interacts with reactants in gaseous or liquid phases. Due to their
poor solubility, acquiring structural information is a formidable task that often
requires multiple characterization techniques. Heterogeneous catalysts account
for approximately 90% of all catalysts used in the industries.® Heterogeneous
catalysts are preferred over their homogeneous counterparts in industrial catalytic
applications because of their robustness, lower operational cost, and ease of
recovery from products which facilitates the streamlining of the chemical

processes.’

The surface structures of heterogeneous catalysts consist of various
interacting components which make it difficult to elucidate the complete reaction
mechanisms. With the exception of a few simple and extensively studied reactions,
the complete reaction mechanisms of most heterogeneous catalysts are usually
not well-understood. Nevertheless, the overall analysis of the actions of
heterogeneous catalysts on reactant molecules can be summarized in three
mechanistic steps as shown in figure 1.2: (a) the adsorption of the reactant
molecules on the catalyst's surface (b) reaction at the catalytic active site (c)

desorption of the product from the catalysts surface.

The catalytically active components — typically metal or metal oxide
nanoparticles — of heterogeneous catalysts can be dispersed onto large-surface-

area supports such as silica, alumina, titania, or carbon for physical form, texture,
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Figure 1.2. Schematic illustration of the chemical reactions that occur at the

surface of a heterogeneous catalyst.



and mechanical resistance. This is especially important when costly noble metals
such as palladium, gold, ruthenium, or platinum are employed as the active
components. The support system may be inactive or possess the ability to interact
with the catalytically active components, altering its surface structure and
influencing the catalytic performance. In some cases, the support may have the
ability to adsorb the reactant molecules and contribute to the reaction process.*°
Also, the active components may be used as highly active free particles in the bulk
form without any support (Unsupported catalysts). At catalytic reaction conditions,
unsupported free particles tend to aggregate into larger particles (because of their
intrinsic high surface energy), diminishing the active surface area with a

commensurate decrease in reactivity or even a complete loss of catalytic activity.

Meanwhile, a unigue class of multielement materials has shown great
prospects in heterogeneous catalysis. Section 1.3 introduces this emerging new

class of concentrated solid-solution materials.

1.3 High-entropy materials (HEMSs)

Since time immemorial, the materials research community has constantly
sought ways to develop materials with improved and tailorable properties to meet
contemporary technology needs and sustain application relevance for a
considerable timeframe.'’'2 A common methodology in which materials are
experimentally developed relies on the modification of already well-understood
systems to add or improve upon any desired properties, as is the case with

alloying.'11? Generally, the basic alloying strategy involves introducing relatively



small concentrations of secondary elements to the base element. Such one
principal-element-based approach, however, significantly limits the total number of
possible element combinations and therefore, new alloys that can be formed.?13
Thus, an alternative strategy is needed if the compositional space of alloys is to be
extended to the central regions of a multicomponent phase diagram of higher-order
since the conventional alloying strategy tend to concentrate only around the
corners (figure 1.3) where the total number of potential element combinations is
limited. 1213

At the turn of the new millennium, an alternative approach to material design
was proposed that sought to investigate this unexplored central region of higher-
order. This new alloying strategy, which is in sharp contrast to the conventional
method, was based on the premise of integrating five or more principal elements
at a near-equimolar concentration into a single-phase crystal structure.'® * The
ensuing burgeoning interest in this research area is mainly because of the fact that
a significant number of the near-equiatomic multi-component component alloys
appear to have formed a remarkably fewer number of phases or even single-phase
alloys compared to what is predicted by Gibb’s phase rule. This behavior is
contrary to what intuition would lead one to believe since the conventional view
dictates that the probability of the formation of new compounds increases with an
increasing number of elements in concentrated alloys. But Yeh et al. argued that
the presence of five or more elements at near-equiatomic concentrations increases
the configurational entropy of mixing by an amount sufficient to overcome the

enthalpic contribution to the total free energy, favoring the formation of solid



Element B

Intermetc Element D

Figure 1.3 Schematic phase diagram showing regions of well-known materials
near the corners and poorly-known or unknown materials in the center region.

Figure reprinted from reference fifteen.t®



solutions, from which they coined the catchy phrase - High-entropy alloys
(HEAs).1#16 Other alternative names, including multi-principal-element alloys,
compositionally complex alloys, multi-component alloys, etc., have been used to
describe this unique class of materials containing principal elements at relatively
high amounts (5-35 at.%).1217"1® However, considering its popularity in the
literature, the name high-entropy alloys has endeared in the hearts of many despite
entropy not being the only factor responsible for their structure and properties.

Over the past few years, the ‘high-entropy concept has extended beyond
metal alloys to include high-entropy oxides,*! high-entropy nitrides,?° high-entropy
borides,?! high-entropy silicides,?? etc., referred collectively to as high-entropy
materials (HEMs).?%-24

HEMs with their great tunability and inherent surface complexity offer an
excellent opportunity to access superior catalysts and resolve issues that are
hitherto considered difficult in traditional, simple systems.?® The presence of
multiple element species in the same crystalline lattice significantly widens the
tunning range of the catalytic active sites. The interaction between the various
incorporated elements brings about unprecedented material properties and allows
a unique property tailoring. Some unique yet superior catalytic traits have been
reported, owing to the strong interactions between the constituent elements.2526
HEMs are generally located at the central position of multiphase space (figure 1.3)
which is usually the least explored region of material composition and is therefore

expected to have unpredicted characteristics.
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Thermodynamically speaking, the Gibbs free energy equation below can be

used to estimate the phase stability of a multi-component system:4
AG iy = AHpiy — TAS iy eqn (1.1)

where AG,,;, is the change in total Gibbs free energy, T is the thermodynamic
temperature, and 4H,,;,, and A4S,,;, represent changes in enthalpy and mixing
entropy respectively. It can be deduced from equation 1.1 that AG,,;, depends on
the relative values of —T4S,,;, and 4H,,;,. It follows that a multicomponent system
of AGmix < 0 favors the formation of a single-phase state with a random distribution
of the constituent. A positive AGnix on the other hand suggests thermodynamically-
driven phase segregation.

The change in entropy of mixing in an ideal solid solution can be written as:

ASix = —R2Zx;Inx; eqn (1.2)

where —R is the ideal gas constant and x; represents the mole fraction of ith
component. Based on eqn (1.2), 4S,,;, iS at its maximum value at equal molar
fractions of the constituent elements. This value can be calculated for an equimolar
ternary, quaternary and, quinary alloys to be 1.10R, 1.39R, and 1.61R respectively.
Contrastingly, the A4H,,;, value differs in ordered intermetallic and phase-
segregated systems which is why the entropic contribution to total free energy
(TASix) subdues the enthalpic contribution (4H,;,) at different critical
temperatures.??

Equations (1.1) and (1.2) are fundamental to understanding the formation

and properties of HEMs as they qualitatively describe the enthalpy-entropy

11



relationship in multicomponent systems at various temperatures. The two major
deductions that can be drawn from these are as follow: 1) At sufficiently high
temperatures, configurational entropy emerges as the main stabilizing term in
multicomponent systems (2) increase in the number of constituent elements at a
near-equimolar ratio significantly boosts the entropic contributions, resulting in a

decrease in the overall free energy of the system.??

1.4 Preparation of heterogeneous catalysts

Heterogeneous catalysts can be prepared by means of several synthetic
methods, including precipitation, co-precipitation, sol-gel, incipient wetness
impregnation, hydrothermal synthesis, templating, deposition-precipitation, etc.
The choice of the preparation is dependent on several factors such as the desired
physicochemical properties of the final composition, availability of the base

materials, and the intended application of the final catalysts.?”-2°

1.5 Precipitation method

Precipitation is one of the simplest and most commonly used synthetic
methods to fabricate bulk catalysts and support materials such as TiO2 Al203, ZrOz2,
SiO2, etc.?82° |t involves the combination of two solutions; one consisting of the
precipitating agent and the other containing the solubilized catalysts precursor,
usually a high-valent metal cation. Several key processes occur during
precipitation which includes mixing/supersaturation of the solubilized metal
precursors, spontaneous creation of the solid seed crystal in the mother liquor

(nucleation), growth of the nuclei to form the primary product, and aggregation of

12



the primary particles.?® Precipitation is significantly affected by the initial mixing of
the components in the solution. Homogenized products result from sufficient
mixing and are especially important in coprecipitation. Nucleation and aggregation
processes are primarily affected by the rate of stirring.?° The size of the aggregate
can be tuned by altering the manner of mixing and stirring rate. The stirring rate
has no significant influence on the growth rate of the nuclei.?® Nucleation can be
homogeneous or heterogeneous and occurs only if the solution is supersaturated
with respect to the solubilized solid which is to be precipitated.?® For homogeneous
nucleation, the particles (seeds) are produced from spontaneous self-assembly of
solubilized precursors which causes an irreversible crystallization through the
formation of agglomerates under the conditions of supersaturation.?® Precipitation
continues until simple saturation conditions are reached. Heterogeneous
nucleation is more common and the seeds are initiated through contact with
structural features, such as impurities, pre-existing seed particles, surface
inhomogeneities and defects or by scratching the walls of the container.?® The
second step of the precipitation process is the growth of the nuclei. This is a
heterogeneous process that occurs at the solid-solution interface at a rate
depending on the speed of migration of the precursor to the particle surface as well
as the rate of reaction at the surface.?® In the nucleation and growth process, the
dissolved precursors are repeatedly consumed, and the growth process is
terminated once the remaining precursor is insufficient. It should be mentioned that

the size of the particles is dependent on the ratio of the rate of nucleation to that
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of the crystal growth; the bigger the ratio, the smaller the particle size and vice

versa.?®

Co-precipitation, for the case of mixed oxides, involves the simultaneous
precipitation of the solubilized metal precursors from the same. Co-precipitation
does not always proceed quantitatively especially if the precipitation pH of the
metal precursors differs significantly from one another. It is generally
recommended to continuously add the precursors' solution to the precipitant, as
opposed to the opposite. 2° Continuous mixing of the precipitate in the mother
liquor (precipitation solution) can remarkably alter the properties of the final
product. This process is called aging.?® Figure 1.4 summarizes the main factors

that influence the properties of the final product.

1.6 Sol-gel method

The sol-gel method is another widely used synthetic method in the
preparation of solid catalysts. The technique allows for the preparation of metal
and ceramic oxide materials with tunable pore sizes from relatively cheap
precursors under mild conditions. A sol is described as a suspension of colloidal
particles with sizes between 1 nm to 1 ym in a continuous liquid medium, which
upon coagulation forms a gel - a diphasic material in which solid encapsulates
liquids.?8-30 The preparation strategy in the sol-gel process employs monometallic
alkoxides M(OR)n as the precursor which upon hydrolysis form polymeric oxide
gels. Step one involves the hydrolysis of the metal alkoxide to produce the

corresponding metal hydroxide and alcohol according to the following equation:2°
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M(OR)n + xH20 — M(OH)x + xROH

Step two features the condensation of the metal hydroxide to create M-O-M bonds

and form sol by dehydration or de-alcoholation per to the following equations:

M-OH + HO-M — M-O-M + H20
or

M-OH + RO-M —» M-O-M + ROH

The final step is the formation of gel which occurs during the aging/drying process

via cross-linking.

The sol viscosity increases gradually as the polymerization and cross-
linking processes progress till the sol-gel transition point is attained, at which point
the viscosity increases abruptly and results in gel formation.3° The cross-linking
process can be facilitated by drying or other dehydration strategies. Notably, the
highest density is attained by heating the isolated gel beyond its glass transition
temperature.?® This process is referred to as densification. The composition and
morphology of the gel significantly influence the densification rate and transition
temperature.?® The sol-to-gel transition process can be distinguished into three
phases: (a) the aging/polymerization process that occurs in the liquid phase, (b)
the emergence of macroscopic lattice resulting in an amorphous network, and (c)
shrinkage of the gel volume following the evaporation of the solvents leading to a
rigid structure.?® Also, gels with lower cross-linking content can be prepared at low

pH with a lower molecular weight alkyl group. Other parameters, including the size
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and oxidation state of the cation, the nature and number of the alkyl group, the
time in solution (aging), the pH, and temperature, equally play significant roles in

the sol-gel process.?®

1.7 Hydrothermal method

Hydrothermal syntheses are accomplished at elevated temperatures and
pressures, taking advantage of the fact that the solubilizing ability and dielectric
constant of solvents vary with temperature.?® While hydrothermal synthesis can be
used to fabricate a wide range of materials, it is, however, limited by long reaction
times, typically in several hours or days. Also, the requirement of steel autoclaves
precludes the real-time monitoring of the reaction progress which constitutes a big
disadvantage. Hydrothermal synthesis is widely applied towards the synthesis of
zeolites - an important class of porous crystalline materials known for their
adsorptive properties and application as industrial catalysts, particularly in the
upgrading of crude petroleum feedstock via catalytic cracking to potentially more
useful lower molecular weight hydrocarbons that are ultimately used for a large

portion of the world’s supply of fuels.3132

1.8 Templating method

In a templating method, precipitation of solubilized metal precursors is
accomplished in the presence of a template that serves as a structure-directing
agent - determines the porosity, shape, morphology, and size of the final solid

material. Various kinds of structural materials, including hollow spheres, nanorods,
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nanotubes, and nanocubes, have been formulated using the templating method.3
Templating can be accomplished by means of physical adsorption of species onto
the surface of the template or via a chemical process where species are grafted
onto the surface of the template through functionalized moieties such as thiols,
alcohols, or vinyl groups.2? Usually, the templates are used as sacrificial entities
and are therefore removed by either calcination or chemical etching post-reaction,
provided that the material can withstand the removal process. Templates can be
classified as either soft or hard.®® Soft templates include micelles, emulsions,
polymers, or surfactants that can be removed easily post-reaction via heat
treatment.3® Hard templates, on the other hand, include ‘three-dimensional’
colloidal particles like silica or alumina whose surfaces are physically or chemically
modified by the precursor of interest or nanostructural ‘two-dimensional’ surfaces

onto which the precursor substrates can be cast.3?

1.9 Incipient wetness impregnation method

This is by far the most widely used synthetic method to fabricate supported
catalysts. In general, pre-formed support with the desired pore features and
mechanical toughness is wetted with a solution that contains the precursor of the
active species and then dried afterward. If the volume of the solution introduced is
less than the pore volume of the support, is referred to as ‘dry’ impregnation; on
the other hand, if the volume of the precursor solution is greater than the pore
volume of the support, is called ‘wet’ impregnation.3* Impregnation is performed

under ambient conditions. The technique relies on capillary force within the pore
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to draw the solution throughout the internal volume of the support where they can
interact with the pore walls via ion exchange with acidic surface protons or physical
adsorption leading to high dispersion of the active phase.®* The solvents are then
evaporated from the pores leading to the precipitation of the active species onto
the surface of the support. The evaporated product is subsequently treated via
activation treatments like calcination and/or reduction to obtain the desired
supported catalysts. The final amount of the precipitated active species can be
precisely tuned by varying the amounts of the solubilized precursor. The crystallite
size of the active component is influenced by the pore size of the support.?®
Generally, larger pores that can accommodate large volumes of the precursor
solution will mainly precipitate large crystals than smaller pores, which can result
in an uneven distribution of solid precipitate. It is important therefore to optimize
the synthesis parameters since the efficiency of the catalysts is affected by the
size of the active component, and their accessibility and distribution over the
support.?® Rapid evaporation of the solvent may result in uneven distribution of the
crystallite towards the pore opening, leading to pore blockages. Notably, the use
of chloride-based precursors could leave behind some residual chloride atoms that

will facilitate sintering and result in increased patrticle size.?°

1.10 Deposition-precipitation method

Deposition-precipitation (DP) method is another commonly synthetic
strategy for depositing active components as small particles onto solid supports by

inducing their precipitation from solubilized metal precursors. Here, a solution of
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the metal precursor is added to a suspension of the pre-synthesized solid support
which also acts as a nucleation site for exclusive precipitation of the dissolved
metal components. The precipitates are thermodynamically stabilized by the
presence of support.?® Notably, the DP method generally produces catalysts that
are thermally stable and contain relatively high loading of the active components

at a narrow particle size distribution.?®
1.11 Summary of the synthetic methods and the project goal

While heterogeneous catalysts can be synthesized by means of other
synthetic methods, the synthetic strategies presented above are by far the most
commonly used. Unfortunately, the majority of these well-established strategies,
at some point, require the exposure of the intermediate product to high-
temperature heat treatment for an extended period, under which agglomeration of
particles occurs with a commensurate decrease in surface area. For most catalytic
applications, non-agglomerated particles with high surface areas are preferred.
Therefore, accessing nanostructured HEMs with an increased surface area has
motivated efforts to explore unconventional synthesis strategies. On the other
hand, ultrasound can be used to drive high-energy chemical reactions via the
physical process of acoustic cavitation that provides a unique high-energy
environment at such magnitude and time scale that is unattainable with
conventional energy sources. The overarching goal of this research is to exploit
this unique high-energy environment toward the synthesis of nanostructured HEM

as an emerging new class of catalytic materials.
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1.12 Sound, ultrasound, and acoustic cavitation

Sound is simply waves of compression and expansion traveling through a
solid, liquid, or gaseous medium. Sound waves are detectable by human ears
when the frequency is between 20 Hz to 20 kHz.3® Ultrasounds, by definition, are
sound waves with frequencies beyond the upper audible limit of human hearing
and are generally produced when a high-frequency alternating current is applied
to materials with piezoelectric effects.®® Ultrasound is widely utilized in many
different fields: in medicine for sonography, non-surgical removal of kidney stones,
treatment of cartilage-related injuries, acoustic targeted drug delivery, and
cleaning teeth in dental hygiene;3¢ industrially for large-scale mixing and cleaning,
cutting of alloys, plastic welding, detection of invisible flaws, non-destructive testing
of products and structures, emulsification of foods and cosmetics, ultrasound
testing, welding plastics, object detection, and distance measuring;3’2 in homes
for cleaning of pieces of jewelry, burglar alarm systems, vaporizers, dog whistles,
etc.%%37 Animals such as bats and dolphins use ultrasound waves to navigate,
prey, identify other species, and avoid running into obstacles.3%4! However, none
of these applications exploits the effect of ultrasound on chemical reactivity, a

process called sonochemistry.

