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ABSTRACT

A major concern associated with the use of noble metal nanoparticles and clusters for
catalysis is stability. Stabilizing ligands are used to prevent the agglomeration of nanoparticles
synthesized under ambient conditions. However, these ligands may block the active sites on
the metal surface. Typically, high-temperature heat treatment (550 ‘C-650 °C) is required for
the complete removal of ligands from catalysts, which leads to the sintering of particles to form
larger particles. Sintering occurs during heat treatment processes because of the increased
mobility of the nanomaterials and can lead to catalyst deactivation as the surface area of the
catalytic nanoparticles decreases. Many studies have focused on improving the thermal
stability of nanoparticle catalysts by protecting them with metal oxide shells. However,
protective shells can also make it harder for substrates to diffuse to the surface and react, thus
creating mass-transfer issues. The main focus of this thesis is synthesizing sinter-resistant
metallic and bimetallic catalysts.

In Chapter 1, a detailed description of activation processes and methods for enhancing the
thermal stability of nanomaterials are provided. Chapter 2 details how a protective silica shell
with a thickness of 40 nm enhances the thermal stability of Auzs(MUA)is clusters
(MUA=mercaptoundecanoic acid). The morphology of the resulting Au catalysts before and
after calcination at temperatures up to 650 ‘C was analyzed by TEM and Extended X-ray
Absorption Fine Structure Spectroscopy (EXAFS) analyses, which showed that the Au
catalysts are much more stable to sintering compared to un-encapsulated clusters. However,
mass transfer issues associated with the silica shell were also observed. Chapter 3 shows that
Atomic Layer Deposition can be an effective method to control the shell thickness of alumina
overlayers using Auxs(MUA)1s and Aus(DDT)1s (DDT=dodecanethiol) clusters. TEM and
EXAFS analysis were used to study the structural changes before and after thermal treatment.
20 cycles of alumina coating are required to improve the thermal stability of Au catalysts made
from Auxs(MUA)g clusters. In Chapter 4, the sintering behavior of Aus(MPTS)1s (MPTS=3-
mercaptopropy)trimethoxysilane) clusters on mesoporous silica supports under oxygen
atmosphere (1 Pa) was studied by an in situ TEM technique. Particle migration and coalescence
was found to be the more dominant mechanism for the sintering of monodisperse
Auzs(MPTS)1g clusters on the mesoporous silica support. In situ TEM studies showed that the
mobility of the particles increases as the calcination temperature increases. Further TEOS
treatment helped to reduce the mobility of Au nanoparticles by forming silica overcoats and

the resulting materials showed excellent sinter-resistance up to 550 °C. The stability of TEOS



treated Auos(MPTS)1s/mesoporous silica catalysts were also confirmed by EXAFS analysis. In
Chapter 5, the galvanic replacement reaction was employed for synthesizing bimetallic
catalysts from silica encapsulated Ag nanoparticles. During the activation process at 650 ‘C,
Ag nanoparticles were fragmented into smaller particles with an average size of 2.2 + 1.0 nm
and well dispersed in a silica matrix. These activated Ag clusters were then used as a sacrificial
template for galvanic replacement reactions using Pd salts. Liquid cell in situ X-ray absorption
analysis was utilized to monitor the galvanic replacement reaction of Ag@silica with Pd
precursors. Finally, Chapter 6 focuses on the synthesis of the encapsulation of atom-precise Pd
clusters in silica for use as catalysts for methane combustion reactions. Catalytic activity
studies for methane combustion reactions using encapsulated and non-encapsulated Pd clusters
show that encapsulated clusters were much more active for methane oxidation than their non-

encapsulated counterparts.
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CHAPTER 1

1. Catalysis by nanomaterials

Catalysis plays an important role in industry because most chemical reactions occur on the
surface of catalysts. Homogeneous and heterogeneous catalysts are two major classifications
of catalysts. Since the catalyst and substrate are in the same phase, recycling of homogeneous
catalysts is an important issue in large-scale production of chemicals. Heterogeneous catalysts
offer an advantage that products are easily separated from the catalyst since both catalysts and
reactants are in different phases. However, heterogeneous catalysts sometimes show lesser
activity or selectivity than homogeneous counterparts.! Nanocatalysis has emerged as a
subfield from the nanoscience that offers a unique solution to overcome all the limitations
associated with the homogeneous and heterogeneous catalytic systems. Nanocatalysis can
bridge the gap between homogeneous and heterogeneous catalysis, preserving the desirable

attributes of both systems.

The word “nano” refers to very small objects that have at least one dimension in the
nanoscale range (1-100 nm) of size. Nanoparticles have specific physical and chemical
properties that are intermediate between those of the atomic element from which they are
composed and bulk materials. It is observed that a strong relationship exists between catalytic
activity and properties of nanomaterials due to factors such as surface to volume ratio,
geometric surface rearrangements (surface atom arrangements and under-coordinated atoms),
electronic interactions between atoms, and quantum size effects.>® Precious metal
nanoparticles including Ag, Au, Pd, Pt, Rh, and Ru have been found to be active for many
industrial reactions.* Among these metals, Au has been attracted tremendous research attention

since the discovery of its catalytic properties.

In the 1970s, Au nanoparticles were found to be promising low-temperature catalysts for CO
oxidation.> Au nanoparticles that are below 5 nm in size are an efficient catalyst for CO
oxidation at low temperatures (-77 °C). Since discovering the excellent activity for CO
oxidation at low temperatures, Au catalysis has been a hotspot for research. Haruta et al.
investigated the catalytic activity of Au catalysts supported on various oxides for selective
catalytic reduction of NOx to N2 by hydrocarbons such as propane, propene, ethane, and ethene

and reported Au/Al;Os is most active for the reduction reaction.® Following the pioneering



study of Haruta, groups have explored the catalytic activity of Au for many reactions.”®
Recently Au catalysts have been commercialized in China for the synthesis of vinyl chloride
by acetylene hydrochlorination.’® Although factors such as metal-support interactions, the
nature of the support, the nature of stabilizing ligands, and particle shape affect the catalytic
activity, the size of the Au nanoparticles plays a major role in the catalysis; generally, catalytic
activity increases as the size of the particle decreases.!* Due to the excellent activity, chemical
stability, availability, and lower price compared to Pt and Rh, Au can be a good replacement
for industrial applications. However, the major challenge of using Au as a catalyst is sintering.
Au nanoparticle catalysts tend to deactivate at moderate temperature (250 °C) due to the
agglomeration of clusters, which restricts the use of Au systems as catalysts in industry.
Synthesis of sinter-resistant Au nanoparticle catalysts remains an elusive research goal in the
field.

1.2. Classification of nanomaterials

Based on the relative size of the materials, nanomaterials are often classified into
nanoparticles and clusters.*? Colloidal particles that are 2-100 nm in size are commonly known
as nanoparticles, while colloids that are below 2 nm in size are often referred to as clusters. As
shown in Figure 1.1, the electronic properties of materials vary with their size. Nanoparticles
have properties between bulk materials with continuous energy states and clusters which have
discrete energy levels. Electronic properties are drastically changed from nanoparticles to
clusters due to the loss of overlapping atomic orbitals.'®* Below 2 nm-sized metal clusters
exhibit quantum confinement effects such as the disappearance of surface plasmon resonance
(SPR) bands and emergence of HOMO-LUMO transitions. Specifically, Au nanoparticles
show SPR bands due to the collective oscillation of electrons in the conduction band.* As UV-
visible radiation passes through the nanoparticles in solution, the electron density in the particle
is polarized to one surface and oscillates in resonance with the frequency of incident radiation
causing a standing oscillation. Resonance conditions depend on the size, shape, and dielectric

constant of the metal nanoparticle and surrounding material.

Nanoparticles and clusters are often prepared by the reduction of metal precursors in the
presence of capping agents such as polymers, amines, and surfactants that stabilize the
nanoparticles from agglomeration. Stabilization in colloids is achieved by either electrostatic
or steric stabilization.'® Electrostatic repulsion between the particles is due to the formation of

an electrical double layer created by the adsorption of charged species on the nanoparticle
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surface. This kind of stabilization is generally provided by means of ionic surfactants. Steric
stabilization is often achieved by the adsorption of macromolecules to the surface of metal
nanoparticles that inhibit the agglomeration of nanoparticles in solution. A shell is formed via
metal-ligand interactions that provide stability to the colloidal system.

Nanoparticle Cluster Single atom

Geometric
Structures

Electronic
Structures

Metalenergy band  Molecular orbitals Atomic orbitals

Figure 1.1: Geometric and electronic structures of nanoparticles, clusters, and a single atom.

Reprinted with permission from reference 12. Copyright 2018, American Chemical Society.
1.3. Ligand protected Au clusters

Metal clusters are an important class of materials due to their unique properties that differ
from both bulk and atomic scale.*®> Noble metals with sizes in the nanoscale, also commonly
referred to as nanoclusters, or simply as clusters, generally show excellent catalytic activity
due to their enhanced surface-to-volume ratio which leads to more active sites, as well as
having modified surface geometries and tremendously different electronic properties as
compared to bulk materials and nanoparticles. Naked metal clusters are typically unstable in
solution, and their synthesis becomes feasible when protected with small, strongly-bound
ligands such as thiolates, carbenes, phosphenes, and selenolates.? The stability of clusters is
often achieved by a core-shell morphology, in which core with a certain number of metal atoms
is protected by a shell that consists of metal-ligand staple motifs. The type of ligand, among
other factors, influences reaction conditions for the successful synthesis of ligand protected
metal clusters. Although clusters protected with other ligands are included, the emphasis below

is on different forms of thiolate-protected metal clusters.



Among metal clusters, Au monolayer protected clusters have been extensively studied. After
the first report of Au11(SCN)3(PPhs)7 clusters in 1969, many research efforts have been made
resulting in the development of a variety of Au clusters.®22 A detailed crystallographic study
of Au11(SCN)3(PPhs)7 clusters indicated that one Au central atom is surrounded by ten gold
atoms that are attached to one ligand each. In 1981 Schmid et al. introduced a method for
synthesizing Auss[P(CsHs)s]12Cls clusters.?® Brust and coworkers first reported a biphasic
method in 1994 for synthesizing thiolate-based monolayer-protected clusters.?2> As shown in
Figure 1.2, the metal precursor is dissolved in an aqueous solution and transferred into the
organic phase using phase transfer agents such as tetraoctylammonium bromide. In the second
step, Au (1) salts in toluene are converted into Au(l) species by reacting with thiol stabilizers.
Finally, the Au(l) species are reduced by adding an excess of NaBHa. These Au clusters were
found to be relatively polydisperse in nature, and the size of the clusters could be tuned, to
some extent, by changing the Au: thiol ratio and type of thiol used. In seminal work, Schaff
and coworkers isolated a series of clusters ranging in size from ~1.4 to ~1.9 nm by fractional
crystallization or column chromatography.?®?’ Palmer et al. made a detailed study of
Auss[P(CsHs)3]12Cle  clusters using aberration-corrected scanning transmission electron
microscopy (STEM) combined with simulation of STEM images.?®2° The results indicated that
the Auss[P(CsHs)3]12Cls samples contained clusters with different crystal structures as well as
clusters containing between 30-60 Au atoms. Due to sample polydispersity and the uncertain
surface structure of monolayer protected clusters, structure-activity relationships in catalysis
for such clusters could not be well explained.®® To reveal an atomic level understanding of such
a relationship, a model catalyst with monodisperse and well-defined structure is required. For

fundamental studies on the size effect in catalysis, it is crucial to prepare monodisperse clusters.
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Figure 1.2: Schematic representation of the Brust-Shiffrin synthesis of Au clusters. Reprinted
with permission from reference 24). Copyright 2008, American Chemical Society.



1.4. Atom-precise Au clusters

The demand for monodisperse catalysts resulted in the development of a new class of
materials, known as atom-precise clusters. Atom-precise clusters can be used as model
catalysts to explore structure-activity relationships in catalysis because they have a well-
defined structure. Atom-precise clusters are highly monodisperse, stable, structurally well-
defined, and generally designated as MxLy, where X is the number of metal atoms, and y is the
number of protecting ligands (L) in the cluster composition. Organic ligands such as thiols,
acetylene, carbenes, phosphines, and selenolates provide stability to the Au core under ambient
conditions. In recent years, tremendous research has focused on the ability to synthesize
monodisperse, atom-precise metal clusters by optimizing the synthesis conditions such as
solvent, metal to ligand ratio, temperature, reducing agent, and purification and separation

strategies. 30-3

Thiolate protected clusters are widely studied due to strong sulfur-metal interactions that
enable good stability in solution, facile synthesis, and controlled cluster compositions as well
as functionalization of stable clusters. In this thesis, | focus on the synthesis of thiolate
protected clusters. Thiolate protected clusters are generally represented by their exact formula
Aun(SR)m, where n and m are the respective numbers of metal atoms and thiolate ligands (SR).
Such clusters can be synthesized via “bottom-up” and “top-down” synthetic strategies. Top-
down approaches involve the breaking of a bulk material into nanostructures by the use of
physical process such as lithographic techniques,®”- ball milling,% pulse laser vaporization,*°
or chemical etching.** Chemical etching is the most simple method to synthesize Au clusters
from larger structures. Zhou et al. synthesized Ausg clusters by breaking apart Au nanorods
under sonication in H,0.*! The bottom-up approach involves the reduction of a metal precursor
using a reducing agent followed by nucleation of zerovalent metal clusters. VVarious modified
Brust-Schiffrin methods are representative of the bottom-up synthetic strategy. Many reports
on the synthesis, characterization, and applications of atom-precise thiolate-protected Au
clusters such as Au144(SR)s0,*? Au102(SR)4s,*® Auzs(SR)24,** and Auzs(SR)1s,* can be found in

the literature.

Among these clusters, Auzs(SR)1s™ clusters have attracted tremendous research attention
because of their reproducible syntheses and high stability. In 2004, Murray and coworkers
synthesized well-dispersed Au clusters using a modified Brust procedure and mislabelled it as
Ausg(SCH2CH,Ph)24.%¢ Later, they investigated the structural details of these clusters with the
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use of electron spray ionization mass spectrometry and correctly identified them as
Auzs(SCH2CH2Ph)1s  clusters.*” The first report for the high vyield synthesis of
phenylethanethiol protected Augs clusters was documented by Jin and coworkers in 2008.2 In
a typical procedure, Au (I11) in aqueous solution is transformed into organic phase (toluene)
with aid of tetraoctylammonium (TOA) bromide. The solution is cooled down to 0 °C, followed
by the addition of phenylethanethiol. At this point the colour of the solution turns from orange
to colorless that indicate the reduction of Au (I11) to Au (1). Then the Au:SR () intermediate is
reduced by addition of an ice-cold NaBH4 solution. It is observed that temperature greatly
affects the kinetics of cluster synthesis. Several alternative methods have been reported for the
synthesis of Auys clusters with different types of ligands.*®-°! Initially, it was believed that TOA
cations simply acted as a phase transfer agent that helps metal precursor to transfer from
aqueous to organic phase. Later single-phase synthetic studies show that TOA has a special
role in the stability of the clusters, as it acts as a counter ion for the negative charge on the Auzs

clusters.5?
1.5. Characterization of Auzs(SR)1s clusterst

Atom-precise metal clusters have unique absorption behavior in the visible region of light,
due to their discrete electronic structures.>*>* As a result, specific clusters show multiple
features across the entire visible range in their optical absorption spectra that are defined by
their core structures, and thus UV-Vis spectroscopy can be used as a facile technique, or
fingerprint, to follow cluster speciation in solution. Since the position of absorption bands vary
with cluster size, this technique can be used to reveal the structural integrity of clusters. For
example, Auzs(SR)1s clusters show three distinct adsorption bands at 400 nm, 450 nm, and 680
nm which are shown in Figure 1.3.>° The peak at 680 nm is attributed to the HOMO-LUMO
transition, which is essentially an intraband (sp<—sp) transition. The second peak at 450 nm
arises from the intraband (sp<—sp) and interband (sp«—d) transitions. The last one appears at

400 nm and corresponds to interband (sp«—d) transitions.

! Some of the material has been published in Nanoscale Adv.®
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Figure 1.3: a) Step like UV-Vis absorption features of Auzs(SR)1g™ clusters and b) orbital level
energy diagram for a model compound: Auzs(SH)1s™. Reprinted with permission from reference
55. Copyright 2008, American Chemical Society.

Mass spectrometry has been used in many cases to precisely follow the masses and charges
on clusters. lonization methods in mass spectrometry such as matrix-assisted laser desorption
ionization (MALDI) and electron spray ionization (ESI) have allowed for determinations of
the exact formulae of ligand-protected clusters, particularly in the absence of single-crystal X-
ray crystallography data.*?* 5 In recent years, many structures have been solved by single-
crystal crystallography, and core-shell morphologies are often seen, wherein the Au core has
certain geometrical structures that give unique physicochemical properties to the whole cluster,
and Au-thiolate staples cap the core structure.>” Murray et al. and Jin et al. independently
reported the crystal structure of Auzs(SR)1s clusters, which comprise an icosahedral Auzs core
which is capped by six dimeric Aux(SR)s staple motifs anchored on 12 out 20 facets of the
icosahedral core which is shown in Figure 1.4.5% % The Augs clusters exhibit stability against
degradation in solution and thiol etching. Figure 1.4 shows a single-crystal structure of the
Auzs(SR)1s clusters; the formation of a core-shell morphology can be seen in which 13 atoms

are in the central core which is capped with metal-thiolate staples.



Figure 1.4: The icosahedral Auiz core (left), the core is protected with six Aux(SR)s staple
motifs (middle), and the full structure of Auzs(SR)1s clusters including TOA (tetraoctylammonium)
counter ion (Au: Yellow, S: Red, TOA: Blue, C: Black, and H: White). Reprinted with permission
from reference 52. Copyright 2008, American Chemical Society.

Extended X-ray absorption fine structure (EXAFS) spectroscopy is another valuable tool
that has been used to follow the structure of various supported and non-supported metal
clusters. Based on the crystal structure, Zhang and coworkers demonstrated an atomic model
of Auzs(SR)1s clusters for EXAFS fitting.>® As shown in Figure 1.5, the structure of Auzs(SR)1s
clusters is divided into several distinct bonding domains. The first prominent peak at
approximately ~2.3 A is due to Au-S first shell scattering. The first Au-Au contribution is
observed at ~2.8 A, is due to the interatomic distance between the central Au atom of
icosahedral core and the 12 surface Au atoms, and some interactions of adjacent surface Au
atoms. The second Au-Au interaction consists of a bond (~2.95 A) between the adjacent atoms
on the surface of the icosahedral core. The last peak appears at ~3.15 A, which is due to the

surface-staple Au-Au interactions.
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Figure 1.5: Simulated FT-EXAFS spectra of Auzs(SR)1s clusters. The simulation was done by
averaging the EXAFS spectra from all representative Au sites of Augs (k: 3-14.5 AL k!
weighted). The spectrum was phase-corrected using the Au-S peak. Reprinted with permission

from ref 58. Copyright 2011, American Chemical Society.