1.13 History of sonochemistry

The history of sonochemistry and cavitation effects can be dated back to
the late 1800s.#? The first report on cavitation was published by Sir John I.

Thornycroft and Sydney W. Baraby following the field tests of the first British high-
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speed torpedo in 1894.42 Thornycroft and Baraby observed acute vibrations from,
and rapid erosion of the submarine’s propeller and posited that the large bubbles
(or cavities) formed by the rotating propeller and imploded by water pressure, were
the source of the vibrations.4?43 They increased the size of the propeller while
reducing its rotation speed to minimize the vibrations from what came to be known
as cavitation.*?43 With the emergence of ships with faster repulsion systems, the
phenomenon became an increasingly significant concern, and the Royal navy in
1917 authorized Lord Rayleigh to investigate the issue. Rayleigh reaffirmed that
the effects were indeed a consequence of the enormous turbulence, heat, and
pressure generated during the catastrophic collapse of the cavitation bubbles on
the propeller’s surface.*® While cavitation had continued to pose a serious problem
to marine engineers, it has afforded chemists with an extra-ordinary environment
to perform high-energy reactions.

Besides turbulent flows in liquids, the phenomenon of cavitation also occurs
under high-intensity ultrasonic irradiation. Rather than applying mechanical
pressure, cavitation is induced by generating intense sound waves in liquids.*%4°

The first chemical effect of ultrasound was reported by Alfred L. Loomis in
the year 1927.4246 For nearly six decades later, the field of sonochemistry laid
fallow before being rejuvenated in the 1980s following the development of reliable
and affordable laboratory generators of high-intensity ultrasound.

Whereas lights interact with matters at high energies on a short time scale,

heats interact at lower energies on prolonged time scales; sound interacts with
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matter via the process of cavitation to provide energies on a time scale that are

unavailable from other sources.*?

1.14 Acoustic cavitation phenomenon

Acoustic cavitation is an instantaneous process involving the formation,
growth, and implosive collapse of microscopic-sized bubbles during ultrasound
irradiation of liquids.#? When a liquid is irradiated with ultrasound, the expansion
cycles exert negative pressure on the liquid, pulling the molecules away from each
other. If the ultrasound is adequately intense, the negative pressure wave will
overpower the attractive force holding the liquid molecules together, and as a
result, gas-filled microscopic-sized bubbles will be formed. These bubbles will
absorb energy from ultrasound waves and grow. The growth is determined by the
intensity of the ultrasound. At sufficiently high intensity, the bubble will rapidly
increase in size via inertial effect leaving no time for the recompression phase of
the acoustic cycle.*? At lower acoustic intensity, bubbles growth will occur by a
slower process of rectified diffusion (figure 1.5). During this process, the bubbles
will oscillate in size over several expansion-compressions cycles along with a gas
inflow, where the average bubble size for each negative pressure phase is large
than the compression phase. The bubbles eventually reach a critical size where
they can adequately accumulate ultrasound energy within their small volume.
Once this critical size is attained, typically tens of micrometers, the bubbles
become highly unstable and then experience a rapid inertial overgrowth by

coupling to the acoustic field.*?46 At this point, the bubbles are no longer able to
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Figure 1.5. Schematic illustration of the acoustic cavitation phenomenon. Figure
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accumulate energy as efficiently and therefore cannot sustain themselves. The
nearby liquid dashes in, leading to a catastrophic collapse of the bubbles and the
eventual release of concentrated energy confined within the small volume of the
heated bubbles. This momentarily raises the temperature of liquids in the
immediate environment since the surrounding liquid is still cold and so dissipated
the heat almost instantaneously. In other words, one generates a short-lived,
localized hotspot in an otherwise cold liquid.*?> The temperature of the generated
hotspot is estimated to be above 5000 °C, with pressure exceeding 1000 atm,
lifetime significantly less than a microsecond, and heating and cooling rates higher
than 10 billion °C s1.#246 Thus, cavitation act as a means of concentrating the
diffuse energy of sound into a chemically useful form. 4246 Qur goal is to exploit
this unique high-energy environment toward the synthesis of nanostructured
HEMSs. Notably, the intensity of the implosive bubble can be controlled by such
factors as the choice of the liquid, acoustic intensity, acoustic frequency, static

pressure, ambient temperature, and choice of ambient gas.*? 48

1.15 Assessment of the performance of a catalyst

Generally, catalysts are evaluated based on their activity, yield, selectivity,
stability, and overall cost.

The activity of a catalyst is defined as the extent to which the rate of a
chemical reaction is enhanced via the action of a catalyst. Catalytic activity can be
expressed in turnover frequency (TOF), which is defined as the number of reacting

molecules per active site per unit time (equation 1.3).4°
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TOF—ldCA 1.3
TN dt eqn (1.3)

where N is the number of active sites, C, is the number of moles of reactant A

converted.

Unlike homogeneous catalysts, the complication with heterogeneous
catalysts resides in the precise determination of the number of active sites,
especially when the reaction occurred predominantly at the interface between
active components and the support material or just on a certain structure of the

active component.

For carbon monoxide oxidation (CO) oxidation, the light-off curve, that is,
the conversion-temperature plot can be used to evaluate catalytic performance. In
cases where continuous flow reactors (such as plug reactors used for gas-phase
study in heterogeneous catalysis) is employed in the reaction study, the

conversion, % Conv, can be estimated using the following equation:

[R]inlet - [R]outlet
% C = 1.4
% Con [R]inlet ean ( )

where [R]ner and [R],utier @re the concentrations of the reactant measured at the

inlet and outlet, respectively.

The light-off curves are excellent plots to evaluate catalytic performance
over a wide range of temperatures; they can also be employed in the study of the

effect of any pre-treatment process on the overall performance of the catalysts.
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However, they cannot be used readily to extract kinetic information. A potentially
important piece of kinetic information that can be derived from the light-off curves

is the apparent activation energy of the reaction, E,,,,.

The temperature dependence of a reaction constant of a given reaction is

expressed in the Arrhenius equation:
K = AeEa/RT eqn (1.5)

where T is the kelvin temperature, R is the universal gas constant, E, is the
activation energy, A is the pre-exponential factor and K is the reaction constant.
The Arrhenius equation can be written in a non-exponential form that is often more

convenient to use and interpret graphically as:

E,
In(K) = In(4) - =

R (l) eqn (1.6)

T

The E, can be determined by plotting the graph of In(K) against the reciprocal of
temperature, (1/T). It should be mentioned that this approach works only in the
so-called kinetic region (0% - 10% conversion), where the concentration of the
reactant is still very large that the reaction rate is not affected by the presence of
the product. Provided that the reaction is performed at a steady-state where the

concentrations of the reactant are constants, we can write that:

r = K[CO]*[0,]™ = KCp eqn (1.7)
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where Cy is a constant and r represents the reaction rate. By substituting the
measured rate for K in the Arrhenius equation and plotting the graph of In(r)

versus 1/T, the apparent activation energy, Eg,,, can be calculated.

Although Eapp is technically not the true activation energy, variations in Eapp
between similar catalysts imply a difference in intrinsic reactivity or adsorption
properties, which can be very useful when comparing catalysts with varying

surfaces areas with different or modified compositions.

The yields and selectivity are used to measure the efficiency of a catalyst in
the conversion of a given feedstock or substrate to the products of interest and are

measures of mass conversion.

The yield of a reaction is the ratio of the desired product formed (in moles)
to the total amount that could have been made if the conversion of limiting reactant

was 100% and no side reactions occurred.

The selectivity of the desired product is defined as its mole fraction relative

to the total number of moles of all products formed

moles of product A formed

Selectivity = eqn (1.8)

Sum of moles of all products formed

A catalyst with poor selectivity with respect to the desired product generates
large amounts of wastes and increases the overall process costs. Because of
ununiform distributions of active sites on solid catalysts, the attainment of high

selectivity in heterogeneous catalysis is often a formidable task. In addition, the
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requirement of high-temperature conditions in many heterogeneously catalyzed
processes can introduce several mechanistic pathways towards the production of

unwanted products.

1.16 Dissertation overview

This dissertation details both published and unpublished research
completed in Dr. Sheng Dai’s group over the past four and half years. It is aimed
at investigating the feasibility of using ultrasound-derived energy to fabricate HEM
nanocatalysts without the use of traditional energy sources.

Chapter 2 summarizes the various characterization techniques used
to understand both the physical and chemical properties of the synthesized
materials.

Chapter 3 presents a paper published in ChemSusChem describing the
synthesis and characterization of high-entropy perovskite oxide nanocatalysts via
an ultrasound-mediated coprecipitation strategy. Carbon monoxide (CO) oxidation
to COz2was used as a model reaction to evaluate the catalytic efficiency of the
synthesized materials. The published article was slightly revised to accommodate
the dissertation format.

Chapter 4 presents another paper published in Nano Research describing
the design, synthesis, and use of alcoholic ionic liquid in the fabrication of high-
entropy alloy nanocatalysts via an ultrasound-driven wet chemistry strategy. The

catalytic activity of the as-obtained nanocrystals was evaluated towards selective
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hydrogenation of phenol to cyclohexanone. The published article was slightly
revised to accommodate the dissertation format.

Chapter 5 presents a paper recently submitted to a scientific journal
describing the synthesis and characterization of fluorite-structured high-entropy
oxide nanocrystals via an ultrasound-mediated coprecipitation strategy. CO
oxidation to CO2was used as a model reaction to evaluate the catalytic efficiency
of the synthesized materials. The submitted manuscript was slightly revised to
accommodate the dissertation format.

Chapter 6 presents a general summary and conclusion as well as some

suggestions for future work.
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CHAPTER 2: INSTRUMENTATION AND CHARACTERIZATION

TECHNIQUES

2.1 Catalyst characterization

This chapter discusses the main characterization techniques used to
understand the crystalline nature, chemical composition, surface chemistry, and
textural features of the fabricated nanocatalysts and their relationship to catalytic

performance.

2.2 X-ray diffraction

X-ray diffraction (XRD) is an effective non-destructive technique for
studying the crystal structure of crystalline/semicrystalline materials. Unlike
electron microscopy techniques that view only localized areas of a sample, XRD
enables a relatively fast sampling of the material bulk. Various pieces of
information that can be obtained from XRD this technique includes crystallinity
level, crystal phases, interplanar spacing, preferred crystal orientation, and other
structural parameters including average grain size, strain, and crystal defects.!
XRD technique takes advantage of the dual wave-particle nature of
electromagnetic radiation and utilizes the X-ray scattering phenomenon by regular
ordered arrays of components in crystalline lattice to construct a unique diffraction
pattern that bestows a qualitative image of the atomic arrangements within the
lattice.! Every crystalline material possesses a discreet atomic structure and when

irradiated with a monochromatic collimated beam of X-rays causes constructive
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and destructive interferences of the diffracted X-rays, producing a definite
diffraction pattern. A quick search of a standard database library of diffraction
patterns enables rapid identification of the crystalline phases of a wide range of
crystalline materials.

The diffraction of X-rays incident on the crystalline sample is governed by
Bragg’s law expressed in equation 2.1:

nA = 2dsinf eqn 2.1

where n is an integer, known as order the reflection, A is the wavelength of the
monochromatic beam of incident X-ray, d is interplanar between pairs of adjacent
planes, 6 is the angle of incidence (Bragg angle). Figure 2.1 illustrates Bragg’s law.
Constructive interference occurs only when Bragg's law is satisfied, hence, a
family of planes only produces diffraction peaks at only a specific angle. Whereas
peaks positions are determined by the interplanar spacing, peak intensities are
determined by the atomic positions within the diffracting planes.! While amorphous
materials display intensity maximum over several degrees of angles (26),
crystalline materials exhibit well-defined peaks at specific scattering angles. Figure
2.2 shows typical diffraction patterns of amorphous versus crystalline materials.

Ideally, the Bragg diffraction peak defines a line with no width. The
diffraction peaks from real-life samples, however, produce peaks with a certain
width. This phenomenon is known as peak broadening. The peak width is
determined by the grain size and is inversely related to it. Generally, peak width

widens as the crystallite size decreases. The average crystallite size of the sample
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Figure 2.1. Bragg analysis for X-ray diffraction by adjacent planes within a

crystal lattice. . Figure reprinted from reference three.®
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Figure 2.2. Typical XRD patterns of a crystalline and an amorphous and

crystalline material. Figure reprinted from reference four.*
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can be estimated by applying the Scherrer formula given in equation 2.2.2 Scherrer
equation assumes that crystallite size is the primary source of line broadening in
diffraction peaks. It is important to note, however, that other factors such as
instrument profile and microstrain can also contribute.®

According to Scherrer’s equation?, the crystallite size, D can be determined

by:

D Ak
~ PBcosb

eqn 2.2

where: D (nm) is the crystallite size normalized to the reflecting plane, k (0.94) is
the shape factor (but differs with crystallite shape), 1 is the wavelength of the
incident X-ray in nm, B is the full width at half maximum intensity (FWHM) of the

peaks in radians, and 0 is the Bragg angle.

2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive, non-
destructive, quantitative spectroscopic technique used to determine the elemental
composition, empirical formula, electronic state, and chemical state of elements
that exist within a material (except for H and He) with an atomic sensitivity of 0.1%
—1.0%.5 XPS utilizes low-energy X-rays (such as MgKa and AlKa) to eject core-
level electrons with quantized binding energy from the surface of the sample,
adding any excess energy over the binding energy to the kinetic energy of the free
electrons.® The kinetic energy and the number of ejected photoelectrons from the

surface of the sample are measured with the aid of an electron energy analyzer.
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Since the energy of the incident X-ray is known, the binding energy of the electrons
can be determined from the kinetic energy of the free electrons using the equation
below:®
E,— (Ex +®) = E, eqn 2.3

where E, is the photon energy of the incident X-ray, E is the kinetic energy of the
ejected electrons measured by the electron-energy analyzer, and @ is the work
function of the electron energy analyzer, and E), is the binding energy of the ejected
electrons.

Since every element shows a set of characteristic XPS peaks at a unique
binding energy value, the energy spectrum of the photoelectrons can be used to
ascertain the electronic structures of the atoms that the electrons originated from.
By measuring the integrated area under a given elemental peak, quantitative

information can be obtained.

2.4 Electron microscopy

Advanced electron microscopy techniques such as scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) are important
characterization techniques for elucidating the morphology, structure, chemical
composition, and electronic properties of a sample. This technique utilizes a
focused beam of electrons, which upon interaction with the samples produces
different signals including elastic or inelastically scattered electrons, X-rays, Auger

electrons, etc.’

41



2.4.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is used to ascertain microscopic
structure and topographical features of materials.2® This surface-imaging
technique produces, high-magnification, high-resolution images of samples by
scanning their surface in a raster pattern with a focused electron beam. The
negatively charged incident electron beam interacts with the electron clouds of the
samples, producing various signals that can be used to obtain topographic details
and atomic composition of the surface being scanned.l® Present-day SEM can
magnify objects up to 1,000,000 times their original size and can resolve features
below 1 nm in dimension.® The resolving power of an SEM depends on several
factors including the electron spot size and the interaction volume of the electron
beam with the specimen.®

In SEM technique, the sample-electron interaction generates different kinds
of electrons or characteristic X-rays that can be detected using the appropriate
detector.® ® SEM images can be constructed using two different types of electrons:
the backscattered electrons (BSE) and the secondary electrons (SE). BSEs
originate from the primary electron beam that are reflected back following elastic
interactions with the specimen.?® BSE detectors are typically solid-state detectors
that are positioned above the samples, concentrically to the electron beam for
optimized BSE collection. On the other hand, SEs originate from the surface of the
specimen mainly detected by scintillating material that generates a flash of light for
every electron.? 9 These flashes are amplified by a photomultiplier tube; images

are formed by correlating the sample scan position with the resulting signal. The
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detector is usually positioned at an angle at the side of the electron to maximize
the SE collection. While BSE is more sensitive to differences in atomic number
(the higher the atomic number, the brighter the spots that show in the image), SE
provides more details on sample morphology/topography.®

Also, the primary electron beam can cause the emission of characteristic X-
rays via interaction with atoms on the surface of the sample.® These generated X-
rays can be used to elucidate the elemental composition of the sample (since every
element produces X-rays with specific energy) via a technique called energy

dispersive X-Ray analysis (EDX).

2.4.2 Transmission electron microscopy (TEM)

In TEM, electromagnetic lenses are used to focus high-energy electrons
into a small, thin, coherent beam and onto the path of an ultrathin sample. The
transmitted or scattered electrons signals are magnified by a series of
electromagnetic lenses and then observed by electron diffraction, amplitude-
contrast imaging such as diffraction contrast, or phase-contrast imaging such as
high-resolution TEM (HR-TEM).” Whereas electron diffraction patterns can
provide information about the crystallographic structure of the sample on a fine
scale, the amplitude-contrast images give information about the chemistry and
microstructure of the sample and its defects.>’ Phase-contrastimaging (HR-TEM)
is capable of direct imaging of the crystallographic structure of a specimen at an
atomic-scale resolution.” In addition to the high spatial resolution of TEM, several

analytical techniques can be attached to the TEM for qualitative and qualitative
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analysis of the chemical compositions of the specimen sample.® 7 Examples
include the energy-dispersive X-ray spectroscopy (EDX) and energy loss
spectroscopy (EELS), for chemical composition and electronic structure
elucidation, respectively.’