1.6. Catalysis by Auzs(SR)1s clusters and importance of activation process in

catalysis

Auzs(SR)1s clusters have been found to be an effective catalyst for various oxidation and
reduction reactions such as cyclohexane oxidation, styrene epoxidation, hydrogenation of a, -
unsaturated ketones/aldehydes, and 4-nitrophenol reduction reactions.>® Ceria-supported Auzs
clusters have shown moderate catalytic activity for carbon monoxide oxidation at room
temperature. The influence of thiolate ligands around Augzs clusters on porous carbon
nanosheets for benzyl alcohol oxidation was studied by Yoskamtorn et al.5! They observed that
thiolate ligands act as a site-blocking agent that suppresses the catalytic activity. The catalysts
with thiolate ligands did not exhibit any catalytic activity, while the thiolate-free Auzs clusters
showed 84% conversion to benzaldehyde. Our group and several other groups have observed that
Au clusters are an effective catalyst for styrene oxidation reactions.®2%2 Glutathione-stabilized
Auzs(SR)1s clusters on hydroxyapatite were found to be capable of catalyzing selective styrene
to styrene oxide reactions using tert-butyl hydroperoxide (TBHP) as an oxidant.®® After heating

for 12 h at 80 °C in toluene, the reaction yielded styrene oxide (92%) as the major product. Zhu



et al. showed that Auzs(SR)1s (in the form of free clusters or supported clusters) is an effective
catalyst for styrene oxidation in the presence of oxygen.®* The reaction was performed at 80-
100 °C for 12-24 h producing benzaldehyde as a major product using the atom-precise Au
clusters as the catalyst. They observed that the size of the cluster plays an important role in styrene
epoxidation reaction, and found that Auzs(SR)1s clusters on SiO; are more catalytically active than
Auzs(SR)24 and Au44(SR)eo clusters on the same support when Oz is used as the oxidant. This
result indicates that Auos(SR)1s clusters on silica are capable for activating oxygen, which is key step
in the oxidation reaction. Nie et al. examined the catalytic activity of phenylethanethiolate-stabilized
Auzs(SR)1s clusters on different oxide supports for CO oxidation and found that optimal CO
oxidation catalysts were generated using ceria supports and activation at 150 °C under oxygen, as
seen in Figure 1.6.%° Interestingly, pretreated catalysts showed excellent activity for CO oxidation,
as the CO conversion starts at ca. 40 °C and reaches 100 % conversion at approximately 80 °C.
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Figure 1.6: Activation of Auzs(SR)1s clusters over different metal oxides for CO oxidation.
A) CO activity over different metal oxides as a function of temperature for unactivated clusters
and B) CO activity on ceria supports as a function of different activation conditions.
Reproduced with permission from ref 60. Copyright 2012, American Chemical Society.

Auzs(SR)1g catalysts were found to be an active catalyst for the hydrogenation of a, -
unsaturated ketones to o, B-unsaturated alcohols at 0 °C.%° Zhu et al. investigated the catalytic
activity of Auzs(SR)1s clusters for the hydrogenation of benzalacetone.®® The reaction was
carried out at O °C under a hydrogen atmosphere for 3 h and yielded 22% conversion with
100% selectivity towards the o, B-unsaturated alcohol. Yamamoto et al. investigated the
catalytic activity of glutathione protected Auas clusters for 4-nitrophenol reduction and showed

that they had much better catalytic activity than larger N, N-dimethylformamide (DMF)-
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stabilized Au nanoclusters.®” Our group studied the impact of chain length of ligands in the
catalytic activity for 4-nitrophenol reduction reaction using three different Auzs(SR)1s clusters,
including Auzs(SCsHo)is, Auzs(SCeHiz)is, and Auzs(SCizHzs)1s>* The lower rate constant
measured for Auxs(SCi2H2s)1s clusters was explained by the increased mass transfer issue
associated with longer chain length of thiol ligands. In another study, carbon-supported
Auzs(SCgHo)1s clusters were found to be capable of catalyzing the 4-nitrophenol reduction to
4-aminophenol.®® Thermal calcination at 250 °C led to the removal of thiolate ligands and
resulted in enhancement in the catalytic activity as shown in Figure 1.7. However, deactivation

of the catalyst was observed after higher temperatures due to cluster sintering.
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Figure 1.7: Rate constant for the reduction of 4-nitrophenol using carbon-supported
Auzs(SCgHo)1s catalysts thermally treated at different temperatures. Reprinted with permission
from ref 68. Copyright 2013, American Chemical Society.

Several studies have shown the capping ligand around the clusters can influence the activity
and/or selectivity of ligand-protected metal clusters in catalytic reactions. Typically, it is
desirable to have partial or complete ligand removal to enhance mass transport of reactants to
the surface metal atoms, and thus allow higher catalytic activity. Common procedures entail
immobilization of metal clusters onto support materials, followed by removal of ligands using
a variety of activation strategies. The method of immobilization and activation must be
carefully chosen to avoid compromise of the unique structure of the synthesized metal clusters.
The challenge is to minimize cluster aggregation and sintering upon removal of protecting

ligands from clusters loaded on solid supports.
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1.6.1 Thermal approachest

One of the simplest approaches to activate atom-precise clusters involves the removal of
ligands off metal surfaces by thermal calcination in air, which leads to the oxidation of ligands
from the metal surface. However, in order to efficiently carry out such calcinations, it is
important to be able to follow both the removal of the oxidized ligands and possible growth of
the resulting activated clusters by sintering. In addition, in the case of some metal systems, it

is possible that metal sulfide or oxide formation can occur during the calcination process.

Much early work towards understanding the thermal stability of thiolate-stabilized atom-
precise clusters was carried out by Jin and coworkers, who examined the relative stability of
Au-S binding modes in Auxs(SR)1s (SR = glutathionate) clusters by NMR and optical
spectroscopy.’® They found that ligands directly attached to the 13 atom Au core were more
stable to thermal removal under nitrogen than the six thiolate ligands that were in the center of
the staple motifs; the staple-thiolates were removed at temperatures of 160 °C while the rest of
the thiolates were stable until 180 °C. Significantly, they noted that these changes occurred
even in the absence of any detectable mass loss by thermogravimetric (TGA) analysis, which
suggested the while the thiolates were removed from the Au surface, the ligands were still
present in the final sample. This is important as it shows that TGA analyses themselves are not
sufficient proof of structural integrity in such systems. Jin and coworkers subsequently did
TGA analyses of Auzs(SCH2CH2Ph)1g, Ausg(SCH2CH2Ph)24, and Aui4a(SCH2CH2Ph)eo
clusters.5* They showed that all the cluster samples begin to lose mass at a temperature around
200 °C and all ligands were removed by ca. 250 °C. The same group also studied the thermal
decomposition of Au1(SR)eo clusters with various thiolate ligands.? TGA results revealed
that Auaas clusters protected by thiolate ligands with longer chains showed slightly higher
stability, i.e., Au144(SCaHg)s0, AU144(SCsH11)e0, and Au144(SCsHus)s0 begin to show mass losses
at 178 °C, 195 °C, and 205 °C, respectively.

Nie et al. observed that mild heating in the presence of an oxidative gas (O2) followed by the
calcination under reductive gases (CO or H) at 80 °C was more effective for the activation of
Au144(SR)s0/CeO2 catalysts.®® Tsukuda and coworkers examined the activation of Auzs(SR)1s
clusters on hydroxyapatite supports, and showed that clusters activated at 300 “C could be used for
the selective oxidation of styrene to styrene oxide.%® At this temperature, all thiolate ligands were
removed from the sample as evidenced by the mass loss in the system. However, a slight increase
in cluster size (1.4 nm) was noted in the activated catalyst. The Auzs(SR)1s clusters on
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hydroxyapatite were found to be an effective catalyst for styrene epoxidation reactions.®® The
activated clusters showed 100% conversion and 92% selectivity towards styrene epoxide using
tertbutylhydroperoxide (TBHP) as an oxidant in toluene at 80 °C. In other work, the same group
synthesized hydroxyapatite-supported Aun clusters (n = 10, 18, 25, and 39) and investigated the
selective oxidation of cyclohexane to cyclohexanol and cyclohexanone.”* The glutathione
protected Aun clusters were deposited onto the support and then calcined at 300 °C for 2 h in
vacuo. XPS and elemental analysis revealed the complete removal of glutathione ligands from
the catalysts. During the calcination process, there was no significant change in cluster size as
evidenced by TEM. The optimal cluster size for catalysis was found to be in the 39 Au atom
range.

X-ray absorption spectroscopy can be a valuable technique to follow cluster integrity upon
calcination of supported-cluster materials. In an early study, Gaur et al. synthesized titania-
supported Auss(SC12H2s)24 clusters and activated the samples by calcination at 400 °C under a Hz/He
flow for 1 h.”? EXAFS analysis of catalysts before and after calcination gave clear evidence for the
removal of thiols from the Au surface, as a peak due to Au-S interatomic distance was observed
around 2.3 A in untreated and dried (100 °C for 1 h) catalysts, while the Au-S contribution was
completely absent after thermal treatment. However, significant cluster sintering was seen in this
system as the average Au particle size increased from 1.7 £ 0.2 nm to 3.9 + 0.96 nm. Subsequently,
our group reported a very careful study of the activation of phenylethanethiolate- and
hexanethiolate-stabilized Auzs(SR)1s clusters on carbon supports.®® Samples were calcined for
1.5 hinair at temperatures of 125 °C, 150 °C, 200 °C, and 250 °C and analyzed by EXAFS Au-
L3 edge analysis. Figure 1.8 shows the Au Lz edge EXAFS results for the phenylethanethiolate
system. Results showed that the thiolate ligands start to be removed from the Au surface at 125
°C and were nearly completely removed from the Au surface at 250 °C. Importantly, no mass
loss was seen in the TGA data until 150 °C. During the activation process, peaks due to Au-S
species just below 2 A slowly disappear, which indicates the removal of thiolate ligands. This
disappearance of the Au-S peaks is accompanied by a growth in the first shell Au-Au peaks in
the 2.5 to 3.0 A region. EXAFS modelling shows that the coordination number (CN) of the
Au-Au first shell contribution increases from 6.3(5) to 10.1(5) as the calcination temperature
increased from 125 °C to 250 °C, which was strong evidence of Au cluster sintering. TEM
images similarly showed that average particle sizes increased from 1.3 + 0.1 nmt0 1.9+ 1.1 nm.
Maximum activity for 4-nitrophenol reduction with NaBH4 was seen for clusters activated at
250 °C.
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Figure 1.8: Au L3z edge EXAFS spectra in R space of Auzs(SR)1s clusters on carbon supports
after heating in air (plotted with no phase shift correction). Reprinted with permission from
ref 68. Copyright 2013, American Chemical Society.

Wau et al. subsequently reported the activation of Auzs(SR)1s clusters on ceria rods for CO
oxidation.” They noted that the thiolate ligands were a “double-edged sword” for CO oxidation
as they blocked CO adsorption sites on Au while also being important to retain cluster integrity.
Careful IR studies of CO adsorbed to activated cluster surfaces showed that partially cationic
(") Au sites at the Au/ceria interface were likely the major catalytic site for CO oxidation, and
only appeared after calcination of the Auzs(SR)1s clusters on ceria at temperatures of 150 °C
and beyond. They also speculated that thiolate on-off dynamic states might be responsible for
catalytic behavior in solution phase studies. Tsukuda and coworkers also showed that some
ligand removal was essential for liquid phase aerobic oxidations of benzyl alcohol on Auzs
clusters supported on carbon nanosheet supports.5! They removed thiols by calcination under
vacuum at temperatures between 400 °C and 500 °C, and found that ligands were increasingly
removed at higher temperatures with little to no growth in cluster sizes. Interestingly, they
found that Au clusters that were unactivated had no activity, while those that still had some
residual thiolates were selective catalysts for the oxidation of benzyl alcohol to benzaldehyde,
and samples in which all thiolates were removed gave a much broader distribution of products
(including benzoic acid and benzyl benzoate). The use of higher-temperature removal of thiols
under vacuum needs to be investigated with other supports and thiolates to see if it is a general
route to thiolate removal without significant cluster sintering. A number of groups have also
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examined the role of the support on the resulting stability of Au clusters after activation. Yan
and colleagues examined the activation of 6-mercaptohexanoic acid protected Auzs(SR)is
clusters on various supports, and found that after calcination under nitrogen at 300 °C, no
significant size growth of the clusters were seen on hydroxyapatite and Degussa P25 titania
supports, while significant sintering of the clusters was seen on activated carbon, graphene
oxide, and silica supports.”* They postulated that the increased stability in the two systems was
due to stronger interactions of the clusters with the supports in those cases, though it is not
clear whether this result may be partially due to the use of 6-mercaptohexanoic acid ligands
used in this system. Garcia et al. examined the activation of Auzs(SR)1s and Au144(SR)so
clusters over titania and silica supports, and found that Auiss clusters were more stable to

sintering than the smaller Auzs clusters, and both systems were more stable on silica supports.”™

While most research attention has been on the stability of metal clusters upon thiolate
removal, very little work has focused on the fate of the removed ligands. This can be significant
as oxidized ligands may still be present in the system after calcination, and thus can potentially
modify the catalytic behaviour of the system. Zhang et al. examined the activation of
Auss(SR)24 clusters on alumina and ceria supports in air and inert atmospheres.”® Cationic Au
sites were observed on Ausg/ceria samples calcined at 300 °C by Au Lz edge XAS, whereas
these sites were absent using analogous alumina supports. They also noted a two-step mass
loss by TGA in air that was absent for samples heated under inert atmosphere, which was
possibly due to the different binding modes of the thiolates in the staples and core, respectively.
In addition, upon using the resulting activated catalysts as cylcohexane oxidation catalysts,
cyclohexanethiol was observed as one of the products, which suggested that thiolate byproducts
are still present on the support surface after activation. In a follow-up study, Zhang et al. also
observed the ligand migration from Auss(SR)24 clusters to the ceria support after thermal
treatments (Figure 1.9).”" Sulfur K-edge XANES analysis clearly showed that thiolate
migration not only leads to the formation of active sites on the Au surface but also leaves sulfur
species such as disulfides, sulfites, and sulfates on the support. Recent work from the same
group has noted the presence of SOx species on the surface of the support during reactions.’ It
was noted that the presence of these species can potentially limit the role of redox active
supports in catalytic reactions. That being said, Alkmukhlifi et al. showed that while low levels
of sulfates are present on inorganic support surfaces after the oxidation of supported thiolate-
stabilized Au nanoparticles at 340 °C, the resulting catalysts are still active oxidation catalysts

for hydrocarbon oxidations even with the sulfate present.”
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Figure 1.9: Thiolate ligand migration to ceria support during the calcination process.
Reprinted with permission from ref 77. Copyright 2018, John Wiley and Sons.

While most of the above discussion has focused on thiolate-stabilized systems, there have
also been significant examples of thermally activated clusters using other ligand systems. The
relative stability of Auzs(SeCgH17)1s vs. Auzs(SCgH17)1s clusters during thermal calcination was
explored by Kurashige et al.® The TGA curve starts to show mass losses at 136 °C for
selenolate and 165 °C for thiolate ligands, which indicates selenolate ligands begin to oxidize
at a lower temperature than those of thiolate-protected clusters. A number of groups have
studied the activation of phosphine-stabilized clusters for catalysis. Tsukuda and coworkers
investigated the catalytic performance of triphenylphosphene-protected Auii clusters on
mesoporous silica for benzyl alcohol oxidation.®! The phosphene ligands were removed by
calcination at 200 °C for 2 h before the catalytic study. Wu et al. showed that Auz. clusters
stabilized with six diphenylphoshine ligands (Auz2(L)s) can oxidize CO without any ligand
removal as evidenced by EXAFS and IR adsorption spectroscopy.®? They noted that
uncoordinated Au sites in the intact clusters were able to absorb CO and activate oxygen. Wan
and coworkers synthesized Auzs clusters with two different ligands Ausg(L)20(PhsP)s (L =
PhC=C and 3-methylbenzenethiol) and studied the ligand effect on catalysis.®® In TGA
analysis, the complete removal of thiolate ligands was observed at 250-300 °C, whereas PhC=C
ligands were removed completely at 400 °C. This result indicates that the phenylethynyl ligand
is much more stable than the 3-methylbenzenethiol ligand during the thermal activation
process. Anderson et al. published several papers examining the activation of various
Aun(PPh3)y (with n= 8, 9, 11, 101) clusters on titania nanoparticles by low temperature
calcinations.?+% They found that partial cluster sintering was seen after removal of phosphines
at 200 °C heating under air. However, washing with toluene at 100 °C was shown to remove

some of the phosphines with little to no aggregation of the clusters. Nakayama and coworkers
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similarly synthesized [Aug(PPhs)s](NOs)z clusters and deposited them onto titania
nanosheets.®® The activation of the clusters was achieved by the calcination at 200 °C for 20
min under high vacuum. In XPS analysis, the P 2ps» peak disappeared after the thermal
activation process which indicated the PPhs ligands were removed from the system. However,
tremendous cluster sintering, as evidenced by atomic force microscopy, was seen after

phosphine removal.

1.6.2. Chemical approachest

1.6.2.1. Oxidation (using O3z, TBHP, etc.)

While oxidative calcinations under air have been noted in the above section, a number of
groups have examined alternative oxidants for cluster activation. Ozone exposure was found
to be an effective method for the removal of stabilizing ligands from TiO2 supported
Au13[PPh3]a[S(CH2)11CHs]a clusters.®” Ligand removal was achieved by flowing ozone (0.15%
in oxygen) over the supported Auis clusters at a rate 1 ml/min for 1 h at room temperature.
Both XPS and EXAFS analysis gave clear evidence for removal of ligands. This method
provided considerable advantages over thermal treatment (400 °C for 2 h), which led to the
particle size growth from 0.8 to 2.7 nm, whereas the post-ozone treated sample showed an
average particle size of 1.2 nm. Hutchison and coworkers reported a slow oxidation process
that precisely controls the exposure of the ligand shell to dilute ozone treatment, followed by
the removal of oxidized ligand by soaking in water.8® This strategy retains Au core sizes but
suffers from incomplete removal of the ligand.