Some modern TEM instruments are commuted to the STEM (scanning
transmission electron microscopy) mode where an analyst can benefit from the
advantages of both SEM and TEM techniques. STEM utilizes a highly focused
electron probe to raster-scan across the sample where various types of scattering
are acquired as a function of position. Rasterizing the electron beam in this manner
significantly enhances the versatility microscope.’

The transmitted electrons at high scattering angles are used to form directly
interpretable, chemically sensitive, high-resolution, atomic number (-Z) contrast
images.! ’ The generated X-rays can be detected using an EDS detected and used

to generate high spatial resolution compositional maps.

2.5 BET surface area and porosity measurement

Adsorption-desorption isotherm coupled with Brunauer, Emmett, and Teller
(BET) theory is a standard technique in which specific surface area, pore-volume,
and pore size distribution of solid catalyst are determined through the adsorption
of an unreactive gas.!! The BET theory is an extension of Langmuir's theory of
monolayer adsorption to multilayers adsorption. The theory presupposes the

outermost layer of molecules in an adsorbed stack are in dynamic equilibrium with
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the vapor — just like the monolayer adsorbate and that there is no ‘horizontal’
interaction between molecules at different sites.!?

In the nitrogen sorption experiment, for example, used in this work, first, the
solid is evacuated to remove any pre-adsorbed species. Next, the catalyst is
cooled to liquid nitrogen temperature at constant temperature or under isothermal
conditions, while increasing the concentration or pressure of the absorbing
nitrogen gas. The quantity of the physisorbed nitrogen is then measured. The
capacity of the monolayer is determined by fitting the resulting adsorption isotherm

to the BET equation below:

VI(Po/P)—1] Vo€ T VC

1 1 C—1<P>
P,

eqn 2.4

where V is the quantity of the adsorbed N2 at pressure P, P and P, are the
equilibrium and saturation pressures of the adsorbate at the temperature of
adsorption, Vm is the monolayer capacity, C is the BET constant which is related
to the heat of adsorption. BET describes a linear plot 1/[[V(P,/P) — 1] versus
(P/P,) which for most solid that utilized N2 as the adsorbing gas is confined to a
limited region of the adsorption isotherm, usually in the range of 0.05 < (P/P,) <
0.35. Hence, the slope and intercept of the curve can be solved to determine the
monolayer capacity, Vm. From this, the total surface area, St can be determined
since the cross-sectional area of the adsorbate is usually known.
St = (ViuN4A) [V eqn 2.5
Where N, is the Avogadro’s number, A, is the cross-sectional area of the

adsorbate, V1;, is the molar volume of the adsorbing gas. Conventionally, the
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surface area is expressed on a per gram basis; therefore, the total surface area
can be divided by the weight of the sample to obtain its specific surface areas
(SSA) in m?/g.

While nitrogen gas is the most widely used adsorbate, other gases such as
argon or xenon can be utilized for samples with low surface area.

Meanwhile, for pore size analysis, the pressure is continually increased until
the gases condense inside the pore of the material, starting with the smallest. The
pressure is then gradually reduced to allow for evaporation of the condensed
gases.! Through the analyses of the hysteresis loop created by this process, the
pore size, volume, and shape can be determined. The Barrett-Joyner-

Halenda (BJH) theory can be used to determine the pore size distribution.!

2.6 Fourier-transform infrared (FTIR) spectroscopy

Infrared (IR) absorption spectroscopy is used to obtain chemical information
about the molecular structure of a material by identifying characteristic vibrational
bands of bonded units.*?13

Modern IR spectrometers are configured as Fourier-transform infrared
(FTIR) instruments. The full spectrum of IR radiation is passed through an
interferometer which consists of a beam splitter, a moving mirror, and a fixed
mirror. The beams are split into two parts: one part is reflected in a fixed mirror and
the part is transmitted to a moving mirror that moves back and forth at a constant
speed. The beams are reflected from the two mirrors, recombine at the beam

splitter creating an interference pattern before reaching the sample specimen
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where some of the energy is absorbed and some transmitted. The absorbance
spectrum is obtained after Fourier transform of the interferogram that converts the
intensity versus the optical path difference plot into intensity versus wavenumber
spectrum.*3

To probe the surface chemistry of a solid catalyst, a diffuse reflectance
infrared Fourier transform (DRIFT) accessory is attached to the instrument. Here,
the IR radiation is directed onto the surface of the catalysts where they are
scattered in many directions due to the rough surface of the powder.'* The DRIFTS
accessory contains a strategically positioned ellipsoidal/parabolic mirror that
directs the scattered IR radiation towards the detector for signal processing. This
is a very powerful technique for investigating the nature and surface features of a
heterogeneous catalyst. For instance, the interaction between CO and a metal
active center can induce a 1 — backbonding through the donation of electron pairs
from the metal center to the T* orbital of CO, weakening the C-O interaction and
lowering the vibrational frequency of CO.'> As the oxidation state of the metal
decreases, so does the vibrational frequency.® Thus, by monitoring the changes
in the C-O stretching vibration using DRIFTS, one can see changes in the

electronic states of the metal-binding sites.

2.7 Gas chromatography (GC)

Gas chromatography (GC) is an important analytical technique used for the
analysis of compounds that be vaporized without decomposing. The GC method

of separating sample mixtures is based on their interaction with a stationary phase
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of the column as they travel through. These liquids or gaseous sample mixture is
pushed through by an inert carrier gas such as He, Ar, or N2, and the molecules
travel at different rates depending on their adsorption strength with the stationary
phase and therefore elute at different times. The time taken for a given analyte to
pass through the column after being injected is called its retention time. The
column, column temperature, injection temperature, carrier gas flow rate, etc are
critical for good separation and can be optimized via method development.'6

As the sample leaves the GC column, it is fed into a detector to generate
the chromatograph which is a signal intensity that is plotted against the retention
times of the analytes. Once the chromatogram is generated, analytes are
gualitatively determined by their order of elution.

For quantitative analysis, a calibration curve can be made by injecting the
standard mixtures of the analytes so that integration of the chromatography peaks

can produce an accurate value of the concentration of each analyte.
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CHAPTER 3: ROOM-TEMPERATURE SYNTHESIS OF HIGH-
ENTROPY PEROVSKITE OXIDE NANOPARTICLE CATALYSTS

THROUGH ULTRASONICATION-BASED METHOD

3.1 Publication disclosure

This chapter is based on a previously published article referenced below:
Okejiri, F.; Zhang, Z. H.; Liu, J. X.; Liu, M. M.; Yang, S. Z.; Dai, S. Room-
temperature synthesis of high-entropy perovskite oxide nanoparticle catalysts
through ultrasonication-based method. ChemSusChem 2020, 13, 111-115.

My contributions to this work include identification of the research
objectives, searching of relevant literature, design and conducting of the synthetic
experiments, characterization of the samples except for the electron microscopy,
which was conducted by Shize Yang, drafting of the manuscript with reviews and

edits from all listed authors.

3.2 Abstract

In the present study, a sonochemical-based method for one-pot synthesis
of entropy-stabilized perovskite oxide nanoparticle catalysts with a high surface
area was developed. The high-entropy perovskite oxides were synthesized as
monodispersed, spherical nanoparticles with an average crystallite size of
approximately 5.9 nm. Taking advantage of the acoustic cavitation phenomenon
in the ultrasonication process, BaSr(ZrHfTi)Os, BaSrBi(ZrHfTiFe)Os, and

Ru/BaSrBi(ZrHfTiFe)Os nanoparticles were crystallized as single-phase
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perovskite structures via ultrasound irradiation without calcination. Notably, the
entropically-driven stability of Ru/BaSrBi(ZrHfTiFe)Os with excellent dispersion of
Ru in the perovskite phase bestowed the nanoparticles with good catalytic activity

for CO oxidation.

3.3 Introduction

A significant breakthrough in multicomponent alloy systems has inspired the
exploration of the vast compositional space offered by high-entropy materials
(HEMs).1®* HEMs are based on the premise of incorporating multiple components
(usually five or more) into a single crystal phase to attain a unique combination of
properties that are otherwise unattainable in conventional solid solutions.” Among
this novel class of crystalline materials, high-entropy alloys were first reported in
2004 by the independent pioneering works of Cantor et al. and Yeh et. al.>® Recent
studies have extended the high-entropy concept to include the ionic compounds,
where five or more metallic elements have been used to populate a single cation
sublattice to introduce high-configurational entropy into the crystal structure.
Examples include the high-entropy metal diborides,? high-entropy nitrides,?° and
high-entropy metal-oxides (HEMOs).1° More recently, Jiang et al. extended the
HEMO study to include the perovskite-type oxides with six and seven metallic
elements.!* The synthesis involved blending and ball milling of stoichiometric
amounts of the corresponding metal-oxide precursors for approximately 6 hours
and subsequent calcination at temperatures above 1300 °C to form the high-

entropy perovskite oxide (HEPO) ceramics. Although the particle size distribution
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of the synthesized perovskites was not reported, several studies have
demonstrated that such extreme temperature during the synthetic process causes
coagulation of grain boundaries, leading to the formation of clumps, and
consequent reduction in the available surface area for reactions.%1213 Although
traditional perovskites with high surface areas have been previously made,'41°
high-entropy perovskites with high surface area, have not been reported previously
to the best of our knowledge.

Perovskites are an important class of materials that exhibit a wide range of
functionality, making them desirable for use in different areas of application
including heterogeneous catalysis.'® In 1975, Gallagher et al. reported the use of
perovskites as a potential replacement for noble-metal-based catalysts in
automotive exhaust systems.’ The initial enthusiasm was however dampened by
the inherent low surface area and sulfur poisoning associated with this material
type. Although there are evidences of sulfur-tolerant and high-surface-area
traditional perovskites in literature,*>181° their comparative inferior catalytic activity
has so far remained the most important limiting factors for their practical
application. The traditional solid-state reaction and solution-mediated processes
commonly used for the synthesis of high-entropy materials, at some stage, require
calcination in extreme temperature conditions that cause nucleation of
nanoclusters and more particle growth. It is therefore imperative to develop
synthesis strategies that are not limited by this temperature requirement.
Sonochemical synthesis is one of such unique techniques; it relies on an acoustic

cavitation phenomenon from high-intensity ultrasound irradiation to initiate
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chemical changes. The acoustic cavitation phenomenon, which can be described
as the formation, successive growth, and implosive collapse of microscopic-sized
bubbles in ultrasound-irradiated liquids, generates massive in a microscopic region
with temperatures above 5000 °C, pressures exceeding 2000 atm in a timescale
of £10°s.20

Thermodynamically, the Gibbs free energy associated with the formation of
crystalline, entropy-stabilized, perovskite nanoparticles in sonochemical synthesis
can be expressed as AG,,;x = AHp,;, — TASi,; because the entropic contributions
to Gibbs free energy are temperature dependent, we believe that the extremely
localized release of massive energy (5000 °C) in momentary lifespan, would
overpower the enthalpy contributions and afford a seemingly room-temperature
synthesis of nanocrystals — a process that will otherwise require calcination for an
extended period of time. In the absence of any available literature, we report the
first sonochemical synthesis of entropy-stabilized, single-phase, perovskite oxide
nanoparticle catalysts: Ru/BaSrBi(ZrHfTiFe)Os for carbon monoxide (CO)
oxidation. The entropically-driven stability of Ru/BaSrBi(ZrHfTiFe)Os with excellent
dispersion of Ru in the perovskite phase, conferred the nanoparticles with good
catalytic activity for CO oxidation. This technically feasible and facile synthetic
approach holds great promises for the development of other classes of HEMs with
large surface areas. Via this method, BaZrOs and the high-entropy analogues -
Bao.sSro.5(Zro.4Hf.0.3Ti0.3)Os, Bao.4Sro.4Bio.2(Zro.3Hfo.3Tio.2Fe0.2)Os, and
Ruo.13/Ba0.3Sro.3Bio.4(Zro.2Hfo.2Tio.2Feo.27)Os (referred to as HEPO-5, HEPO-7 and

RU/HEPO-7, respectively) were synthesized and characterized.
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3.4 Materials

All the chemical reagents used in this work were of analytical grade. Barium
chloride dihydrate (99.0 % BaCl2-2H20, Fischer chemicals, USA ), strontium
chloride hexahydrate ( 99.0% SrCl2-6H20, Acros, USA), bismuth nitrate hydrate
(99.9% BIi(NOs3)3-xH20, Alfa Aesar, USA), zirconium chloride (98% ZrCla, Acros,
USA), hafnium chloride (99.9% HfCls, Alfa Aesar, USA), titanium chloride (99.9%
TiCls, Acros, USA), iron (II) nitrate nonahydrate (99.0% Fe(NO3)3-9H20, Acros,

USA), Alfa Aesar, USA) and ruthenium chloride (98.0% RuCls, Alfa Aesar, USA)

were all used as received without further purification.

3.5 Synthesis method

To synthesize high-entropy perovskite metal-oxide NPs with eight metallic
elements - Ruo.13/Bao.3Sro.3Bio.4(Zro.2Hfo.2Tio.2Feo.27)O3 stoichiometric amounts of

BaClz-2H20 (0.63 mmol), SrCl2-6H20 (0.63 mmol), Bi(NOs)3-xH20 (0.84 mmol),

ZrCls (0.42 mmol) and HfCl4 (0.42 mmol) were mixed together in a scintillating vial
and dissolved with 2.5 mL 0.42 mmol solution of TiCls. In a separate vial,

stoichiometric amounts of Fe(NOz3)3-9H20 (0.56 mmol) and RuCls (0.28 mmol)

were dissolved in 2.5 mL DI and stirred for about 15 minutes. Following this, the
ultrasonication equipment was set and the precursors were gradually introduced
into the sonication glassware that contains 20.0 mL of a 20.0 M NaOH solution as
the precipitating agent in a 50 mL beaker. These mixtures were exposed to

ultrasonic irradiation by direct immersion of an ultrasonic titanium horn operating
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at 20 kHz. The ultrasonic processor with a maximum power output of 750 watts
was purchased from Sonics & Materials, INC. and equipped with a cylindrical
probe of % " diameter. The instrument was operated in pulsed mode at 9 seconds
on 3 seconds off under 45 % amplitude for about 10 mins. When the sonication
was finished, the resulting precipitate was allowed to cool to room temperature and
then separated by centrifugation. The solid was washed four times with DI water
before being dried in an oven at 80 °C for 3 hours to obtain the final crystallite.
BaZrOs, BaRuOs, Bao.5Sro.5(Zro.aHf.0.3Ti0.3)Os, and
Bao.4Sro.4Bio.2(Zro.3Hfo.3Tio.2Feo0.2)O3 were synthesized in a similar fashion using the
corresponding metal precursors and by adjusting the respective molar ratios.
BaRuOs in particular was calcined at 750 °C under air to obtain the single-phase
perovskite structure. Figure 3.1 is a schematic illustration of the general synthetic

procedure.

3.6 Characterization

The powder X-ray diffraction (XRD) data were collected on a PANalytical
Empyrean diffractometer with Cu Ka radiation operated at 45 kV and 40 mA
(scanning step: 0.02° per step). The crystallite size was estimated using Scherrer’s
equation: Dyrp = (AK)/(BcosB); where: Dyyp is the crystallite size (nm) normalized
to the reflecting plane, K is the shape factor (0.94), A is the wavelength of the X-
ray in nm (0.15406), Bis the full width at half maximum intensity (FWHM) in
radians, and 6 is the scattered angle. The nitrogen adsorption and desorption

isotherms were recorded at 77 K using Gemini 2375 surface area analyzer.
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Figure 3.1. Schematic illustration of the sonochemical-based synthesis of HEPO-

5 nanopatrticles [BaSr(ZrHfTi)Os].
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The elemental composition was determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis performed on an Agilent 5110
ICP-OES spectrometer. The sample was dissolved in aqua regia and diluted with
2.0% nitric acid prior to analysis.

High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images and EDX mappings were collected on the FEI Talos
F200X microscope operated at 200 keV.

The catalytic oxidation was performed in a fixed-bed reactor made of quartz
tube at atmospheric pressure. For the measurement of CO light-off curves showing
CO2 conversion as a function of reaction temperature, approximately 20 mg of the
catalysts were loaded into the reactor which was supported by a ball of quartz
wool. A feed gas of approximately 1% CO balanced with dry air was passed
through the catalysts bed at a flow rate of ~10.0 mL/min which corresponds to a
gas hourly space velocity (GHSV) of 30,000 mL (h gcat)*. The concentrations of
CO2 and CO in the reactor effluent were analyzed by Buck Scientific 910 gas

chromatograph (GC) equipped with a thermal conductivity detector (TCD).

3.7 Results and discussion

The XRD patterns of the as-synthesized nanocrystals were obtained to gain
some crystallographic information on the structure. The diffraction patterns of
HEPO-5, HEPO-7, and Ru/HEPO-7 (figure 3.2) synthesized under 10 min of
ultrasonic exposure have perovskite peaks that very closely adopt a perfect cubic

crystal structure of BaZrO3 (JCPDS 06-0399) in the Pm3m space group. Similar to
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Figure 3.2. (a) XRD patterns of BaZrOs, HEPO-5, HEPO-7, and Ru/HEPO-7.