Peroxides have also been shown to be effective oxidizing agents for ligand removal.
Kilmartin et al. observed that a strong oxidizing agent like TBHP could be used to generate
active Au catalysts from silica supported Aus[(Ph2P-o0-tolyl)s](NOs)2 clusters.®® While samples
that were pre-calcined at 300 “C showed significant activity for the oxidation of benzyl alcohol
with the peroxide, they noted that unactivated samples also began to be quite active after an
induction period. Samples were heated up to 95 °C in benzyl alcohol in the presence of the
peroxide, and gradual loss of the phosphine was observed over the first several hours of the
reaction by Au Lz edge EXAFS. In early studies, several groups reported that unactivated
thiolate-stabilized Au clusters were active for the oxidation of styrene with peroxides such as
TBHP and oxygen gas.? % However, Dreier et al. noted that Auzs(SR)1s clusters are not stable
in the presence of peroxides under catalytic conditions, and control studies showed that

mononuclear Au thiolate species that are removed from the cluster surface are likely the active
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catalyst.%! Poisoning experiments were done using phosphine additives as they noted Au(l)
phosphine systems were not typically active styrene oxidation catalysts. Similarly, Zhang et al.
used TBHP to activate mercaptoalkanoic acid-stabilized Auzs(SR)is clusters that were
supported on hydroxyapatite, as shown in Figure 1.10.%2 They noted that mercaptoalkanoic acid
thiolates could be removed from the clusters as disulfide and sulfonate species at temperatures
as low as 50 °C, while mercaptobenzoic acid ligands were not as easily removed. Significantly,
the activation of the clusters using peroxide oxidants led to no significant increase in cluster
sizes. Thus, the resulting activated clusters were much more active styrene and benzyl alcohol

oxidation catalysts than clusters that were thermally calcined at 300 °C.
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Figure 1.10: Soft oxidative removal of thiolates from Au clusters using peroxide oxidants.
Reprinted with permission form ref 92. Copyright 2015, John Wiley and Sons.

1.6.2.2. Reduction (using LiBHs, NaBHg, etc.)?

Another possible method to remove thiolates from metal cluster surfaces is to chemically
reduce the thiolates from the surface, presumably as free thiols. This can be done, somewhat
counterintuitively, using the same types of reducing agents used to make such clusters to begin
with; i.e. using borohydride reducing agents. Typically, during syntheses, a large excess of
thiol ligands are usually present in the reaction mixture, and any possible thiolate reduction and
desorption events are counterbalanced by the presence of large amounts of free thiol in solution.
Both our group and others have shown that desorption of thiols occurs on purified Au-thiolate
clusters in the presence of large excess NaBH4 concentrations. Dasog et al. showed that the
Au-thiolate bonds can be completely removed by concentrated strong reducing agents such as
sodium borohydride, and the growth of monolayer-protected Au clusters (Au MPCs) can be
controlled by changing the MPC:reducing agent ratio.*® Studies using alkanethiolate ligands
with different chain lengths revealed that the immersion time for complete removal of thiols
from Au surfaces becomes shorter when the chain length decreased. Ansar and coworkers

demonstrated that removal of thiols from Au thiolate-stabilized nanoparticles could be
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achieved through thiolate displacement by NaBHa.%* They analyzed the Kinetics of the thiolate
removal from the Au surface by time-resolved UV-Vis measurements, and found that thiols
could be completely removed using 25 mM NaBH4 for 10 min at room temperature. It was
found that the rate of desorption can be accelerated by increasing the concentration of reducing
agent.

Asefa and coworkers demonstrated that NaBH4 treatments of Auzs(SCH2CH2Ph):s and
Au144(SCH2CH2Ph)eo clusters on mesoporous silica supports leads to an improvement in
catalytic activity for styrene oxidation reactions, which was also attributed to the removal of
thiolate ligands from the Au surface (Figure 1.11).%® Our group studied the stability of
AUz5(SR)1s and larger Au-~180(SCsHi3)~100 clusters in high concentrations of NaBH.>!
Interestingly, Auzs(SR)1s clusters in solution retained their structural integrity after NaBHa
treatments, whereas the larger cluster samples grew in size due to thiolate removal. However,
the Auzs(SR)1s clusters could be used as recyclable catalysts for the reduction of nitrophenol
with NaBHas. In further work, we studied the advantages of chemical reduction treatments compared
to thermal treatment for the activation of Auzs(SR)1s clusters on alumina supports.* Thiolate ligands
were removed partially by treating alumina supported Auzs(SCgHo)1s clusters with excess LiBH4 or
LiAlH; solutions. It was noted that some thiolate removal was seen by Au Lz edge EXAFS upon
depositing the clusters on the alumina supports, which explains why the thiolates on supported
clusters may be more easily removed than from clusters in solution. For samples calcined at 250 °C
for 1.3 h in air, the supported clusters grew to an average size of ~1.8 nm, while in contrast, cluster
growth was inhibited when BH4™ reducing agents were used to remove ligands. Similarly, we have
shown bimetallic AuPd clusters could be activated on alumina supports by LiBH4 treatment with

little to no growth of cluster size.?
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Figure 1.11: Hllustration of enhanced catalytic activity for selective oxidation reactions with

supported organothiolate-protected Auzs(SR)1s clusters catalysts by mild chemical stripping of
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their surface ligands. Reprinted with permission from ref 95. Copyright 2014, John Wiley and

Sons.

1.6.3. Light-induced approaches!

One area of intense research involving Au catalysts involves the design of photocatalytically
active materials by supporting Au clusters and/or nanoparticles on redox active metal oxide
supports such as titania.®” 2% A number of groups noted that one could take advantage of the
dye-like HOMO-LUMO transitions in Auzs(SR)1s clusters to enhance visible light absorption
for solar cell or photocatalytic applications.**® Yu et al. showed that unactivated
phenylethanethiolate-stabilized Aus(SR)1s clusters on nanocrystalline titania can be used for
the photocatalytic degradation of methyl orange.*® They noted that visible light could lead to
the excitation of clusters followed by the transfer of excited electrons to the conduction band
of titania, or alternatively, by the activation of oxygen by excited electrons in the LUMO of the
clusters to form singlet oxygen. In the meantime, photogenerated holes in the HOMO can lead
to the formation of hydroxyl radicals in aqueous solutions. Addition of a singlet oxygen
quencher, I-histidine, led to a large decrease in activity. While the clusters were not activated
before the reaction, there was no detail provided on whether the thiolates present on the clusters

remained intact during the photocatalytic process.

Subsequent work by Liu and coworkers demonstrated that glutathione ligands were
removed from ca. 1.5 nm Au clusters supported on TiO2 nanotubes by simulated solar light
irradiation.%2 A 300 W Xe arc lamp with a AM 1.5 cutoff filter and band-pass light filter (A
>420 nm) was used as the light source. The complete transformation of Aux clusters to Au
nanoparticles was observed after 10 h of light illumination. The proposed mechanism for the
transformation of Au clusters to Au nanoparticles under visible light irradiation involved
photogenerated electrons in the clusters which enhances the reduction of Au(l) on the staple
motifs to the metallic state. In addition, they noted that ligand removal may be facilitated by in
situ formed active species such as hydroxyl radicals, superoxide radicals, and holes during the
irradiation process. A similar report of light-induced cluster aggregation was reported by Liu
and Xu for TiO2-supported Auzs(SR)1s clusters during the solar light irradiation using a 150 W
Xe lamp.1®® The thiolate ligand underwent an oxidation process which facilitates the
transformation of Aus clusters to larger Au nanoparticles, as shown in Figure 1.12. The
average Au nanoparticle sizes grew from ca. 1.3 nm to 3 nm, 7 nm, 10 nm, and 15 nm after

irradiation for 1, 5, 8, and 72 h, respectively. Both hydroxyl and superoxide radicals were

20



detected by electron spin resonance analysis under simulated solar light irradiation. Thus, the
reaction between photogenerated electrons and oxygen/water molecules leads to the formation
of active intermediates such as hydroxyl/superoxide radicals which are responsible for the
oxidative attack on the thiolate ligands. XPS studies of the sample before and after light
irradiation gave clear evidence for the removal of thiolate ligands via the presence of sulfonate

residues after illumination.

over72 h

Figure 1.12: Illustration of the in situ light-induced transformation of Au clusters to Au
nanoparticles on nanoporous titania nanotube arrays. Reprinted with permission from ref 103.

Copyright 2016, Nature Publishing Group.
1.7. Methods of controlling sintering upon activation of clusters?

Sintering is the loss of active surface area due to the agglomeration of nano-sized materials.
As noted in the last section, sintering can be problematic in many scenarios that involve
activating atom-precise clusters by using calcination and oxidation approaches, although some
control of sintering was generated by selective removal of only some thiolate ligands from
these systems or use of supports that promote strong support/cluster interactions. However,
many important industrial reactions such as reforming of hydrocarbons, methane combustion
reactions, and automobile exhaust control are carried out at higher temperatures (i.e. above 600
°C), and since many noble metal cluster and nanoparticle systems lack stability at such
temperatures, industrial applications of such catalysts may be limited without further sintering
control.

Encapsulation with metal oxide shells is a straightforward way of stabilizing metal

nanoparticles towards sintering. This strategy involves the isolation of metal nanoparticles with
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a porous metal oxide shell such as silica, alumina, titania, or zirconia. For example, Somorjai
and coworkers demonstrated that Pt nanoparticle sintering could be prevented by encapsulating
Pt nanoparticles with silica shells which showed remarkable thermal stability even up to 750
°C.1% Silica shells with an average thickness of 17 nm were grown by sol-gel chemistry via the
hydrolysis and condensation of tetraethylorthosilicate (TEOS) on
tetradecyltrimethylammonium bromide protected Pt nanoparticles. However, the mass
transfer issues associated with the metal oxide shell can be problematic in catalysis. Even
though some metal oxide shells are porous, they may block certain amounts of active sites on
the surface of the catalyst. To overcome this mass transfer issue, Schith and coworkers
demonstrated another strategy to synthesize high-temperature stable Au nanoparticle catalysts
with a yolk-shell structure.’® Au nanoparticles were encapsulated with silica shell followed by
a thin layer of zirconia using sol-gel chemistry. Finally, a yolk-shell structure around Au
nanoparticles was created via selective etching of the inner silica layer.

There have only been a few examples of attempts to control sintering of atom-precise cluster
by growing shells of metal oxides and other materials around the clusters.>® 1% Samanta and
coworkers showed that embedding arrays of multiple Au clusters (<2 nm) in a silica matrix
could improve the thermal stability, in which clusters were encapsulated by silica.'% After
calcination at 250 °C the size of the particle could be maintained below 3 nm. Chen et al.
reported an alternative method to improve the thermal stability of Au clusters growing silica shells
over Aus[SC3HsSi(OCH3)s]us clusters.’” Au clusters were deposited on a silica core, and further
layers were added by the hydrolysis of TEOS. The resulting materials showed improved sinter-
resistance, with average particle sizes of 2.0 + 0.6 nm and 2.2 + 0.5 nm after calcination at 400 and
600 °C, respectively. A fraction of > 4 nm Au nanoparticles was seen at the higher calcination
temperature as some Au nanoparticles were able to escape the silica shells, and as a result the
resulting samples calcined at 600 °C showed slightly lower activity for 4-nitrophenol reduction
than seen for samples calcined at 400 °C.

Another method to improve sintering control is to isolate clusters within two-dimensional
mesoporous materials. In an early example, Dai and colleagues showed that Aus(SR):s and
Au144(SR)eo clusters could be stabilized towards sintering by incorporating them into mesoporous
silica that was coated with CuO.1% Clusters on pure mesoporous silica showed tremendous sintering
after calcination at 300 °C, whereas those that were deposited onto CuO intermediate layers had
an average size of 1.7 £ 0.2 nm after calcination at the same temperature. Similar results were
obtained for CosO4 overlayers on silica. Control studies of clusters deposited on similar oxides

on non-porous silica supports showed poorer sintering resistance; thus while ordered porous
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silica templates themselves cannot mitigate sintering, they can improve the resistance of
systems that have a secondary stabilization mechanism; in this case, a metal oxide that allows
for strong cluster/support interactions. Several groups have examined the use of thiol tethers
on the surface of porous silica materials to anchor Au clusters, followed by activation. For
example, Das et al. showed that 3-mercaptopropyltrimethoxysilane (MPTS) could be anchored
onto mesoporous SBA-15 silica, which allowed for efficient anchors of Auzs(SR)is and
Au144(SR)eo clusters. This was followed by activation of the clusters by partial chemical
removal of thiolates by NaBH4.% Similarly, Zheng et al. showed that porous silica spheres
decorated with MPTS could capture Au clusters. The resulting materials showed moderate
sinter resistance when samples were activated under Hz atmosphere at 350 °C.1%°

Xu and coworkers reported a method to improve the photostability of glutathione protected
Au clusters on silica spheres using branched polyethylenimine for surface modification.!® The
structural integrity of Au clusters was preserved after 10 h light irradiation (420 nm), likely
because the surface modification prevents the glutathione ligands from oxidizing. An
additional coating with a titania shell further improved the photostability of these clusters.
Sintering of glutathione protected clusters could be eliminated to some extent by encapsulation
within a metal-organic framework, which has been reported by Xiong and coworkers.*'! Xu
and coworkers reported that hydroxyl groups on the surface of titania have a critical role in the
stability of Au clusters during the light irradiation process.!'? Hydroxyl radicals could be
created by the interaction of surface hydroxyl groups and photogenerated holes, which leads to
the decomposition of protecting ligands around the cluster, resulting in clusters sintering to
form Au nanoparticles. It was observed that the replacement of the hydroxyl groups with
fluoride ions enhanced the photostability of the clusters.

Physical confinement within metal-organic frameworks (MOFs) provides a novel strategy
for improving the thermal stability of clusters. Zhu and coworkers detailed the synthesis of
Au11(PPh3)sCl2 and AuizAgi2(PPh3)10Cls clusters inside ZIF-8 (Zn(2-methylimidazole)z) and
MIL-101 (CrsF(H20)20(1,4-benzenedicarboxylate)s) templates.**® The authors noted that not all
of the clusters were encapsulated in the MOF; a fraction of the clusters formed on the MOF
surface. The systems could be activated for catalysis at 150 °C, however moderate sintering
was observed after calcination of the MOF/cluster composites at temperatures of 200 °C and
beyond. In further work, the same group demonstrated an electrostatic attraction strategy to
incorporate [Au12Ag32(SR)30]*, [Agas(SR)s0]* ", and [Ag12Cu2s(SR)30]*™ nanoclusters within ZIF-8,
ZIF-67, and manganese hexacyanoferrate hydrate frameworks by a cation exchange strategy.!*
Similarly, Rosi and coworkers showed that cationic Aui33(SR)s2 clusters could be incorporated
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into the surface of MOF crystals by cation exchange.'*> However, the thermal stability of these
systems was not analyzed in either of these publications. Luo et al. reported an approach for
improving the thermal stability by embedding gluathione-stabilized Auzs(SR)1s clusters in a
ZIF-8 metal-organic framework, as shown in Figure 1.13.1® Two nanocomposites were
synthesized by incorporating clusters either inside or outside of the framework. Au clusters
were encapsulated into the framework via ‘coordination assisted self-assembly’ or alternatively
decorated on the MOF surface by impregnation of clusters onto the surface of the framework.
After calcination at 300 °C in a nitrogen atmosphere, both systems did not show notable
aggregation and maintained the dispersity of Au clusters in or on the MOF. For the comparison
of the properties of these two systems, the catalytic activity for the 4-nitrophenol reduction
reaction was studied. Auzs(SR)1s clusters within the MOF showed lesser activity than those on
the surface of the MOF, which is likely due to mass-transfer issues of the substrate accessing
clusters within the MOF.
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Figure 1.13: Illustration of Auzs(SR)1s clusters (a) encapsulated in and (b) impregnated onto a
ZIF-8 metal organic framework. Reproduced with permission 116. Copyright 2018, John Wiley

and Sons.
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1.8. Characterization

1.8.1. Environmental Transmission Electron Microscopy (TEM)

Transmission electron microscopy has been widely used to measure the size of
nanomaterials with high magnification and resolution. Briefly, an electron gun at the top
produces a high-intensity source of electrons (100-300 keV) which pass through an aperture to
give a parallel beam of electrons. The electron beam is focused into the sample by a condenser
lens and transmitted electrons are collected by a digital camera. As the attenuation of the beam
depends on the density and the thickness of the sample, the transmitted electrons form a two-
dimensional projection of the sample, which is subsequently magnified by the electron optics
to produce the so-called bright field image. A dark field image can also be obtained from the

diffracted electron beams, which are slightly off angle from the transmitted beam.

Conventional TEM requires high vacuum (>10° torr) within the specimen chamber to
eliminate the energy loss of electrons due to the collision with gas atoms. This means
conventional TEMs have limitations for observing material changes during experimental
conditions, and thus images are typically obtained under vacuum at ambient temperatures. It is
desirable to have a TEM instrument that is capable of allowing the observation of real-time
changes to catalysts during catalytic experiments. Environmental TEM offers real-time
monitoring of structural changes of samples under the reaction conditions, and thus can lead to
information concerning the mechanism of sintering.*'’-1'® The schematics of an environmental
TEM used in this thesis is shown in Figure 1.14. Generally, there are two ways to maintain the
gaseous environment vicinity of the sample, i) to modify the entire column with a differential
pumping system or ii) to use a specially designed sample cell that allows a thin gaseous
environment above the sample. Adding a differential pumping system to the entire TEM
column is expensive; however, this approach has several advantages as it allows for high-
resolution imaging, sample tilting, and sample heating. The gas is restricted near the specimen
through pressure-controlled apertures, and a differential pumping design can help retain the vacuum
in other parts of the column. In the second approach, windows have to be designed for the sample
cell with significant thickness to maintain the gaseous environment around the sample; this
often limits the resolution of the image. The sample holder is specially designed to introduce

different gaseous mixtures into the sample chamber via an injection nozzle.
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Figure 1.14: Schematics of environmental TEM set-up featuring differential pumping,
dedicated apertures, and pole pieces, b) sample holder with gas inlet, and ¢) A heating coil

centered on the SiNx window of the TEM grid.!®
1.8.2. X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) has become a fairly common technique to probe the
oxidation state and local structure of materials.*® XAS involves the excitation of an electron
from its bound state to higher levels when X-rays with energy hv pass through a material. If
the energy of an incident photon is higher than the binding energy of an electron, absorption
occurs, and there is a sharp rise in the absorption coefficient, which is known as the absorption
edge. The edges are named according to the principle quantum number of the electron that is
excited. According to the Beer-Lambert law, the absorption coefficient is related to sample
thickness (t), and the intensity of incident photon (lo) and the transmitted photon (lt) which is

shown in Figure 1.15.
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Figure 1.15: X-ray absorption measurements: (a) An incident beam of monochromatic X-

rays of intensity lo passes through a sample of thickness t, and the transmitted beam has
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intensity I, and (b) a diagram showing the ionization of a 1s core electron. Figure adapted

from reference 119.