The shift in reflection position of HEPO-5, HEPO-7, and Ru/HEPO-7 relative to

conventional perovskite (BaZrOs) is denoted by a dashed line in (b).
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BaZrOs, the nanocrystals of HEPO-5, HEPO-7, and Ru/HEPO-7 are also
characterized by well-resolved peaks with the most intense peak located around
30.5°, which indicates that the crystals are also preferentially oriented along the (1
1 0) plane. The X-ray reflections of the HEPO-NP are broad owing to small
crystallite size and were estimated using Scherrer’'s equation?! to be approximately
5.9 nm. Conceptually, the as-synthesized HEPO-NPs could be likened to high-
entropy analogs of BaZrOs, wherein configuration disorder was introduced into the
crystal structure by partial substitution of barium and zirconium in their respective
sublattices with different metallic elements. The characteristic reflections were
slightly shifted towards higher 206 angles as seen in figure 3.2 (b) which clearly
indicates that the participating dopants have, indeed, diffused into their respective
host lattices and altered the lattice constants. The absence of any secondary
diffraction peaks detectable by XRD strongly suggests that the as-synthesized
nanoparticles were predominantly crystallized as a single-phase perovskite
structure. The entropy-driven stability of RuU/HEPO-7 nanocrystals, in particular,
was investigated by studying its crystalline transition behavior at low calcination
temperature. Previous studies have demonstrated that a single-phase entropy-
stabilized structure segregates into multiple phases at low temperature (AH >
TAS), but re-combines to form a single-phase structure at high temperature (TAS
> AH).?2 To this end, the as-synthesized single-phase nanocrystals of Ru/HEPO-7
was calcined at 750 °C for 2 hours and the XRD pattern was closely analyzed. The

emergence of some unidentified secondary diffraction peaks, as seen in figure 3.3,
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Figure 3.3. XRD patterns of high-entropy perovskite oxide nanocrystals
synthesized through ultrasonication-based method (a) without calcination and (b)

calcined in air at 750 °C for 2 hours.
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provides clear evidence that entropy indeed, played a major role in the stabilization
of the chemically complex structure of Ruo.13/Bao.3Sro.3Bio.4(Zro.2Hfo.2Tio.2Fe€0.27) Os.

Figure 3.4 and figure 3.5 display the particle morphologies and elemental
distributions of the as-prepared HEPO-5 materials. It is evident from the STEM
images that the samples mainly consist of monodispersed spherical nanoparticles
with an average diameter of 76 + 1.7 nm. The particle size range is broad which
may have resulted from inhomogeneous distributions of the metal precursors
during the sonication process. There is some degree of aggregation in the sample,
which is consistent with other observations for these types of systems.?324 The
energy-dispersive X-ray spectroscopy (EDS) spectrum in figure 3.6 shows that the
HEPO-5 nanosphere is composed of elements of Ba, Sr, Zr, Hf, and Ti, as
expected. The elemental distribution of HEPO-5 clearly indicates that all five
metals are present in all nanoparticles as no particular element is preferentially
located in any given particle. To clarify the homogeneity of HEPO-5 in the
nanosphere, the EDS maps of other areas of the sample were acquired (figure 3.7)
as all results indicate that the NPs of HEPO-5 are chemically and structurally
homogenous. Figure 3.8 and figure 3.9 show the elemental distributions of
Ru/HEPO-7; the results are quite similar to those in figure 3.4 and figure 3.5 all
metals are uniformly distributed within the nanosphere. We can conclude from this
evidence that a sonochemical-based method is indeed a feasible and universal
way of synthesizing HEPO-NPs without calcination.

Nitrogen physisorption measurement was used to examine the surface area

of the as-synthesized HEPO-NPs. As seen in figure 3.10, the nanoparticles of

62



EEEBEBasiziy °0NM
Hf.

®

Figure 3.4. STEM image of HEPO-5 showing monodispersed spherical
nanoparticles at (a) low resolution and (b) higher resolution. High-angle annular
dark-field (HAADF) image and EDS elemental maps of (c) mixed, (d) Ba, (e) Sr,

(f) Zr, (g) Ti, and (h) Hf for HEPO-5.
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Figure 3.5. STEM image of a different area of HEPO-5 showing monodispersed
spherical nanoparticles at (a) low resolution and (b) higher resolution. High-angle
annular dark-field (HAADF) image and EDS elemental maps of (c) mixed, (d) Ba,

(e) Sr, (f) Hf, (g) Ti, and (h) Zr for HEPO-5.
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Figure 3.6. EDS analysis of HEPO-5 synthesized under 10 minutes

ultrasonication exposure without calcination.



Figure 3.7. HAADF image and EDS elemental maps of HEPO-5 synthesized via

ultrasonication-based method without calcination.
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Figure 3.8. EDS elemental maps of Ru/BaSrBi(ZrHfTiFe)Os - RuU/HEPO-7

synthesized through the ultrasonication-based method without calcination.
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Figure 3.9. EDS elemental maps of a different area of Ru/BaSrBi(ZrHfTiFe)Os -

Ru/HEPO-7.
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Ru/HEPO-7 and HEPO-7 both exhibit the type IV adsorption isotherm with
hysteresis loops. A high Brunauer—Emmett—Teller (BET) specific surface area of
85.5 m? g and 53.9 m? g respectively were obtained. The difference in the BET
surface area is possibly due to more restructuring and growth of the crystalline
phase that occurred in HEPO-7 during ultrasonic exposure since HEPO-7 has one
less chemical element than Ru/HEPO-7 for the maximization of the high-entropy
phase.

A direct comparison of the catalytic activity of the Ru/HEPO-7 and the
conventional perovskite counterpart - BaRuOs (also synthesized through the
ultrasonication method), was made via CO oxidation. Catalytic oxidation of CO is
an extremely important reaction in the depollution process for the removal of toxic
CO from the environment. The oxidation was performed in a fixed-bed reactor at
ambient pressure with the ruthenium metal functioning as the main active site of
the catalysts. For the measurement of CO light-off curves showing CO2 conversion
as a function of reaction temperature, approximately 20 mg of the catalysts were
loaded into the reactor which was supported by quartz wool. A feed gas of
approximately 1% CO balanced with dry air was passed through the catalyst's bed
at a constant flow rate. The concentration of CO2 and CO in the reactor effluent
was determined by gas chromatography (GC) equipped with a thermal conductivity
detector (TCD). As seen in figure 3.11, within a retention reaction time of less than
1 second, 51% CO conversion was reached at 90 °C for the Ru/HEPO-NP-7
catalyst with just 0.2 wt.% Ru. BaRuOs, in contrast, contains significantly more

wt.% Ru (53 wt.% Ru) and attained 50% CO conversion at approximately 255 °C.
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Figure 3.11. Light-off curves of CO conversion over Ru/HEPO-7, HEPO-7, and

BaRuOs catalysts synthesized through the ultrasonication-based method.
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In a similar trend, 100% conversion was achieved by the RU/HEPO-NP-7 catalyst
at 118 °C, whereas BaRuOs3 catalysts could not achieve a complete CO conversion
even at a much higher temperature of 300 °C. The synthesized HEPO-NPs with O
wt.% Ru showed no appreciable activity at temperatures below 250 °C. The
superior catalytic activity exhibited by the Ru/HEPO-NP-7 catalyst over the
conventional perovskite counterparts (BaRuO3s) can be ascribed to the excellent
dispersion of Ru (figure 3.8 and figure 3.9) site in the high-entropy phase.

In contrast to the traditional solid-state reaction and solution-mediated
processes commonly used for the synthesis of perovskite-type oxide, this present
study utilizes cavitation phenomenon from high-intensity ultrasound irradiations to
synthesize entropy-maximized perovskite-oxide NPs with high-surface-area at
seemingly room-temperature condition. The extremely localized, massive energy
released during the cavitation phenomenon was sufficient to activate reactant
molecules, accelerate reactions and crystallize products without external heat
treatment. This technologically feasible and facile synthetic approach holds great
promises for the development of other classes of HEMs. The entropically-induced
stability of RU/HEPO-7 with excellent dispersion of Ru in the perovskite phase

bestowed the NPs with good catalytic activity.
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CHAPTER 4: ULTRASOUND-DRIVEN FABRICATION OF HIGH-
ENTROPY ALLOY NANOCATALYSTS PROMOTED BY

ALCOHOLIC IONIC LIQUIDS

4.1 Publication disclosure

This chapter is based on a previously published article referenced below:
Okejiri, F.; Yang, Z.; Chen, H.; Do-Thanh, C.-L.; Wang, T.; Yang, S.; Dai, S.
Ultrasound-driven fabrication of high-entropy alloy nanocatalysts promoted by
alcoholic ionic liquids. Nano Research 2021.

My contributions to this work include identification of the research
objectives, searching of relevant literature, design and conducting of the synthetic
experiments, characterization of the samples except for the electron microscopy,
which was conducted by Shize Yang, drafting of the manuscript with reviews and

edits from all listed authors.

4.2 Abstract

High-entropy alloy nanoparticles (HEA-NPs) are highly underutilized in
heterogeneous catalysis due to the absence of a reliable, sustainable, and facile
synthetic method. Herein, we report a facile synthesis of HEA nanocatalysts
realized via an ultrasound-driven wet chemistry method promoted by alcoholic
ionic liquids (AILs). Owing to the intrinsic reducing ability of the hydroxyl group,
AlLs were synthesized and utilized as environmentally friendly alternatives to

conventional reducing agents and volatile organic solvents in the synthetic
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process. Under high-intensity ultrasound irradiation, Au3*, Pd?*, Pt?*, Rh**, and
Ru®* ions were co-reduced and transformed into single-phase HEA (AuPdPtRhRu)
nanocrystals without calcination. Characterization results revealed that the as-
synthesized nanocrystals are composed of elements of Au, Pd, Pt, Rh, and Ru as
expected. Compared to the unary, binary, ternary, and quaternary counterparts,
the carbon-supported HEA nanocatalysts showed superior catalytic performance
for selective hydrogenation of phenol to cyclohexanone in terms of yield and
selectivity. Our synthetic strategy provides an improved and facile methodology for
the sustainable synthesis of multicomponent alloys for catalysis and other

applications.

4.3 Introduction

High-entropy alloys (HEAs) are a unique class of materials with great
technological prospects. Unlike traditional alloys, which do not exceed three
elements, HEAs are based on the premise of integrating near-equimolar
concentrations of five or more elements to form a single-phase solid solution.??
Nanosized HEAs are highly underutilized in heterogeneous catalysis due to the
absence of a reliable, sustainable, and facile synthetic method and may constitute
a whole new paradigm in catalysis.>® There has been a growing interest in the
development of simple processes to fabricate HEA nanocatalysts for thermally-
driven and electrocatalytic reactions.>°?! Hu and coworkers have reported a
carbothermal shock method in which metal salt precursors loaded onto carbon-

nanofibers were thermally shocked to obtain HEA-nanoparticle (NP) catalysts.®
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However, this synthetic strategy is limited to the production of NPs immobilized on
conductive oxygenated carbon supports. Immobilization of ultrasmall-sized HEA-
NPs on granular supports has been realized by the fast-moving bed pyrolysis
method following wet impregnation.?? The drawback to this fabrication strategy is
that it is technologically demanding and requires highly specialized equipment to
rapidly raise the temperature of the mixed metal precursors to 923 K in less than
5 s. Nanoporous HEAs with enhanced surface area and uniform pore structure
have been synthesized via the dealloying method.?32* While the scalability of this
remarkable strategy is highly promising, the inevitable microstructural coarsening
resulting from the high-temperature treatment (> 1,123 K) degrades the
functionality of the materials over time. Also, HEA-NP-graphene composite has
been synthesized by mechanical alloying of the pure metal powders with graphite,
followed by sonication-based exfoliation.?®> The distribution in the composition
between the NPs is unsuitably large.?®> More recently, Chen et al. synthesized
monodispersed HEA-NPs by converting a two-phase core@shell NPs to single-
phase HEA-NPs via annealing.’® Other promising strategies that have been
reported include sputtering deposition,?® kinetically controlled laser synthesis,®
and solvothermal syntheses,?’ being limited by the ultrahigh vacuum requirement,
restrictive element applicability, and low productivity, respectively.

Studies have shown that liquids irradiated with high-intensity ultrasound
generate acoustic cavitation, which drives bubble formation, growth, and implosive
collapse in a monetary lifespan while producing enormous heat and pressure in a

highly localized region (hotspot).?® This transient localized hotspot with a
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temperature above 5,000 K and pressures exceeding 1,000 atm can drive a high-
energy chemical reaction and serve as an exceptional route for nanoparticle
synthesis.?%3 Taking advantage of this unique phenomenon, we recently
demonstrated the feasibility of fabricating HEA-NPs via an ultrasound-driven wet
chemistry method using ethylene glycol (EG) as the reaction medium.3!
Unfortunately, the resultant NPs displayed a two-phase microstructure, requiring
further heat treatment at 700 °C under Nz to be transformed into single-phase HEA
nanocrystals. A single-step ultrasound-driven pathway will rely on the design of
multifunctional reaction media capable of well dissolving and reducing the metal
species while simultaneously stabilizing the as-afforded HEA NPs. Room-
temperature ionic liquids (ILs) can be tailored to meet these requirements due to
the relative ease at which simple and small alterations can be made to their
chemical structure.32-37

Rationally, owing to the intrinsic reducing ability of the hydroxyl group,
alcoholic ionic liquid (AIL) was fabricated as the desired multifunctional reaction
media in the present study. Under high-intensity ultrasound irradiation, Au3* Pd?*
Pt2* Rh3*, and Ru®* ions were co-reduced by the AIL and transformed into single-
phase HEA (AuPdPtRhRu) nanocrystals, effectively eliminating the need for an
external heat-treatment process. Notably, the hydroxyl functionality played a
significant role in the formation of single-phase nanocrystals of AuPdPtRhRu in
one step. Characterization results revealed that the as-obtained nanocrystals are
composed of elements of Au, Pd, Pt, Rh, and Ru as expected. Compared to the

unary, binary, ternary, and quaternary counterparts, the carbon-supported HEA-
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NP catalysts show superior catalytic performance for selective hydrogenation of
phenol to cyclohexanone in terms of yield and selectivity. This synthetic strategy
provides an improved and facile methodology for the sustainable synthesis of

multicomponent alloys in one step under mild conditions.

4.4 Materials

All the chemical reagents used in this work were of analytical grade.
Potassium tetrachloropalladate (lI) (K2PdCls), potassium tetrachloroplatinate (I1)
(K2PtCls), ruthenium chloride (RuCls), gold chloride hydrate (HAuCls-3H20),
rhodium chloride (RhCIs), ethylene glycol (HO-CH2CH2-OH), acetone (CH3-CO-
CHs), cyclohexanone ((CH2) 2CO), commercial Pd/carbon catalyst (Pd weight
loading - 10 %), acetonitrile (CH3CN) were purchased from Fisher Chemicals. N-
methylmorpholine  (O(CH2CH2)2NCHs), phenol (CeHsOH), cyclohexanol
(HOCH(CH2)5), 2-bromoethanol (BrCH2CH20H), bromoethane (BrCH2CHs),
acetonitrile (CH3CN), ethyl ether ((CH3CH2)20), and ethyl acetate (CHsCOOC:2Hs),
were acquired from ACROS ORGANICS. Lithium bis(trifluoromethane)sulfonimide
(LiINTf2), sodium tetrafluoroborate (NaBF4), and activated charcoal were
purchased from SigmaAldrich. Carbon (Vulcan XC-72R) was bought from the Fuel

Cell Store. All the chemicals were used without further purification.

4.5 Synthesis of the ionic liquids

[HEMMor][NTf2]
N-(2-Hydroxyethyl)-N-methylmorpholinium bis(trifluoromethylsulfonyl)

imide) abbreviated as [HEMMor][NTfz] was synthesized according to previous
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reports with some modifications.3® N-Methylmorpholine (0.55 mol) and excess 2-
bromoethanol (0.60 mol) were mixed with 300 mL acetonitrile in a round-bottom
flask and stirred at 90 °C for 12 hours under an N2 atmosphere. The solvent was
removed under reduced pressure, and the residue was washed with ethyl ether to
obtain N-(2-hydroxyethyl)-N-methylmorpholinium bromide ([HEMMor][Br]) as a
crystalline solid. The solid was redissolved in 300 mL deionized water (DI) and
decolorized with activated charcoal by refluxing at 70 °C overnight. The aqueous
layer was recovered via vacuum filtration and used for the anionic exchange with
lithium bis(trifluoromethylsulfonyl)imide (0.55 mol) at room temperature. The non-
aqueous layer was extracted in ethyl acetate and dried under removed pressure
to obtain HEMMor][NTf2 ] as a clear, viscous liquid. The reaction scheme is shown
in figure 4.1 (a).

[HEMMor][BF4]

N-(2-hydroxyethyl)-N-methylmorpholinium tetrafluoroborate abbreviated as
[HEMMor]|BF4] was synthesized according to previous reports with some
modifications.3® N-methylmorpholine (0.55 mol) and excess 2-bromoethanol (0.60
mol) were mixed with 300 mL acetonitrile in a round-bottom flask and stirred at 90
°C for 12 hours under an N2 atmosphere. The solvent was removed under reduced
pressure, and the residue was washed with ethyl ether to obtain ethyl-N-
methylmorpholinium bromide ([HEMMor][Br]) as a crystalline solid. The solid was
redissolved in 300 mL deionized water (DI) and decolorized with activated charcoal
by refluxing overnight. The aqueous layer was recovered by vacuum filtration and

used for the anionic exchange with NaBF4 (0.55mol) at room temperature.
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Figure 4.1. Synthesis of the various ionic liquids utilized in this work. (a)

[HEMMor][NTf], (b) [HEMMor][BF4] and (c) [EMMor][NTf2].
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The residual of NaBr was removed from the ionic liquid through low-temperature
filtration. The reaction scheme is shown in figure 4.1 (b).
[EMMor][NTf2]

Ethyl-N-methylmorpholinium bis(trifluoromethylsulfonyl)imide abbreviated
as [EMMor][NTfz] was synthesized according to previous reports with some
modifications.3® N-methylmorpholine (0.55 mol) and excess bromoethane (0.60
mol) were mixed with 300 mL acetonitrile in a round-bottom flask and stirred at 90
°C for 12 hours under an N2 atmosphere. The solvent was removed under reduced
pressure, and the residue was washed with ethyl ether to obtain ethyl-N-
methylmorpholinium bromide ([EMMor][Br]) as a crystalline solid. The solid was
redissolved in 300 mL deionized water (DI) and decolorized with activated charcoal
by refluxing overnight. The agueous layer was recovered by vacuum filtration and
used for the anionic exchange with LiNTf2 (0.55mol) at room temperature. The
non-aqueous layer was extracted in ethyl acetate and dried under removed

pressure to obtain [EMMor][NTfz]. The reaction scheme is shown in figure 4.1 (c).

4.6 Synthesis of the catalysts:

(@) HEA-NPs/C (AuPdPtRhRh-NPs/C)
An aqueous solution of the metal precursors was made by the dissolution
of 0.005 mmol each of HAuCls-3H20, K2PdCls, K2PtCls, RhCls, and RuCls in 5 mL
DI water. The precursors were combined with a calculated mass of XC-72 carbon
support pre-dispersed in a 30 mL IL for a total metallic loading of 10 wt.%. The

mixture was exposed to sonication treatment for 10 minutes by direct immersion
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of ultrasonic titanic horn operating at 20 kHz at ambient conditions, as shown
schematically in figure 4.2. When the sonication time was reached, the solid was
recovered by centrifugation and washed thoroughly with DI before being dried in
an oven at 100 °C overnight. The unary, binary, ternary, and quaternary
counterparts were synthesized in a similar as described below.
(b.) AuPdPtRh-NPs/C

An aqueous solution of the metal precursors was made by the dissolution
of 0.00625 mmol each of HAuCI-3H20, K2PdCls, K2PtCls, and RhCls, in 5 mL DI
water. The solution was combined with a calculated mass of XC-72 carbon
support pre-dispersed in 30 mL IL for a total metal loading of 10 wt.%. The mixture
was exposed to sonication treatment for 10 minutes by direct immersion of
ultrasonic titanic horn operating at 20 kHz at ambient conditions. When the
sonication time was reached, the solid was recovered by centrifugation and
washed thoroughly with DI before being dried in an oven at 100 °C overnight.

(c.) AuPdPt-NPs/C

An aqueous solution of the metal precursors was made by the dissolution
of 0.00833 mmol each of HAuCls4-:3H20, K2PdCls, and K2PtCls in 5 mL DI water.
The solution was combined with a calculated mass of XC-72 carbon support pre-
dispersed in 30 mL IL for a total metal loading of 10 wt.%. The mixture was
exposed to sonication treatment for 10 minutes by direct immersion of ultrasonic
titanic horn operating at 20 kHz at ambient conditions. When the sonication time
was reached, the solid was recovered by centrifugation and washed thoroughly

with DI before being dried in an oven at 100 °C overnight.
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Figure 4.2. Schematic illustration of the synthesis of high-entropy alloy
nanocatalysts realized via an ultrasound-driven wet chemistry method promoted

by an alcoholic ionic liquid.
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(d.) AuPd-NPs/C
An aqueous solution of the metal precursors was made by the dissolution
of 0.0125 mmol each of HAuCls-3H20 and K2PdCls, in 5 mL DI water. The solution
was combined with a calculated mass of XC-72 carbon support pre-dispersed in
30 mL IL for a total metal loading of 10 wt.%. The mixture was exposed to
sonication treatment for 10 minutes by direct immersion of ultrasonic titanic horn
operating at 20 kHz at ambient conditions. When the sonication time was reached,
the solid was recovered by centrifugation and washed thoroughly with DI before
being dried in an oven at 100 °C overnight.
(e.) Pd-NPs/C
K2PdCls (0.025 mmol) was dissolved in a minimum volume of DI water to
form a salt solution. The solution was combined with a calculated mass of XC-72
carbon support pre-dispersed in 30 mL IL for a total metal loading of 10 wt.%. The
mixture was exposed to sonication treatment for 10 minutes by direct immersion
of ultrasonic titanic horn operating at 20 kHz at ambient conditions. When the
sonication time was reached, the solid was recovered by centrifugation and
washed thoroughly with DI before being dried in an oven at 100 °C overnight.
(f.) Au-NPs/C
HAuCI4-3H20 (0.025 mmol) was dissolved in a minimum volume of DI water
to form a salt solution. Thi solution was combined with a calculated mass of XC-
72 carbon support pre-dispersed in 30 mL IL for a total metal loading of 10 wt.%.
The mixture was exposed to sonication treatment for 10 minutes by direct

immersion of ultrasonic titanic horn operating at 20 kHz at ambient conditions.
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When the sonication time was reached, the solid was recovered by centrifugation

and washed thoroughly with DI before being dried in an oven at 100 °C overnight.

4.7 Characterization of the ionic liquids

'H NMR spectra were recorded on JEOL JNM-ECZS 400 MHz
spectrometer using dry DMSO-ds as the solvent. The chemical shifts are in ppm.
The splitting patterns are represented by the following abbreviations: s (singlet),

d (doublet), t (triplet), q (quartet), and m (multiplet).

4.8 Characterization of the catalysts

X-ray diffraction (XRD) patterns were recorded on a PANalytical Empyrean
diffractometer with Cu Ka1 radiation (A = 1.5406 A), operated at 45 kV and 40 mA.
The 20 range angles were scanned between 20° to 80° at a step size of 0.02°.

High-angle annular darkfield scanning transmission electron microscopy
(HAADF-STEM) images and energy-dispersive X-ray (EDS) spectra were
collected on FEI Talos F200X microscope operated at 200 keV. The particle size
distribution was estimated by randomly measuring more than 200 patrticles on the
images.

The elemental composition was determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis performed on an Agilent 5110
ICP-OES spectrometer. The sample was dissolved in aqua regia and diluted with

2.0% nitric acid prior to analysis.
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4.9 Hydrogenation of Phenol

Phenol hydrogenation was performed in a 100 mL stainless steel autoclave
equipped with a pressure gauge and a magnetically driven stir bar. In a typical run,
1.3 mmol of phenol, catalyst (2.8 mol% relative to phenol), and 6.0 mL hexane
were loaded into the reactor and sealed properly. The residual air was expelled
from the reactor by purging with purified hydrogen five times before being
pressurized to the desired pressure. The reactor was heated in an oil bath at 150
°C with constant stirring for a predetermined period. At the end of the reaction time,
the reactor was cooled to room temperature and depressurized. The catalysts
were recovered by centrifugation, and the supernatant liquid was analyzed using
a gas chromatograph (Agilent 9790-GC) equipped with a flame ionization detector

(FID).

4.10 Results and discussion

First, the ionic liquids were synthesized via a two-step process and
characterized by NMR spectroscopy. The following peak positions were observed
for the various ionic liquids.

[EMMor][NTf2]: *H NMR (400 MHz, DMSO-ds, d/ppm, relative to DMSO): & 1.22 -
1.28 (t, 3H), 3.08 (s, 3H), 3.34 — 3.38 (t, 4H), 3.45 — 3.54 (q, 2H), 3.88 — 3.98 (s,

4H). The NMR spectrum is shown in figure 4.3.
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Figure 4.3. NMR spectrum of [EMMor][NTf2].
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[HEMMor][BF4]: *H NMR (400 MHz, DMSO-ds, d/ppm, relative to DMSQ): & 3.22
(s, 3H), 3.41 — 3.47 (t, 2H), 3.50 — 3.55 (t, 2H), 3.60 — 3.61 (t, 2H), 3.85 (s, 2H),
3.90 (s, 4H), 5.34 (s, 1H). The NMR spectrum is shown in figure 4.4.
[HEMMor][NTf2]: *H NMR (400 MHz, DMSO-ds, &/ppm, relative to DMSO): 5 3.21
(s, 3H), 3.41 — 3.47 (t, 2H), 3.50 — 3.58 (t, 2H), 3.60 — 3.64 (t, 2H), 3.84 (s, 2H),
3.89 (s, 4H), 5.33 (s, 1H). The NMR spectrum is shown in figure 4.5.

To test the feasibility of fabricating supported HEA nanocatalysts by our
ultrasound-driven AlL-promoted strategy, commercial XC-72 carbon support, and
the metal salt precursors were dispersed in the ionic liquid and exposed to high-
intensity ultrasound irradiation for 10 min. The product was recovered by
centrifugation, washed in DI water, and characterized by XRD, scanning
transmission electron microscopy (STEM), EDS, and ICP-OES. For simplicity, the
as-obtained carbon-supported HEA-NP catalyst is denoted as HEA-NPs/C.

The crystallinity of HEA-NPs/C was determined by the XRD technique and
presented in figure 4.6(a). HEA-NPs/C shows four distinct peaks that correspond
to the standard Braggs reflections ((111), (200), (220), and (311)) of face-centered
cubic (fcc) lattice with a preferential growth along the (111) plane. The shift in
characteristic reflection with respect to Au-NPs/C standard, shown in figure 4.6(b),
is attributed to the change in lattice parameters. The absence of secondary
diffraction peaks suggests that Pt, Pd, Rh, and Ru patrticles are well incorporated

into the Au lattice to form an entropy-stabilized single-phase solid solution.
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Figure 4.6. (a) XRD patterns of the AuPdPtRhRu-NPs/C and the gold standard
(Au-NPs/C). The shift in reflection positions of AuPdPtRhRu-NPs/C relative to

Au-NPs/C is denoted by the dotted lines in (b).
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The high-resolution (HR)-STEM image in figure 4.7(a) shows lattice fringe
spacing of 0.24 nm, which is consistent with the (111) plane of an fcc crystal lattice;
the corresponding selected area electron diffraction (SAED) pattern additionally
corroborates this. The radial intensity line profile as a function of reciprocal lattice
distance extracted from the SAED pattern is presented in fig. 4.7(b).

Figure 4.7(c) and figure 4.7(d) display the STEM image of HEA-NPs/C
showing nanocrystalline particles of AuPdPtRhRu dispersed on the XC-72 carbon
support. The particle size range is narrow which may have resulted from the
controllable growth of NPs induced by the electrostatic and steric properties of the
IL. There are, however, quite a few remarkably larger particles that possibly result
from inhomogeneous mixing of the precursor ions and their subsequent sintering
during the sonication process. Overall, the majority of the particles have diameters
in the nanoscale range.

Figure 4.8 shows the STEM-EDS elemental map of HEA-NPs/C. The
uniform distribution of Au, Pd, Pt, Rh, and Ru in the nanosphere directly validates
the formation of an alloy system. The EDS spectrum in figure 4.9 shows the signal
intensities of all five metals, which additionally corroborates this. The EDS
elemental map analyses of different areas on the sample were acquired (figure
4.10) to demonstrate the homogeneity of HEA-NPs/C. The results show that HEA-
NPs/C is both structurally and chemically homogeneous. The elemental
composition of HEA-NPs/C was further determined by the ICP-OES analysis. The
atomic percentage of Au, Pd, Pt, Rh, and Ru, are respectively 19.8, 19.0, 20.5,

21.3, and 19.4, which approximates to 1:1:1:1:1 mole ratio used in the starting mat
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(b.)

(d.)

Figure 4.7. (a) HR-STEM image of HEA-NPs/C showing a lattice fringe spacing
of 0.24 nm consistent with (111) plane of a face-centered cubic crystal structure.
(b) SAED pattern of HEA-NPs/C displaying a Debye-Scherrer ring pattern
consistent with a polycrystalline fcc lattice. (c) STEM image of HEA-NPs/C at a

higher resolution. (d) STEM image of HEA-NPs/C at a lower resolution.
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Figure 4.8. HAADF image and EDS elemental maps of the HEA-NPs/C

synthesized via the ultrasound-driven wet chemistry method promoted by

alcoholic ionic liquid.
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catalysts (HEA-NP/C) showing the constituent elements.
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Figure 4.10. HAADF image and EDS elemental maps of the supported high-

entropy alloy nanocatalyst (HEANPs/C) synthesized via the ultrasound-driven

wet chemistry method promoted by alcoholic ionic liquid (AIL).
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erials. Also, the overall metal loading is determined to be 9.7 wt.%, which is close
to the theoretical 10 wt.% metal loadings. We can conclude from these results
that a single-phase solid solution of AuPdPtRhRh-NPs has been realized in one
step via the proposed ultrasound-driven wet chemistry protocol promoted by AlL.
To demonstrate the flexibility of our synthetic strategy, binary, ternary, and
guaternary multicomponent alloys were fabricated following the synthetic protocol.
As seen in fig. 4.11, the XRD patterns, like the quinary alloy display four distinct
peaks that correspond to the standard Braggs reflections of the fcc crystal lattice
with no phase segregation. Also, a quinary alloy with theoretical atomic percent of
15, 25, 25, 20, and 15 for Au, Pd, Pt, Rh, and Ru respectively was synthesized to
investigate how easily the alloy composition can be controlled. The actual atomic
percentages based on the ICP-OES data analysis are 14.7, 24.9, 25.2, 19.8, and
15.4 which corresponds to approximately 0.6:1:1:0.8:0.6 mole ratio respectively as
expected. Additionally, we utilized [HEMMor][BF4], which has markedly distinct
physical properties from [HEMMor][NTfz] as the reaction medium to demonstrate
the flexibility of the reaction medium. The as-obtained nanocrystals, (see figure
4.12), show similar diffraction peaks as those from [HEMMor][NTf2], which
unambiguously proves the adaptability of our synthetic protocol. To underscore the
importance of the hydroxyl functionality in the formation of single-phase
nanocrystals of AuPdPtRhRh in one step, [HEMMor][NTf2] was replaced with the
“‘non-hydroxyl” counterpart, i.e., [EMMor][NTfz] as the reaction medium. The

formation of phase-segregated XRD patterns (see figure 4.12) provides evidence
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Figure 4.11. (a) XRD patterns of supported multicomponent alloy nanocatalysts
synthesized via the ultrasound-driven wet chemistry method promoted by
alcoholic ionic liquid (AIL). The shift in reflection positions with the addition of

more elements is denoted by the dotted lines in (b).
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that the hydroxyl functionality is crucial in the formation of single-phase HEA
nanocrystals in one step.

Notably, alcohol-functionalized imidazolium-based ionic liquids applied
under similar synthesis conditions as [HEMMor][NTfz] and [HEMMor][BF4] yielded
complex XRD patterns that are quite difficult to interpret. The origin of this
complexity is not exactly known at this at this period.

The surface composition of HEA-NPs/C was analyzed by the XPS
technique. Figure 4.13 (a) shows the XPS survey spectrum, which contains C and
O in higher concentrations along with the anticipated metals (Pd, Pt, Ru, Rh, and
Au) in much lower concentrations. To understand the valence states of metals, the
core-level spectra of Au 4f, Pd 3d, Pt 4f, Rh 3ds2, and Ru 3d3ds2 were acquired
(see figure 4.13). Au, Pd, and Pt show asymmetric peak shapes, which indicates
that they are primarily in their metallic states. The C1s spectrum overlapped with
the Ru 3d which precludes the ability to determine the valence state of Ru. Also,

the valence state for the weak Rh peak could not be determined from this data.