The absorption coefficient is a smooth function of photon energy and varies with the
following parameters: sample density (p), the atomic number (Z), the atomic mass (A), and the
X-ray energy (E), as shown in Equation 1.1:

u=pZ*/AE3 (1.1)

XAS measures the energy dependence of the X-ray absorption coefficient w(E) at and above
the absorption edge; it can be measured in either transmission mode or fluorescence mode. In
transmission mode, the absorption coefficient is directly measured by measuring the intensity

of incident and transmitted photons which are given by Equation 1.2:

WE)= log (lo/ly) (1.2)

X-ray fluorescence is a result of the relaxation of core electrons to a deeper core hole by
emitting an X-ray with definite energy. Since the fluorescence X-ray energies observed are
characteristic of the specific elements, they can be used to identify the absorbing atom and to
quantify concentration. Auger processes are another process of relaxation, in which an electron
drops from a higher level into a core hole and a second electron is excited to the continuum. In
the soft X-ray regime (<2 keV), the Auger effect is more dominant for the relaxation of an
electron, while X-ray fluorescence is more likely to occur in the hard X-ray regime.
Fluorescence mode can be used to analyze samples with low concentrations and/or samples
being interrogated at low-energy edges. Thus, X-ray fluorescence can be used as an alternative

to transmission measurements, using Equation 1.3:

W(E) o (/o) (1.3)

XAS is mainly divided into two regions; X-ray Absorption Near-Edge Structure (XANES)
and Extended X-ray Absorption Fine Structure (EXAFS). The XANES region includes the
vicinity of the absorption edge that includes the pre-edge, absorption edge, and all the features
within ~50 eV above the absorption edge. The XANES region provides information about the
chemical state of the element including oxidation state and local geometry. The EXAFS region
consists of all the features in the spectrum beyond ~50 eV past the absorption edge and provides
information about structural parameters of the local environment of atoms including

interatomic distances, coordination numbers, and structural and thermal disorder of
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neighbouring atoms. As EXAFS analyses do not require the samples to have long-range order,
this technique can be applicable to amorphous samples, complex molecules, solid solutions,

and crystalline materials.
1.8.2.1. X-ray Absorption Near-Edge Structure (XANES)

XANES spectroscopy refers to the region which lies vicinity of the absorption edge, about
10 eV below the edge and 50 eV above the edge. XANES spectra mainly deal with the
excitation of an electron from a bound state to higher unoccupied bands. The XANES spectra
consist of three parts; a pre-edge region, an absorption edge, and a post edge region. The pre-
edge region arises due to the electronic excitations to empty bound states that are spin-
forbidden and can provide information about the local geometry around an absorbing atom and
can be influenced by the oxidation state and bonding characteristics. The absorption edge is
sensitive to the oxidation state of the element and is caused by the excitation of electrons to
higher energy levels. In this thesis, two absorption edges, the K and Lz edges, were analyzed.
K edge represents the excitation of an electron from a 1s state to (n+1)p orbitals while the L3
edge represents the 2ps»—nd transition. As the oxidation state of the element increases, the
absorption edge typically shifts to higher energy. The post edge region originates due to the
multiple scattering of photoelectrons with low kinetic energy and can provide information

about interatomic distances and coordination numbers.*2°
1.8.2.2. Extended X-ray Absorption Fine Structure (EXAFS)

When an isolated atom is irradiated with X-rays of energy hv, the photoelectron wave
propagates as an undisturbed wave. As shown in Figure 1.16, the absorption of X-rays by an
atom results in a sharp rise in the absorption coefficient. The X-ray absorption spectrum shows
an edge corresponding to the binding energy of the electron energy levels in the atom. If the
atom is bound in a lattice, the absorption is modulated by neighboring atoms and gives a fine
structure. As the photoelectron has both particle and wave character, it can be scattered back
from the neighboring atom. This situation is illustrated in Figure 1.16b. These outgoing and

backscattered waves can interfere constructively and destructively, which leads to an
oscillating wave known as the fine structure. The amount of interference varies with amplitude

and phase of the backscattered wave. This oscillation above the edge is known as the Extended
X-ray Absorption Fine Structure (EXAFS); it can be extend up to 1000 eV beyond the
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absorption edge. As the oscillation arises from the backscattering by the neighboring atoms, it

provides information about the local structure around the absorbing atom.

The oscillatory part of the signal y(E) is determined by normalizing the absorption
coefficient W(E) by the edge step, Auo(E), and subtracting the smooth isolated-atom background
function po(E), as shown in Equation 1.4:

((E) = [W(E)-po(E)}/ Apo(E) (1.4)

Since the photoelectron has wave character, the EXAFS function can be expressed as a

function of wavenumber (k) using Equation 1.5:

k =./2m.(E — Ey) / h? (1.5)

where Eo is the absorption edge energy (determined by either at the middle of absorption

edge jump or at the first inflection point), h is the Planck’s constant and me is mass of the

electron.
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Figure 1.16: Absorption of X-rays as a function of photon energy E=hv by a) a free atom and
b) by atoms in a lattice. The blue circle represents the photoelectron wave and the green circle

represents backscattered wave from neighboring atoms. Figure adapted from reference 119.

The EXAFS y(k) signal contains a sum of all contributions arising from all the scattering

paths, which can be described using Equation 1.6:

29



(k) = ZJSOZN,% e"2RI/A0 =201 5i (2R, + 6, (k) + 8,(k))  (L6)

Here, S is amplitude reduction factor which is caused by the relaxation of all other electrons

in the absorbing atom to the core hole, N, represents the coordination number or the degeneracy
of a particular scattering path J, and f; represents the scattering amplitude. The term e ~2R;/A00)

is due to inelastic losses in the scattering process. The term A(k) is the mean free path of the

ejected photoelectron from the absorber atom. The term e =297k accounts for the k dependent
dampening of the EXAFS wave. The dampening of the wave occurs at a higher k range due to
positional and thermal disorder which is designated by the symbol o.
The terms 8. (k) and &, (k) represent the phase shift due to the central atom and the phase shift
due to the neighboring atoms respectively. The interatomic distance that is observed in the
EXAFS spectrum is typically a little smaller than the actual interatomic distance (theoretical
value) which is due to the phase shift. This phase shift is caused by the interaction of
photoelectron with the positively charged nucleus of the absorber atom and neighboring atoms,
resulting in energy losses and lengthening its wavelength. The average interatomic distance
between the neighboring atoms is inversely proportional to the frequency of the EXAFS
oscillation. The amplitude of each EXAFS wave depends on the coordination number and the

backscattering power of neighboring atoms.
1.8.2.3. Single shell fitting

EXAFS is an excellent tool to determine interatomic distances and coordination numbers.
To extract the structural parameters, a procedure is followed that consists of converting raw
absorption spectra into normalized EXAFS oscillations. In this step, the EXAFS signal, x(k) is
normalized at the edge from O to 1. Then the energy of the photoelectron is converted to the
wave vector k using Equation 1.5. The y-axis of the k-space data is multiplied by k" (n=1, 2,
3) in order to magnify the dampened EXAFS oscillations at higher k values. The EXAFS signal
consists of sum of all the sinusoidal waves with different frequencies that correspond to the
different types of neighbors of the absorbing atom and absorber-scatter distances. Fourier
transformation of the k-space data can be used to separate the EXAFS contributions from
different coordination shells. This technique provides a photoelectron scattering profile as a
function of the radial distance from the absorber. In such a radial distribution function, the
positions of peaks correspond to the interatomic distance while the size of the peaks is related

to the coordination number.
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As shown in Equation 1.6, the EXAFS equation consists of several variables in which some
variables (f;(k), 6.(k), 8;(k),A(k),and Ro) are calculated theoretically and the remaining

five variables (S§,N;, GIZ,AR,and Eo) need to be modelled experimentally. The term N;

provides the number of backscattering atoms at a distance R;j which is highly correlated to the
EXAFS signal. The vibrational motions and static disorder of the scattering atoms cause the
damping of the EXAFS signal at higher k. The effect of this disorder is accounted by the term
oj. AR is defined as the difference between first neighbor distance from the model and fitted
distance. The term, AEy, is defined as a change in energy from the theoretical data and is used
to align the energy scale of the theoretical spectrum to match the measured spectrum. To extract
the information about the local structure of absorbing atom, the resulting R-space spectra is
fitted with a suitable model. A theoretical spectrum which is created from a model is used to

fit the experimental EXAFS signal. All variables such as Nj, of, AR and Eo can be extracted

after fitting the amplitude reduction factor that is obtained from a reference compound. In the
example below in Figure 1.17, the result of modelling the experimental data using a fcc Au
model results in a first shell Au-Au distance of R=2.851(6) A, a coordination number (CN) of
12.0(4), a mean square disorder of 62=0.0082(9) A? and a shift in Eo of 4.7(6) eV. The CN
provides information about the average size of nanoparticles. Unlike TEM, it does not provide
the particle size of individual particles, rather EXAFS CNs measure the average CN of all-
absorbing atoms in the sample. An atom in bulk fcc materials such as Au, Pt, Pd, etc. has 12
first shell neighboring atoms. The local CN for surface atoms is below 12 because a large
number of neighboring atoms are missing on the surface. As the particle size decreases, a
greater percentage of the total atoms in a particle are on the surface, and thus the average CN
will drop. EXAFS spectra of nanoparticles less than 5 nm in size will be discussed in the

following chapters.
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Figure 1.17: a) Experimental X-ray absorption spectra of Au nanoparticles. The free-atom
absorption coefficient (red line) and jump at the edge energy are indicated b) extracted EXAFS
signal with a k? weighting, c) the Fourier-transformed EXAFS signal, d) a first shell fit to the
EXAFS spectra using a fcc Au model (data was collected at the Canadian Light Source for
Chapter 4).