4.11 Selective phenol hydrogenation

Cyclohexanone is an important chemical intermediate in the manufacture
of e-caprolactam, a raw material used in the production of nylon-6.38-40 |t can be
obtained by the oxidation of cyclohexane which requires high temperature and
pressure and often leads to the formation of undesirable side products.*! Selective
hydrogenation of phenol (figure 4.14) is an alternative pathway in which

cyclohexanone selectivity largely depends on the properties of the catalysts.#14°
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Tunning the electronic and geometric structures of the catalysts is a workable
strategy to improve performance, as has been demonstrated from the results of
various bimetallic catalysts.>%-5> HEAs consist of even more elements and thus
regulate the geometric and electronic structures to a larger extent. The severe
lattice distortion induced by the atomic size mismatch raises their potential energy,
resulting in lower activation energy during catalytic processes.* Rationally, the
catalytic activity of HEA-NPs/C was investigated for selective hydrogenation of
phenol. As seen in Table 4.1, HEA-NPs/C efficiently catalyzes phenol
hydrogenation, yielding cyclohexanone as the predominant product. The phenol
conversion is 88.7% within 1 hour at 150 °C and 1 MPa H2z pressure (Table 4.1,
entry 1). Upon increasing the reaction time to 2.5 hours, the phenol conversion
reaches 96.3% with a cyclohexanone selectivity of 96.4%. Beyond 2.5 hours
reaction time, a close to 100% phenol conversion and cyclohexanone selectivity
are achieved. Meanwhile, as the pressure is increased to 2.0 MPa, the conversion
exceeds 98% within 1 hour, with selectivity for cyclohexanone as high as 99.8%
(Table 1, entry 6). The relatively high selectivity of HEANPs/C is possibly due to
the favorable desorption of cyclohexanone on the catalyst surface, inhibiting its
further hydrogenation to cyclohexanol.%657 A similar selectivity trend towards
cyclohexanone production has also been demonstrated in other liquid-phase
phenol hydrogenation catalyzed by Pd-based materials.®® Under similar
conditions, the catalytic performance of other multi-component alloys investigated
in the hydrogenation process decreases in the following order (figure 4.15): quinary

(AuPdPtRhRu) > quaternary (AuPdPtRh) > ternary (AuPdPt) > binary (AuPd).
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Figure 4.14. Catalytic selective hydrogenation of phenol to cyclohexanone.
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The configurational entropy of the multicomponent alloys increases with the
addition of different elements; alloys in higher configurational entropy state
demonstrate a higher synergistic effect, hence, superior catalytic performance.
Notably, a commercial Pd-NPs/C (Pd-NP/C_com) shows an inferior catalytic
performance relative to HEA-NPs/C but similar to as-synthesized Pd-NPs/C under
similar reaction conditions. In figure 4.16, HEA-NPs/C displays a phenol
conversion of 88.7% at 150 °C with 1 MPa H2 pressure within 1 hour, which is
higher than commercial Pd-NP/C_com (76.9%) and as-synthesized Pd-NPs/C
catalysts (70.5%) under the same reaction conditions. Meanwhile, the
cyclohexanone selectivity over all three catalysts is virtually the same. Although
Pd-based catalysts are predominantly used in selective hydrogenation of phenol,
it is important to note that Pt,5°-61 Rh,38.62-64 and even Ru-based catalysts 656 have
all been investigated with satisfactory results (Table 4.2). Nevertheless, our HEA-
NPs/C performs better than several noble metallic catalysts so far reported at
relatively milder conditions.6”-%° For example, while Ru/y-Al203 exhibits an 88%
phenol conversion and 83% cyclohexanone selectivity at 160 °C, 2 hours reaction
time and 5 MPa H: pressure (Table 4.2, entry 3), our HEA-NPs/C catalyst shows
a much higher phenol of 98.5% and cyclohexanone selectivity of 99.8% at milder
conditions (150 °C, 1 hour reaction time and 2 MPa H2 pressure). Similarly, HEA-
NPs/C shows superior cyclohexanone selectivity of 99.8% compared to Rh/SiO2
with 82.6% cyclohexanone selectivity (Table 4.2, entry 27). While there are a few

single component noble metal catalysts that are more active and/or selective in
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Table 4.1. Results of phenol hydrogenation by HEA-NPs/C under different

conditions.
Entry Time H2 pressure Conversion Selectivity
(h) (MPa) (%) c=0 C-O
1 1 1.0 88.7 97.8 22
2 25 1.0 96.3 96.4 3.6
3 6 1.0 99.8 99.5 0.5
4 12 1.0 99.8 99.1 0.9
5 24 1.0 99.2 99.6 0.4
6 1 2.0 98.5 99.8 0.2

Reaction conditions: phenol (1.3 mmol), AuPdPtRhRu (10wt.% in HEA-NPs/C,
2.8 mol% relative to phenol; average molecular mass = 140.5 g/mol),
temperature = 150 °C, C=0O denotes cyclohexanone and C—O denotes

cyclohexanol.
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Table 4.2 Summary of hydrogenation of phenol to cyclohexanone over noble

metal-based catalysts (Referenced articles are found on page 124).

Catalyst Solvent Reactor Temp. Time Hz pressure Conversion  Selectivity Ref.
C) W) (MPa) (%) (%)
9.7 wt% AuPdPtRhRU/C  Hexane Autoclave 150 25 1 96.3 96.4 This work
9.7 wt% AuPdPtRhRu/C  Hexane Autoclave 150 1 2 98.5 99.8 This work
5.0 wt% Ru/y-Alz03 Cyclohexane Autoclave 160 2 ] 88 83 [12]
5.0 wt% Ru/MIL-101 CHzCl2 Batch reactor 50 4 0.5 80 74 [13]
5.0 wt% Ru/MIL-101 H20 Batch reactor 50 4 05 90 90 [13]
Pd/mpg-CsN4 H20 45 12 0.1 99 98.5 [14]
Pd/mpg-CaNa H20 100 1 0.1 99 99 [14
Pd-Ca/lLa203 C2HsOH Tubular reactor 220 0.1 52 93 [15]
Pd-Ca/CeQ2 Cz2HsOH Tubular reactor 220 01 55 92 [15]
Pd-Ca/Al203 Cz2HsOH Tubular reactor 220 0.1 38 93 [15]
5 wit%Ru/y-Al203 Cyclohexane Autoclave 160 3 H] 100 90 [16]
2.7 wt%Pd/A-45 Hz0 Reactor 100 3 1 100 89.9 [17]
2.2 wt%Rh@S-MIL-101  CH2Clz Batch reactor 50 2 0.5 91 85 [18]
5 wt%Pd/MIL-101 H20 Autoclave 25 11 0.1 99.9 99.9 [19]
2 mol%Pd/C H20, HCOOK Round bottom flask [ Open 99 99 [20]
80 atmosphere
Rh Cyclodextrins 60 3 4 88 100 [21]
5 wt%Pd/Alz03 CHzClz 30 12 1 155 89.5 [22]
5 wt%Pd/Alz03, AICI3 CH2Cl2 30 8 1 999 999 [22]
2mol%Pd/C H20, HCOOK Round bottom flask 6 Open 99 99 [21]
90 atmosphere
8.1 wt% Rh@SIiCN GVL, Hz0 Steel autoclave 25 4 06 67 72 [23]
8.1 wt% Rh@SICN H20 Steel autoclave 25 2 06 54 67 [23]
8.1 wt% Rh@SIiCN CH3COCH3, Steel autoclave 2 06 37 82 [23]
H20 25
2.2 wt%Rh@S-MIL-101  H20 Batch reactor 50 2 05 95 92 [18]
0.6 wt%Ru@NaX H20 Three-necked flask 80 10 0.1 90 999 [24]
1 wt%Pd-HAP H20 Tube 75 3 0.1 100 100 [25]
1 wt%Pt@TNT CH2Cl2 Autoclave 50 05 95 83 [26]
5 wit%Rh/Si02 Cyclohexane Autoclave 30 9 0.1 100 826 [27]
Pd/CNTs CHsOH Tubular reactor 220 3.52 18 99 [28]
3 wi%Pi-out/CNTs CH2Clz Autoclave 50 0.5 0.5 11.6 72.3 [29]

2 Argon pressure.
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reaction conditions that are milder than reported in the present work, it is important
to note, however, that these single noble metal catalysts are often used in
conjunction with Lewis acids as dual catalysts to activate the benzene ring and
suppress further hydrogenation of cyclohexanone to cyclohexanol.*° The superior
catalytic performance of HEA-NPs/C is ascribed to the strong synergistic effect
resulting from the combination of catalytically active metals. The numerous
possible arrangements of different atoms on the catalyst surface may have
provided different adsorption modes for phenol and its intermediate, hence the
superior catalytic performance. The recyclability of HEA-NPs/C was investigated
through repeated hydrogenation experiments following a facile solvent wash
process with acetone. As seen in figure 4.17, HEA-NPs/C demonstrates excellent
stability, yielding phenol conversion and selectivity for cyclohexanone greater than

95% under the test conditions across all five usage cycles.

4.12 Conclusions

Summarily, we demonstrate a facile synthetic method to fabricate HEA-NP
catalysts on a carbon support. Our methodology is based on the transient localized
hotspot induced by the physical phenomenon of acoustic cavitation (formation,
growth, and implosive collapse of microscopic-sized bubbles in a liquid) observed
in ultrasound irradiation of liquids. Owing to the reducing ability of alcohols, AlLs
were utilized as environmentally friendly reducing agent-cum-solvent in our
strategy, co-reducing the precursor ions under high-intensity ultrasound irradiation

in ambient conditions. The as-obtained NPs show superior performance for
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selective hydrogenation of phenol compared to the monometallic counterparts
due to the strong synergistic effects. Such a technologically feasible and facile
synthetic method provides an improved methodology for the sustainable

synthesis of multicomponent alloys for catalysis and other applications.
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CHAPTER 5: ULTRASOUND-MEDIATED SYNTHESIS OF
FLUORITE-STRUCTURED HIGH-ENTROPY OXIDE

NANOCATALYSTS FOR EFFICIENT CO OXIDATION

5.1 Publication disclosure

This chapter is based on a prepared manuscript recently submitted to
iScience: Okejiri, F.; Yang, Z.; Fan, J.; Wang, T.; Suo, X.; Dai, S.

My contributions to this work include identification of the research
objectives, searching of relevant literature, design and conducting of the synthetic
experiments, characterization of the samples, drafting of the manuscript with

reviews and edits from all listed authors.

5.2 Abstract

High-entropy oxides (HEOs) are an emerging class of advanced ceramic
materials with great technological prospects. Herein, we report a facile synthesis
of single-phase, fluorite-structured HEO (CeHfZrSnErOx) nanocrystals via an
ultrasound-mediated  coprecipitation  strategy in  ambient conditions.
Characterization results reveal ultrasmall nanocrystals with high surface area and
high-oxygen vacancy concentration. Upon introducing palladium to
CeHfZrSnErOx, the resultant Pd/CeHfZrSnErOx displays high dispersion of Pd
nanoclusters and atomically dispersed palladium species. Compared to Pd/CeO2
of similar Pd loading, Pd/CeHfZrSnErOx exhibits superior catalytic performance

towards CO oxidation, highlighting the inherent advantage of CeHfZrSnErOx as
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carrier support over traditional oxide systems. The determined apparent activation
energy values are consistent with the activity trend of the catalysts. This
technologically feasible, scalable, and facile synthetic strategy hold great promises
towards the synthesis of HEO systems of other crystal structures and functional

features.

5.3 Introduction

At the turn of the new millennium, a new class of multi-principal-element
materials with high configuration was discovered called high-entropy alloys
(HEAs).1® HEAs are a unique class of concentrated solid-solution alloys formed
on the premise of incorporating five or more principal elements into a single crystal
lattice.>® This fundamentally new alloying strategy provided new traction to
material design, leading to the discovery of materials with intriguing synergistic
properties, unexpected characteristics, and interesting new functionalities.*”’
Within the past six years, the ‘high-entropy concept’ has expanded beyond metallic
alloys, to include high-entropy nitrides,® high-entropy borides,® high-entropy
silicides,!° high-entropy carbides,*! and, the more widely studied, high-entropy
oxides (HEOs).1%15

The use of configuration entropy in the stabilization of new oxide phases,
similar to situations in HEAs, was first demonstrated by Rost et al. who synthesized
a HEO system of the rock-salt crystal structure via the solid-state synthesis

method.1? More recent studies have explored HEO systems of different crystalline
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structures and functional features, including perovskite oxides,® pyrochlores,’
spinel oxides,*® fluorite-structured oxides,*° etc.

Compared to metallic HEAs of simple face-centered cubic (fcc), body-
centered cubic (bcc), or hexagonal close-packed (hcp) crystal structure, single-
phase HEO systems are generally more difficult to yield because of their larger
enthalpy of formation.*® It should be mentioned that the solid-state synthesis route,
as implemented by Rost et al., required high-energy ball milling of the metal
precursors in addition to heat treatment at 1000 °C to obtain the desired HEO.*?
Gild et al. and Chen et al. have applied a similar strategy towards the synthesis of
single-phase HEOs of fluorite crystal structure.*'> However, the rigorous synthetic
conditions, including the ultra-high temperature (1500 —1800 °C) and extended
reaction times (6—24 hours), constitute major synthetic challenges. Such extreme
synthetic conditions typically result in micron-sized particles with a non-uniform
size distribution. For most catalytic applications, non-agglomerated powders with
high surface areas are preferred. More recently, Xu et al. succeeded in lowering
the synthesis temperature to 900 °C,*° which, unfortunately by many standards is
still sufficiently high. Other promising strategies that have been reported include
the reverse co-precipitation method,?® co-precipitation and peptization,!3
hydrothermal synthesis methods,?! and nebulized spray pyrolysis,?? being limited
by rigorous synthetic processes, multiple reaction procedures, energy-intensive
unit operations, and highly specialized pieces of equipment, respectively. The
development of technologically feasible, facile, and reliable synthetic strategies is

still highly desirable.
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Ultrasound can be used to drive high-energy chemical reactions via the
physical process of acoustic cavitation. The acoustic cavitation phenomenon,
which is described as the formation, growth, and implosive collapse of
microbubbles in liquids under ultrasound irradiation, is generally accompanied by
a release of massive energy (T = 5000 °C) in a microscopic region at an extremely
fast cooling rate (10 billion °C s1).22 Recently, we exploited this unique high-energy
environment towards the synthesis of nanosized HEA,*® and high-entropy
perovskite oxide nanocatalysts.'® The present study seeks to investigate the
feasibility of fabricating fluorite-structured HEO nanocatalyst using an ultrasound-
mediated co-precipitation strategy. More specifically, synthesis of nanocrystalline
CeHfZrSnErOx and CeHfZrSnErOx-stabilized palladium catalysts with different Pd
loadings (Pdos/CeHfZrSnErOx and Pdio/CeHfZrSnErOx) was realized
sonochemically at ambient conditions. This technologically feasible, facile, and
scalable synthetic strategy holds great promise towards the synthesis of
nanostructured HEO systems of other crystalline structures and functional
features.

To understand the crystalline structure, chemical composition, and surface
chemistry of the synthesized nanocatalysts, various characterization techniques,
including X-ray diffraction (XRD), high-resolution transmission electron microscopy
(HRTEM), energy-dispersive X-ray spectroscopy (EDS) mapping, X-ray
photoelectron spectroscopy (XPS), diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) and inductively-coupled plasma optical emission

spectroscopy (ICP-OES), were utilized. The catalytic activity of Pd/CeHfZrSnErOx
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was compared with Pd/CeO: of similar metal loading to underscore the inherent

advantages of CeHfZrSnErOx as carrier support.

5.4 Experimental methods

First, the following selection guidelines as suggested by Rost et. and
modified by Djenadic et al. were considered for the choice of the metal
compositions to favor the formation of a single-phase HEO system: (i) cations of
similar ionic radii are preferred over cations with profound ionic size mismatch; (ii)
the possible binary oxides should not exhibit uniform crystal structure (iii) there
should exist, at least, one binary oxide pair that does not exhibit complete solubility
in the oxide binary phase diagram.??4 In the assessment of these, the following
cations with comparable ionic were utilized as the metal precursor:?® Ce3*, Hf**,

Zr*t, Sn**, and Er3*,

5.5 Materials

Cerium (I11) chloride heptahydrate (99.9% CeCls-7H20, Fischer chemicals,
USA), hafnium (IV) chloride (99.0% HfCla4, Alfa Aesar, USA), zirconium (IV) chloride
(99.0% ZrCla, Sigma Aldrich, USA), tin (IV) chloride hydrate (98.0% SnCls-xH20,
Alfa Aesar, USA), erbium (lll) nitrate pentahydrate (99.9% Er(NOs3)3-5H20, Alfa

Aesar, USA), sodium hydroxide (98.0% NaOH, Sigma Aldrich, USA), potassium
tetrachloropalladate (1) (98.0% K2PdCls, Fisher Chemicals, USA), and ethylene
glycol (99.0% HO-CH2CH2-OH, Alfa Aesar, USA), were all used as received

without further purification.
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5.6 Material synthesis

CeHfZrSnErOx
To synthesize CeHfZrSnErOx, an aqueous solution of the metal precursors

was prepared by dissolution of 1.0 mmol each of CeClsz-7H20, HfCls, ZrCls, SnCla
-XH20, and Er(NOs3)3-5H20 in 10.0 mL deionized (DI) water. The precursors were

added dropwise to a 30.0 mL of 5.0 M NaOH solution while simultaneously being
exposed to ultrasound irradiation for 15 minutes via direct immersion of an
ultrasonic titanic horn operating at 20 kHz at ambient conditions, as schematically
shown in figure 5.1. The ultrasonic processor which has a maximum output of 750
watts was acquired from Sonics & Materials, INC. and equipped with a cylindrical
probe of %2 " diameter. The sonication was performed under the pulsed mode, and
the amplitude was set at 50% amplitude. When the sonication time was reached,
the solid was recovered via centrifugation, washed thoroughly with deionized (DI)
water before being dried in an oven at 110 °C to obtain the final crystallites.
CeHfZrSnO2, CeZrO2, CeHfO2, CeSnO2, and CeO2 were also synthesized in a
similar manner.

For the investigation of the entropic contribution to phase stability, the as-
synthesized CeHfZrSnErOx was heated at different temperatures and rapidly air-
guenched to preserve the crystal structure at the specific temperature.
CeHfZrsnO:z

To synthesize CeHfZrSnOz, an aqueous solution of the metal precursors

was prepared by dissolution of 1.25 mmol each of CeCls-7H20, HfCls, ZrCls, and
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Figure 5.1. Schematic illustration of the synthesis of high-entropy oxide

nanocatalysts via an ultrasound-mediated co-precipitation strategy.
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SnCls-xH20 in 10.0 mL deionized (DI) water. The precursors were added dropwise

to a solution of NaOH while simultaneously being exposed to ultrasound irradiation
for 15 minutes via direct immersion of an ultrasonic titanic horn operating at 20 kHz
at ambient conditions. When the sonication time was reached, the solid was
recovered via centrifugation, washed thoroughly with DI water before being dried
in an oven at 110 °C to obtain the final crystallites.
CeHfO2

To synthesize CeHfO2, an aqueous solution of the metal precursors was

prepared by dissolution of 2.5 mmol each of CeCls-7H20 and HfCls in 10.0 mL

deionized (DI) water. The precursors were added dropwise to a solution of NaOH
while simultaneously being exposed to ultrasound irradiation for 15 minutes via
direct immersion of an ultrasonic titanic horn operating at 20 kHz at ambient
conditions. When the sonication time was reached, the solid was recovered via
centrifugation, washed thoroughly with DI water before being dried in an oven at
110 °C to obtain the final crystallites.
CeZrO2

To synthesize CeZrO2, an aqueous solution of the metal precursors was
prepared by dissolution of 2.5 mmol each of CeCls-7H20 and ZrCls in 10.0 mL
deionized (DI) water. The precursors were added dropwise to a solution of NaOH
while simultaneously being exposed to ultrasound irradiation for 15 minutes via
direct immersion of an ultrasonic titanic horn operating at 20 kHz at ambient

conditions. When the sonication time was reached, the solid was recovered via
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centrifugation, washed thoroughly with DI water before being dried in an oven at
110 °C to obtain the final crystallites.
CeSnO:

To synthesize CeSnO2, an aqueous solution of the metal precursors was

prepared by dissolution of 2.5 mmol each of CeClsz-7H20 and SnCls-xH20 in 10.0

mL deionized (DI) water. The precursors were added dropwise to a solution of
NaOH while simultaneously being exposed to ultrasound irradiation for 15 minutes
via direct immersion of an ultrasonic titanic horn operating at 20 kHz at ambient
conditions. When the sonication time was reached, the solid was recovered via
centrifugation, washed thoroughly with DI water before being dried in an oven at
110 °C to obtain the final crystallites.
CeO2

To synthesize CeSnOz, an aqueous solution of the metal precursors was

prepared by dissolution of 5.0 mmol of CeCls3-7H20 in 10.0 mL deionized (DI)

water. The precursors were added dropwise to a solution of NaOH while
simultaneously being exposed to ultrasound irradiation for 15 minutes via direct
immersion of an ultrasonic titanic horn operating at 20 kHz at ambient conditions.
When the sonication time was reached, the solid was recovered via centrifugation,
washed thoroughly with DI water before being dried in an oven at 110 °C to obtain

the final crystallites.
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Pd/CeHfZrSnErOx

To synthesize Pd/CeHfZrSnErOx, an alcoholic solution the Pd precursor
was prepared by dissolution 0.025 mmol of K2PdCls in 5.0 mL ethylene glycol. This
solution was combined with a calculated mass of the as-synthesized
CeHfZrSnErOx pre-dispersed in 30.0 mL ethylene glycol for a final Pd mass
loading of 0.5 or 1.0 wt% (referred to as Pdos/CeHfZrSnErOx and
Pd1.0/CeHfZrSnErOx, respectively). This mixture was quickly exposed to
ultrasound irradiation for 10 minutes via direct immersion of ultrasonic titanic horn
operating at 20 kHz at ambient conditions. When the sonication time was reached,
the solid was recovered via centrifugation, washed thoroughly with DI water and
ethanol before being dried in an oven at 90 °C to obtain CeHfZrSnErOx-stabilized
palladium nanoclusters (Pd/CeHfZrSnErOx) as the final crystallite.
Pd1.0/CeHfZrSnErOxwas chosen as the representative sample for characterization
purposes except otherwise indicated. Also, Pd/CeO2 with 1.0 wt.% Pd was
synthesized in a similar manner.
Pd/CeO2

To synthesize Pd/CeO2, an alcoholic solution the Pd precursor was
prepared by dissolution 0.025 mmol of K2PdCls in 5.0 mL ethylene glycol. This
solution was combined with a calculated mass of the as-synthesized CeO2 support
pre-dispersed in 30.0 mL ethylene glycol for a final Pd mass loading of 1.0 wt.%.
This mixture was quickly exposed to ultrasound irradiation for 10 minutes via direct
immersion of ultrasonic titanic horn operating at 20 kHz at ambient conditions.

When the sonication time was reached, the solid was recovered via centrifugation,
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washed thoroughly with DI water and ethanol before being dried in an oven at 90

°C to obtain CeO: as the final crystallite.

5.7 Characterization techniques

To determine the crystallographic structure of the materials, the X-ray
diffraction (XRD) technique was employed. XRD patterns were acquired on a
PANalytical Empyrean diffractometer with Cu Ka1 radiation (A = 1.5406 A),
operated at 45 kV and 40 mA. The 26 range angles were scanned between 20° to
90° at a step size of 0.05°. The crystallite size and microstrain contributions to peak
broadening were assessed by Williamson—Hall (W-H) analysis.?® The instrumental
broadening effect was taken into account in the measurement of the full width at
half maximum intensity (FWHM). A silicon standard sample was used to apply a
correction for the instrumental broadening. The W-H analysis assumes that the
crystallite size and microstrain contributions are mutually independent of each

other and is given by equation 5.1:
KA
Bcosb =5 + 4&sind eqn 5.1

where (3 is the FWHM in radians, 0 is the scattered angle measured in degrees, k
is the shape factor (0.9), A is the wavelength of the X-ray (0.15406 nm), D and ¢
represent the crystallite size and microstrain, respectively. By plotting a graph of
BcosB against 4sinB, the microstrain and average crystallite size were estimated
by the slope of the line and y-intercept extrapolation, respectively. The interplanar

spacings were determined by Bragg’s law using MDI JADE 6.5 software. The
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lattice parameter, a, was calculated from equation 5.2 after indexing the hkl values

for each of the diffraction peaks.

A =g
MV (0 +H34 )

eqn 5.2

The specific surface area of samples was determined by low-temperature
(77 K) nitrogen adsorption performed on Gemini 2375 surface area analyzer. Prior
to analysis, samples were degassed for 6 hours in a drying compartment under N2
at 160 °C to eliminate any adsorbed species. Surface area analysis was performed
by applying the Brunauer, Emmett, and Teller (BET) theory. Pore size distributions
were calculated from the adsorption isotherm using Barrett—Joyner—Halenda
(BJH) method.

High-resolution transmission electron microscopy (HRTEM) images and the
energy-dispersive X-ray spectroscopy (EDS) mapping images were recorded on
Hitachi H-7700 microscope with an acceleration voltage of 100 kV.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
spectra were acquired on Thermo Nicolet Nexus 670 FTIR spectrometer equipped
with a mercury cadmium telluride (MCT) detector and Pike Technologies diffuse
reflectance cell. Each spectrum was recorded with 32 scans at a resolution of 4
cm™. In a typical run, the sample was loaded into a ceramic cup located in the
DRIFTS cell and preheated at 400 °C for 30 minutes under a constant flow of 5%
O2/Ar gas (flow rate = 30 mL/min). Next, Ar was passed through the sample and

the temperature was taken down to 30 °C for background collection. Thereafter,

CO was adsorbed for 10 minutes at 30 °C, followed by desorption for 10 minutes
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at 30 °C. Spectra were collected during the adsorption-desorption process and
transformed into Kubelka-Munk form.

X-ray photoelectron spectroscopy (XPS) spectra were recorded on Thermo
Scientific Model K-Alpha S5 X-ray Photoelectron Spectrometer System using Al
Ka (1486.6 eV photons) as the radiation source. The instrument uses a
hemispherical electron energy analyzer equipped with a 128-channel electron
detection system. Samples were prepared for analysis by dispersing the powder
material onto a double-sided tape fixed to a clean glass slide. After inserting the
sample into the analysis chamber through a vacuum-pumped load-lock, an initial
wide energy range survey scan was acquired. Next, a set of narrow energy range
core level spectra were acquired for the elements of interest. The C 1s peak (284.6
eV) was used for the calibration.

The relative metal concentrations were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis performed on an
Agilent 5110 ICP-OES spectrometer. Prior to analysis, samples were digested in
agua regia and diluted with 2.0% nitric acid.

The catalytic CO oxidation experiment was performed in a fixed-bed reactor
at atmospheric pressure conditions according to previous reports.'627 The reactor
is made of quartz tubing with an inner diameter of approximately 4 mm. The gas
flow rate was controlled with a mass-flow controller. For the measurement of CO
light-off curves showing CO conversion as a function of reaction temperature, 20
mg of the catalyst was charged into the reactor and supported with a ball of quartz

wool. A feed gas of 1% CO balanced with dry air was passed through the catalysts
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bed at a flow rate of 12.5 mL/min, corresponding to a gas hourly space velocity
(GHSV) of 37,500 mL (h gcat). The concentrations of CO2 and CO in the reactor
effluent were analyzed using an on-line gas chromatograph (Buck Scientific 910)
equipped with a dual molecular sieve/porous polymer column (Alltech CTR1) and
a thermal conductivity detector (TCD). The conversion, C.,(%) was calculated
according to the following equation:

€Ol — [CO
Coo (%) = [ ]”[’é 0][ Jout 100 eqn 5.3
inl

The steady-state experiment was performed in the same reactor when the
CO conversion was below 15.0 % to ensure that the reaction was close to under
kinetic control as possible. The rate constant, K was determined according to the

following equation:
K= ——— eqn 5.4

where R, (mL.s?) is the total gas flow rate, C., is the CO conversion (%) at
temperature T(K), and m,,; is the mass (g) of the catalysts in the reactor. The
apparent activation energy, (E,) was estimated from the slope of the linear plot of
In(K) versus 1000/T according to the non-exponential Arrhenius equation given

below:

In(K) = In(4) — —@ (1) 5.5
n(K) = In(4) R \T eqn 5.
where K (s1) and A (s) represent the rate constant and pre-exponential factor,

respectively; Ea (kJ mol?) is the apparent activation energy, R is the gas constant,

8.314 J mol'tK; and T(K) is the kelvin temperature.
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5.8 Results and discussion

To sonochemically synthesize CeHfZrSnErOx, an aqueous solution of the
metal precursors was added to a precipitating agent and instantaneously exposed
to ultrasound irradiation for 15 minutes. Following the separation and drying
processes, CeHfZrSnErOx was obtained as a crystalline powder without
calcination. CeHfZrSnErOx-stabilized palladium nanoclusters (Pd/CeHfZrSnErOx)
was synthesized by adding an alcoholic solution of a palladium precursor to pre-
synthesized CeHfZrSnErOx under ultrasound exposure for 10 minutes. XRD
technique was employed for phase identification. Figure 5.2 (a) displays the XRD
patterns of CeHfZrSnErOx and CeOz2. The diffraction peaks of CeHfZrSnErOx are
centered at 29.87, 34.60, 49.62, 58.86, 61.75, and 72.57° and can be indexed to
(111), (200), 220), (311), (222), and (400) planes, respectively of a cubic fluorite
structure. Compared to the diffraction pattern of CeO2, these characteristic
reflections are located at slightly higher 2-theta angles (inset in figure 5.2 (a)),
suggesting a unique set of lattice parameters smaller than that of CeO2. This
shrinkage in the lattice parameter, from 5.4111 A to 5.1911 A, is consistent with
the diffusion of the smaller-sized cations (Hf**, Zr**, Sn**and Er®) into the base
CeO:z2 crystal lattice to form CeHfZrSnErOx as a new single-phase HEO material.

Notably, the peaks are sufficiently broad which generally suggests small
crystallite size, microstrain, sample inhomogeneity, or instrumental effects.?® But
since the sample is compositionally homogeneous (demonstrated later by the EDS

mapping), the crystallite size and microstrain contributions to peak broadening
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Figure 5.2. (a) XRD patterns CeHfZrSnErOx and CeO:z (the shift in reflection
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inset); (b) XRD pattern of a silicon standard; (c) a plot of the Si FWHM versus the
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instrumental broadening.
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were assessed by the W-H method after correcting for instrumental broadening
(figure 5.2(b)). Figure 5.2 (c) displays the broadening in FWHM against 2-theta
values obtained for the standard Si sample. A polynomial fitting of the
experimentally observed values was made using the quadratic function in equation
5.6:
y=ax*+bx+c eqn 5.6

where y is the broadening (FWHM), x is the 2-theta angle (°), a, b, and c are
constants determined as 7.4 x 6, -3.1 x 10, and 0.13329, respectively.

Figure 5.2 (d) displays the plot of fcos@ against 4sinB. The negative slope
of the fitted line in the W-H plot is indicative of compressional strain and is
consistent with the contraction of the lattice parameter. The estimated slope and
hence the value of the microstrain is -0.0058, while the determined crystallite size
is 6.3 nm. On the basis of these analyses, we conclude that the peak broadness
is mainly due to the small crystallite size.

HRTEM images were acquired to gain additional structural information.
Figure 5.3 (a) displays the HRTEM image of the as-obtained CeHfZrSnErOx
nanocrystal. The well-defined lattice fringes indicate high crystallinity. The
interplanar spacings between lattice fringes were measured to be ~0.30 nm and
0.26 nm, corresponding to the (111) and (200) planes of a cubic fluorite lattice. The
corresponding SAED pattern exhibits a continuous ring pattern, indicating its
polycrystalline nature. The radial intensity line profile as a function of distance in

the reciprocal lattice is shown in figure 5.3 (b). The interplanar spacings are

143



Figure 5.3. Structural characterization of CeHfZrSnErOx (a) HRTEM image (b)

the corresponding SAED (c) EDX maps for CeHfZrSnErOx showing Zr, Sn, Ce,

Er and Hf elements.
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consistent with the values obtained from the XRD pattern and can be indexed to
(111), (200), (220), and (311) planes of a cubic fluorite structure. Figure 5.3 (c)
displays the EDS elemental map of CeHfZrSnErOx. The uniform distribution Ce,
Hf, Zr, Sn, Er, and O in the nanosphere validate the formation of a single-phase
HEO solid-solid. To demonstrate uniformity, the EDS elemental map of a different
area of the sample was examined. The result (Figure 5.4) indicates that
CeHfZrSnErOx is both chemically and structurally uniform.

The relative concentrations of the cations were determined by ICP-OES
analysis. The atomic percentages of Ce, Hf, Zr, Sn, and Er in the sample were
determined to be 3.81, 3.73, 3.68, 3.72, and 3.71, respectively, which are
consistent with the theoretical concentrations in the precursor solution. The slight
deviation from equimolar stoichiometric ratios is probably due to the differences in
the purity of the metal precursors.

The low-temperature N2 adsorption isotherm and the corresponding pore
size distribution of CeHfZrSnErOx are displayed in figure 5.5. CeHfZrSnErOx
exhibits a relatively high surface area (87 m?g?) and a narrow pore size (5 nm)
distribution which makes it a suitable candidate for the dispersion of active metal
catalysts.

To understand the surface chemistry, XPS technique was employed. Figure 5.6
displays the XPS survey spectrum of CeHfZrSnErOx, showing photoemission
signals for Ce, Hf, Zr, Sn, Er, and O as expected. To gain insight into their oxidation

states, the core-level spectra of Ce 3d, Hf 4f, Zr 3p, Sn 3d, Er 4d, and O 1s (figure
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Figure 5.4. HAADF STEM image and EDX elemental maps of CeHfZrSnErOx

showing Zr, Sn, Ce, Er, and Hf elements.
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5.7) were acquired. For the Ce 3d XPS spectrum, eight peaks resulting from the
pairs of spin-orbit doublets were identified through deconvolution. The five peaks
centered at approximately 883, 888, 898, 907, and 916 eV are assigned to
Ce** species, while the three peaks around 885, 901, and 901 eV are assigned to
Ce3* species.?>30, The Hf 4f peak overlapped with a Ce 5p peak at ~19 eV. Peak
fitting reveals that the Hf 4f712 is centered at 16.5 eV and is normally attributed with
Hf in the +4 oxidation state.3! The Zr 3p spectrum contains two peaks with binding
energies around 332 and 346 eV, characteristic of Zr** species.3?33 For the Sn 3d
spectrum, four peaks were identified resulting from pairs of spin-orbit doublets.
Two peaks centered at approximately 488 and 496 eV are assigned to Sn**
species, while the ones around 486 and 494 eV are attributed to Sn?*species.3*3%
The Er photoelectron signal indicates that Erbium is unquestionably present in the
sample’s surface. However, the Er 4d peak overlapped with the Zr 3d signal. The
peak fitting process is quite ambiguously given that the Er 4d photoelectron region
consists of a complex mixture of doublets and satellite peaks not reliably identified
at this point. Nevertheless, the approximate position of the Er 4d peak is consistent
with the position of Er203 reported by Swami et al.3® The O 1s spectrum shows
two peaks corresponding to two kinds of oxygen species. The strong peak at 529
eV is ascribed to the lattice oxygen, as in O-M (where M = Ce**, Ce3* Hf**, Zr*,
Sn**, and Er®*); the other portion of the deconvoluted peak centered at 531 eV is
attributed to oxygen vacancy.®” Overall, the surface features of CeHfZrSnErOx are
dominated by Ce**, Ce3* Hf**, Zr*, Sn*, Sn?*, Er** and O% species. The

existence of Ce®", Sn?* and Er®* suggests high surface oxygen vacancy
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concentration, which benefits reactant activation and conversion is catalytic CO
oxidation.®®

As is well known, composition and temperature dependence of phase
stability is both enthalpy- (H) and entropy (S)-driven, according to Gibb’s free
equation: AG = AH —TAS. To investigate the entropic contribution to phase
stability, we performed a four-stage heat-treatment process on the same sample,
at various temperatures, followed by rapid air-quenching to preserve the crystalline
phase at the specific temperature. Previous studies have demonstrated that phase
reversibility is a requirement of entropy-driven stability.1>?1 We anticipate that
CeHfZrSnErOx should reversibly transform between high-temperature single-
phase to low-temperature multiphase if, indeed, entropy-stabilized.'? Figure 5.8
displays the XRD patterns of the same sample heated at various temperatures:
initial treatment at 900 °C, a second treatment at 700 °C, third treatment at 800 °C,
and final return to 900 °C. It is evident from the XRD patterns that heat treatment
at either temperature did not result in phase segregation which is in disagreement
with phase-transition thresholds (850 — 900 °C) reported by Rost et al. for their
rock-salt-structured HEO.?? Phase segregation has been reported for fluorite-
structured HEOs at 1100 °C and a complete reversal to single at temperatures
above 1500 °C, highlighting their larger positive enthalpy of formation (relative to
rock-salt-structured),'* 2! and additionally, underscores the uniqueness of the
high-energy environment under acoustic cavitation. Meanwhile, fluorite-structured
multicomponent oxides, including CeHfZrSnO2, CeHfO2 CeZrO2, and CeSnOz,

synthesized under similar reaction conditions as CeHfZrSnErOx behaved similarly
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Figure 5.8. XRD patterns of the same sample (CeHfZrSnErOx) heated at various
temperatures: initial treatment at 900 °C, a second treatment at 700 °C, third

treatment at 800 °C, and final return to 900 °C.
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under the same treatment conditions, suggesting that configuration entropy is likely
not the main contributing factor for phase stability in CeHfZrSnErOx, for at least
temperatures below 900 °C.

Upon introducing 0.5 — 1.0 wt % Pd to CeHfZrSnErOx, the diffraction
pattern of the resultant CeHfZrSnErOx-stabilized palladium nanoclusters
(Pd/CeHfZrSnErOx), like CeHfZrSnErOx, displayed only diffraction peaks indexed
to the cubic fluorite structure with no additional peak attributed to Pd or PdO
species. However, the characteristic reflections (see figure 5.9) progressively
shifted towards the lower 2-theta angle with increasing Pd loading because of the
substitution of a significant amount of Pd?* for M™ (M = Ce**, Hf**, Zr**, Sn**, or
Er®*) in CeHfZrSnErOx to form PdCeHfZrSnErOx as a new oxide phase with
increased oxygen vacancy concentration and higher surface area relative to
pristine CeHfZrSnErOx (see figure 5.9 (b)).

Scanning TEM was used to observe the microstructure of Pd in
Pd/CeHfZrSnErOx. Unfortunately, due to the lack of distinct contrast between Pd
and the substrate, the highly dispersed/incorporated Pd species cannot be
differentiated from the support. Notwithstanding, the EDS elemental map analysis
(figure 5.10) reveals homogeneous distribution Pd, Ce, Hf, Zr, Sn, Er, and O with
virtually no agglomeration of Pd species. The HRTEM image in figure 5.10 (a)
shows well-defined lattice fringes with measured interplanar spacings of 0.30 nm
and 0.26 nm, which correspond to the (111) and (200) planes, respectively of the
cubic fluorite structure. Additional lattice fringes with a measured d-spacing of 0.22

nm are equally visible and consistent with the (111) plane of the fcc lattice of Pd in
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Figure 5.9. (a) XRD patterns of Pd/CeHfZrSnErOxand CeHfZrSnErOx; the
characteristic reflections progressively shifted towards the lower 2-theta angle
with increasing Pd loading from 0.5 — 1.0 wt%. (b). N2 adsorption isotherms of

CeHfZrSnErOx and CeHfZrSnErOx and the corresponding pore size distribution

(inset).
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Figure 5.10. Structural characterization of Pd/CeHfZrSnErOx (a) HRTEM image.
(b) the corresponding SAED. (c) EDX maps for Pd/CeHfZrSnErOx showing O, Zr,

Ce, Pd, Er, Hf, and Sn elements.
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accordance with the literature.3® Notably, these highly dispersed, low
concentrated, ultrasmall-sized Pd nanocrystals were not detectable by XRD even
after a slow scan of the Pd (111) region (26 = 40). Similarly, the SAED pattern in
figure 5.10(b) shows a diffuse ring that can be indexed to (111), (200), (220), and
(311) planes of a cubic fluorite structure as well as an additional ring that is
ascribed to the Pd (111) planes. This observation is in agreement with the HRTEM
results. The relative concentrations of Pd in Pdi.o/CeHfZrSnErOx (1.05%) and
Pdo.s/CeHfZrSnErOx (0.49%) was determined by ICP-OES and agree with the
theoretical values.

Figure 5.11 (a) displays the Pd 3d XPS spectrum of Pd/CeHfZrSnErOx. The
photoemission signals overlapped with the Zr 3p. Four peaks resulting from the
pairs of spin-orbit doublets were identified for the Pd 3d XPS spectrum after
deconvolution. Judging from the asymmetric peak shape and positions, it appears
as though Pd exits as a combination of Pd® and Pd*2. The peaks at 339.8 eV and
334.3 eV are attributed to 3ds;2 and 3ds/2 spin-orbits of metallic Pd® while those at
343.0 eV and 338.1 eV are ascribed to 3ds;z and 3ds/2 spin-orbits of ionic Pd?* in
accordance with the literature.4%-44 This submission is collaborated by the Pd CO
adsorption behavior in the DRIFTS spectra, displayed in figure 5.11 (b). The
electron-deficient Pd?* may have resulted from pairs of electron transfer from Pd
to M through Pd-O-M bonds (M = Ce, Hf, Zr, Sn, and Er) in PdCeHfZrSnErOx solid
solution as similarly reported elsewhere in the literature.'® A more comprehensive
analysis of the electronic structure and coordination state can be accomplished via

X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine
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Figure 5.11. Surface chemistry characterization: (a) Pd 3d XPS spectrum of
Pd1.0/CeHfZrSnErOx. (b) DRIFTS spectra of Pd1.0/CeHfZrSnErOx,

Pdo.s/CeHfZrSnErOx and CeHfZrSnErOx upon CO adsorption.
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structure (EXAFS) measurement on Pd K-edge but unfortunately cannot be
completed at this difficult time of COVID 19 pandemic.

To further understand the chemical structure of palladium, additional
information was acquired by the DRIFTS technique upon CO adsorption. The IR
spectra are displayed in figure 5.11 (b). To enhance the CO adsorption on the Pd
sites, the samples were heated in the DRIFTS cell at 400 °C for 30 minutes under
5% O2/Ar flow to remove surface-bound organic residues that may have originated
from ethylene glycol employed as the reducing agent-cum-solvent-cum-stabilizer
in the synthesis process. The DRIFTS spectra of CO collected at 30 °C show the
existence of different active sites on the Pd-containing samples. For
Pd1.0/CeHfZrSnErOx with 1.0wt.% Pd, the IR bands at ~2097 cm™" and ~2140 cm™’
are attributed to CO adsorbed onto A-top sites of Pd (111) atoms and linearly
adsorbed CO on electron-deficient Pd®*, respectively.*>* The less intense peak
at~1917 cm™is attributed to CO adsorbed on the bridge sites. The IR band signal
for a 3-fold hollow site is virtually non-existent which indicates the absence of
agglomerated Pd particles. The existence of both linear and bridge CO adsorption
sites indicates the presence of single-sites and ensemble Pd sites, respectively.*®
That said, it appears that that adsorption site is predominantly single-sites, judging
from the relative intensities of both peaks. The IR spectrum of Pdo.s/CeHfZrSnErOx
with lower Pd loading displays only IR bands that are assignable to linearly bonded
CO on Pd?* and Pd® (111) defects, with no evidence of bridge nor hollow-CO
bands, indicating that Pd is atomically dispersed on CeHfZrSnErOx carrier for this

sample. On the other hand, the IR spectrum of CeHfZrSnErOx in the same
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wavenumber region, showed no characteristic IR band, suggesting its inability to
adsorb CO molecules.

Catalytic CO oxidation is one of the most widely investigated reactions in
heterogeneous catalysis because of its usefulness in both fundamental studies
and pollution abatement.0-52 Catalytic CO oxidation, particularly over Pd-based
has attracted significant interest in the research community because of its high
performance and the relative simplicity of the process.*%-5? Therefore, temperature-
dependent CO oxidation was used as a model reaction to assess the activity of
different catalytic materials synthesized in the present study. As seen in figure
5.12, the activity of the catalytic materials investigated in the present depends
strongly on the Pd content and the support system and decreases in the following
order: Pd1.0/CeHfZrSnErOx 2 Pdo.s/CeHfZrSnErOx >> Pdi1/CeO2 >> CeHfZrSnErO
> CeOx. Their apparent activation energies were calculated and displayed in figure
5.13. The order of the determined apparent activation energies is consistent with
the order of the activity of the five catalysts and is given as follow: CeO2 (118.5
kdJ/mol) > CeHfZrSnErOx (96.2 kJ/mol) >> Pdi/CeO2 (75.8 kJd/mol) =
Pdo.s/CeHfZrSnErOx (29.5 kd/mol) = Pd1.0/CeHfZrSnErOx (23.8 kJ/mol). Among the
various CeHfZrSnErOx-based catalysts investigated, pristine CeHfZrSnErOx
exhibited the least activity for CO oxidation with a high onset temperature of 110
°C with no complete CO conversion below 300 °C as seen in figure 5.11. The
introduction of 0.5 or 1.0 wt % Pd to pristine CeHfZrSnErOx dramatically improved
its catalytic performance. The resultant Pdos/CeHfZrSnErOx and

Pd1.0/CeHfZrSnErOx showed lower onset temperatures of ~50 °C and 70 °C
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Figure 5.13. (a) Temperature-dependent CO conversion over different catalysts.
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respectively and a complete CO oxidation at 140 °C and 150 °C respectively,
indicating the significant importance of the highly dispersed Pd species within the
HEO system. The presence of Pd facilitates the CO and O2 adsorption on the
catalysts' surface, which in turn resulted in higher catalytic activity.>3

Interestingly, the ceria-supported Pd catalyst - Pd/CeO:2 exhibited inferior
performance relative to Pdo.s/CeHfZrSnErOx and Pd1.0/CeHfZrSnErOxbut superior
to pristine CeHfZrSnErOx under similar conditions. The onset and complete
conversion temperatures, over Pd/CeOz2, are 90 °C and 250 °C, respectively. It
should be noted that CO oxidation over reducible oxide-supported metal catalysts
is generally believed to proceed via the Mars-Van-Krevelen reaction mechanism,
where the adsorbed CO on the metals interacts with active lattice O from the
reducible support to create oxygen vacancies;>* hence, the reducibility of the
surface lattice O from the support significantly impacts the catalytic CO oxidation.*®
Therefore, it is reasonable to posit that superior catalytic performance of
Pdo.s/CeHfZrSnErOx and Pd1.0o/CeHfZrSnErOx over Pd/CeO: is most likely due to
enhanced reducibility of the surface lattice oxygen in the vicinity of the Pd in
addition to the high oxygen vacancy concentration in the crystal lattice.’® This
submission is consistent with the experimental result reported elsewhere.® Also,
a strong synergistic effect that goes beyond the simple additive result of combining
five catalytically active metals in the cation sublattice may have also contributed to
the superior activity. Similarly, the catalytic performance of pristine CeHfZrSnErOx

is superior to that of pure ceria under identical test conditions, additionally
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highlighting the inherent advantage of CeHfZrSnErOx as the carrier support.
Furthermore, the stability test of Pd1.0/CeHfZrSnErOx was studied via a continuous
CO oxidation experiment conducted at 140 °C for 24 hours. Pd1.0o/CeHfZrSnErOx
showed remarkable stability for CO oxidation, displaying no appreciable loss of
activity for 24 hours as seen in figure 5.14 (inset). Additionally, the reusability was
tested through consecutive CO oxidation experiments for five cycles. As seen in
figure 5.14, Pdi1.0/CeHfZrSnErOx maintains its low-temperature CO oxidation and

good reproducibility of results across all five use cycles.

5.9 Conclusion

In summary, we have developed an ultrasound-mediated co-precipitation
strategy to fabricate nanostructured high-entropy fluorite oxide (CeHfZrSnErOx)
without any external heat treatment. The chemical effect and crystallization
process are driven by the transient localized hotspot generated by the physical
phenomenon of acoustic cavitation. The as-synthesized CeHfZrSnErOx carrier,
given its high surface area and high oxygen vacancy concentration, was employed
as an excellent carrier for the stabilization of highly dispersed and atomically
dispersed palladium species. The CeHfZrSnErOx-stabilized Pd catalysts
(Pd/CeHfZrSnErOx) outperformed a ceria-stabilized counterpart (Pd/CeO3)
towards catalytic CO oxidation, underscoring the inherent advantage of
CeHfZrSnErOx as reducible carrier support. Such a technologically feasible,
scalable, and facile synthetic strategy holds great promise towards the synthesis

of HEO systems of other crystal structures and functionalities.
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CHAPTER 6: CONCLUSION AND FUTURE WORK

6.1 Conclusions

The preparation of nanostructured multicomponent heterogeneous
catalysts constitutes a major synthetic challenge in catalysis science. This
dissertation described unconventional synthetic methodologies driven by the
physical process of acoustic cavitation for the realization of nanostructured HEMs
for different catalytic investigations. Taking advantage of the acoustic cavitation
phenomenon, nanostructured particles of various subclasses of HEMs, including
high-entropy perovskite oxides (HEPO), high-entropy alloys (HEAs), and high-
entropy fluorite oxide (HEFO) were fabricated at seemingly room temperature
conditions without any external heat-treatment process.

The synthesis of the HEPO was realized via an ultrasound-mediated
coprecipitation strategy at seemingly room temperature conditions. The HEPOs
were obtained as monodispersed, spherically-shaped nanoparticles. The average
crystallite size was determined to be approximately 5.9 nm. A variety of
spectroscopic and microscopic techniques were utilized to characterize the
crystalline nature, chemical composition, surface chemistry, and textural features
To the best of our knowledge, this is the first study that successfully prepared
perovskites-structured high-entropy oxide nanocrystals without external heat
treatment. The EDS elemental map results showed excellent dispersion of the

representative  elements. Notably, the entropically-driven stability of
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Ru/BaSrBi(ZrHfTiFe)Os with excellent dispersion of Ru in the perovskite phase
bestowed the nanoparticles with good catalytic activity for CO oxidation.

The synthesis of the HEA nanocatalysts was realized via an ultrasound-
driven wet chemistry method promoted by alcoholic ionic liquids (AILs). Because
of the intrinsic reducing ability of the hydroxyl group, AIL was fabricated as the
multifunctional reaction media capable of reducing metal species under ultrasound
irradiation while simultaneously stabilizing the as-afforded nanocrystals. Under
high-intensity ultrasound irradiation, Au3* Pd?* Pt?* Rh3*, and Ru3* ions were co-
reduced by the AIL and transformed into single-phase HEA (AuPdPtRhRu)
nanocrystals, effectively eliminating the need for any external heat-treatment
process. The hydroxyl functionality played a significant role in the formation of
single-phase nanocrystals in one synthetic step. Characterization results
confirmed that as-obtained nanocrystals are composed of elements of Au, Pd, Pt,
Rh, and Ru as expected. This quinary AuPdPtRhRu nanocatalyst outperformed
the binary, ternary, and quaternary counterparts towards selective hydrogenation
of phenol to cyclohexanone. The synthetic strategy provides an improved and
facile methodology for the sustainable synthesis of multicomponent alloys in one
step under mild conditions.

As is with HEPOs, the synthesis of the nanostructured HEFOs
(CeHfzZrSnErOx) was equally accomplished by an ultrasound-assisted
coprecipitation strategy at ambient conditions. Unlike the HEPO synthesis where
the choice of the metal composition was based on the tolerance factor, a set of

selection guidelines were used for the choice of the metal components that favor
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the formation of single-phase crystals in HEFO. The crystalline structure, chemical
composition, surface chemistry, and textural properties of the synthesized
CeHfZrSnErO were studied by various characterization techniques.
Characterization results reveal ultrasmall nanocrystals with high surface area and
high-oxygen vacancy concentration which makes CeHfZrSnErOx an excellent
carrier for stabilization of active metal catalyst. After introducing palladium to
CeHfZrSnErOx, the resultant Pd/CeHfZrSnErOx shows high dispersion of Pd
nanoclusters and atomically dispersed palladium species. The catalytic activity of
Pd/CeHfZrSnErOx was compared to Pd/CeOz2 of similar Pd loading towards CO
oxidation and Pd/CeHfZrSnErOx exhibited superior performance which

underscored the inherent advantage of CeHfZrSnErOx carrier support.

6.2 Future work

While the synthetic protocols demonstrated for this work were optimized for
the synthesis of HEAs, HEFOs, and HEPOs, ultrasound-mediated synthesis is not
limited to only these three subclasses of HEMs. Thus, it would be pertinent to
investigate the synthesis of HEMs with different crystal structures and functional
features including high-entropy carbides, high-entropy nitrides, high-entropy
silicides, high-entropy borides, etc., before generalizing this synthetic method.

In addition, the catalytic investigation can as well be expanded beyond CO
oxidation and/or selective phenol hydrogenation to include other catalytic

processes such as photocatalytic and electrocatalytic reactions.
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6.3 Probing the origin of the catalytic performances

In chapter five, we posited that the superior catalytic performance of
Pd/CeHfZrSnErOx over Pd/CeO:2 towards CO oxidation is likely due to the better
reducibility of surface lattice oxygen in the vicinity of the Pd. To confirm this
submission, assessment of the reducibility of Pd/CeHfZrSnErOx and Pd/CeO: is
recommended through, gas chemisorption experiment, specifically CO
temperature-programmed reduction (CO-TPR). Gas chemisorption is a widely
used strategy to determine the active sites of heterogeneous catalysts via
exposure to probe molecules like CO, NHs, or COz2, where they bind to the surface
of the atoms, contrary to physisorption where the probe molecules interact weakly
on the surface of the catalysts via dispersive forces. Conducting a CO-TRP
experiment can be used to determine the number of reduced Pd sites which can
come very handy in the determination of the turn-over frequency (TOF), an
important parameter that can be used to compare/assess the catalytic efficiency
of the materials. Also, a more comprehensive analysis of the Pd microenvironment
— electronic structure and coordination state — is recommended via X-ray
absorption near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) techniques on Pd K-edge to collaborate the XPS and DRIFTS

analysis results that ambiguously revealed the valence states of 0 and +2 for Pd.
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