At this point, it is worth to mention the goodness of fit and how the best fit and uncertainties
are determined in the refinement. The R factor is often used to gauge how close the
experimental data to the theoretical model overlap, and it is interpreted as a percentage misfit
or, equivalently, as a numerical evaluation of how closely the fitted function overplots the data.
The R-value for a good fit in which a correct model is used to model the data is typically found
to be below 0.02 (2 %). Reduced chi-square is another statistic used to measure the goodness
of fit and it is more appropriate to compare two fitting results against the data set. It is a useful
parameter to determine whether a fit is improved by adding additional paths or fit. In principle,
it is highly desirable to have unity for reduced chi-square (i.e. lower values are better). Along
with the reduced chi-square and R factors, some other fitting parameters need to be considered.
The value of the amplitude reduction factor (S2) should typically be between 0.7 and 1. The
mean square disorder (c?) should be a positive value and less than 0.01 if a fit is to be
meaningful. The value for AEo more than 10 eV is not acceptable, as this would typically
involve a shift of the k-space wave by a period. Finally, the number of variables that can be fit
depends on the quality of the data, and ideally a minimal amount of variables should be
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modelled such that a low correlation between the parameters is obtained. For an acceptable fit,

the correlation between (AEo and R, N, and SZ) parameters should typically be less than 85%.
1.8.3. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy which is also referred to as Electron Spectroscopy for
Chemical Analysis (ESCA), is widely used surface analytical technique.?! XPS gives direct
information on the oxidation state of the components of a materials. XPS wide scan spectra of
a material includes peaks of various elements (except H and He). Since the area under these
peaks are related to the amount of each element, XPS is useful to analyze the elemental

composition.

XPS is based on the photoelectric effect. When a surface of materials is irradiated by X-
rays with energy hv, core level electrons are excited. The electron is released with a certain
Kinetic energy Ex, that is directly related to the binding energy Ep. This process is described by

Einstein equation (1.7).
Ex=hv-Ep-o (1.7)

Where, v is the frequency of exciting radiation and ¢ is the work function of the material,
a factor that corrects for the electrostatic environment in which the electron is formed and
measured, and Ep is the binding energy. Routinely used X-ray sources are Mg K, (1253.6 eV)
and Al K, (1486.6 eV). The ejected photoelectrons are directed to an electron energy analyzer
through the electron lens and separated based on their Kinetic energy. Following the energy
separation and analysis, photoelectrons are detected by electron multiplier tubes, multichannel

plates, or anode electrodes.

In XPS, the number of photoelectrons of a given energy, N(E), is measured as a function of
their binding energy. In a XPS spectrum, each peak at a specific binding energy is
representative of a specific element present in the material. Since the binding energy of an
electron is strongly influenced by a screening of the nuclear charge, XPS offers information
that enables the identification of atoms of an element in different chemical environments.
Figure 1.18 shows the XPS spectrum of different Pd species.'?? Two Pd 3d peaks are seen for
the 3ds2 and 3ds2 states due to the spin-orbit coupling. Metallic Pd has peaks at ~334.9 eV and
~340.4 eV corresponding to the binding energy of Pd 3ds, and Pd 3ds/. The spectrum clearly

shows that the binding energy of Pd atom is strongly influenced by the electron-withdrawing
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nature of the adjacent atom. In PdO, the binding energy of Pd 3ds. is shifted to ~336.5 eV. In
PdClIy, the Pd atom is in the next most electron-withdrawing environment and shifted to ~337.9
eV.

PdCl, PdO Pd

Intensity (a.u.)

L) I | LI * ) * )
346 344 342 340 338 336 334 332
Binding Energy (eV)

Figure 1.18: XPS spectra of Pd 3dz» and Pd 3ds/ peaks for a) PACI>-TiO2 b) PdO-TiO; and
Reduced Pd-TiO». Reproduced with permission from ref 122. Copyright 2015, Institute of
Physics Science.

1.9. Research Objectives

Our group has previously focused on the synthesis of atom-precise clusters and showed that
the complete removal of stabilizing ligands could be achieved by thermal treatments.5® %
Previous results indicated that carbon-supported Auzs(SR)1s clusters were subject to sintering
under moderate temperatures (250 °C), and that stabilizing ligands need to be removed for
improving the accessibility of catalytic sites to reaction substrate. The catalytic activity studies
for 4-nitrophenol reduction reactions over thermally treated catalysts at different temperatures
indicated that activation improves the catalytic performance. However, this activation process

often leads to the sintering of metal clusters and a loss of active surface area.

A major goal of this research work is the synthesis of sinter resistant Au and Pd catalysts
and analysis of the thermal stability of these materials by both TEM and EXAFS techniques.
The first research objective was to synthesize a core-shell catalyst by growing silica shells
around the Aups clusters using sol-gel chemistry. Others have shown that carboxylic acid
groups on the surface of particles readily interact with silica precursors which can allow the
formation of silica coatings around nanomaterials.>® Here Auzs(MUA)1s clusters were chosen
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as a starting precursor for the silica encapsulation step. In order to show that there is an
advantage to encapsulating the clusters, a control catalyst with similar Au loading was also
synthesized by deposing Au2s(MUA)1s clusters onto silica spheres. The thermal stability of
both catalysts was analyzed by TEM and EXAFS before and after the high-temperature heat
treatment (650 °C for 3 h). Styrene epoxidation reactions and the 4-nitrophenol reduction
reactions was used as a model reactions to monitor the catalytic activity. The results of this

study are documented in Chapter 2.

A mass transfer issue associated with the silica shell was noticed in the encapsulated
catalysts. Although silica has a porous nature, it reduces the accessibility of substrate to the
active sites on the Au surface. In Chapter 3, our objective was to control the thickness of the
shell to minimize mass transfer issues. Atomic layer deposition is a versatile technique to create
a metal oxide shell with controlled thickness. Previous studies indicate that the nature of ligands
has a significant role in the effectiveness of ALD growth. Auzs(MUA)1s and Auzs(DDT)1s
(DDT — dodecanethiol) clusters were chosen for alumina ALD coatings, as the carboxylic acid
groups of the Auxs(MUA)1s clusters are expected to readily react with the trimethylaluminum
ALD precursor and thus allow the alumina coating over the clusters. The DDT-protected
clusters should act as an inhibitor for the ALD coating, and thus alumina deposition should
only occur around the Auzs clusters for this system. To study the effect of thickness on the
thermal stability, catalysts were synthesized by 5, 10, and 20 cycles of alumina deposition over
Auzs(MUA)1g clusters. Both TEM and EXAFS were employed to examine the thermal stability
of these catalysts and the 4-nitrophenol reduction reaction was used as a model catalytic

reaction.

To design a thermally stable catalyst, it is highly desirable to understand the mechanism of
the sintering. It has been reported that both particle migration and coalescence and/or Ostwald
ripening mechanisms are responsible for the sintering of nanoparticles.*?* The third part of the
research objective, detailed in Chapter 4, involves monitoring the mechanism of aggregation
of Au clusters. An environmental in situ TEM technique was utilized to probe the sintering
behavior of Auzs clusters on mesoporous silica (SBA-15) during thermal treatment up to 650
°C. A bifunctional ligand, (3-mercaptopropyl)trimethoxysilane (MPTS), was employed as a
stabilizing ligand for the Auzs clusters as it is expected to provide for stronger metal-support

interactions.
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In the last two chapters, the research objectives focused on the synthesis of Pd based clusters,
as Pd is a very common catalytic metal. Two different routes to do this were attempted. It is
highly desirable to synthesize ligand-free clusters that enable one to avoid necessary activation
process. In Chapter 5, the research objective was to synthesize ligand-free clusters via a top-
down approach. This study was a follow up on previous work that showed the formation of Ag
clusters dispersed in a silica matrix by breaking up larger triangular Ag nanoparticles upon
calcination in air.}? | hypothesized that Pd based catalysts could then be synthesized by
galvanic replacement of Pd precursors with the naked-Ag clusters dispersed in the silica matrix.
The reduction of Pd precursors with Ag clusters in a silica shell was monitored by Pd-L3 edge
XAS analysis at the Canadian Light Source. TEM, XPS, and EXAFS spectroscopy were used
to analyze the morphology and local structure of the catalysts. The objectives of Chapter 6 was
to synthesize silica encapsulated Pdm(MUA)x clusters using a similar route used for Au clusters
in Chapter 2. Here the methane combustion reaction was chosen as a model reaction to explore

the role of silica coating in catalytic activity and sintering.

1.10. Organization and Scope

This Ph.D. thesis describes the synthesis of sinter resistant Au and Pd based catalysts. It is
divided into seven chapters. Parts of Chapter 1, and Chapters 2 and 3 are based on articles
already published in different journals with minor formatting changes. Chapter 4, 5, and 6 are
manuscripts to be submitted in the near future. This introduction chapter gives a brief
introduction about atom-precise clusters, especially Auzs(SR)1s clusters. This chapter also
discusses the importance of activation of clusters in catalysis, methods used for activation of
clusters and an overview of the main characterization techniques used in this thesis. Part of the
first chapter incorporates parts of a recent review that focuses on the recent establishment of
several methodologies for the activation of metal clusters. Approaches for synthesizing sinter
resistant catalysts are also discussed in the first chapter. Chapters 2, 3, and 4 describe several
strategies including silica encapsulation, atomic layer deposition, and immobilization with
bifunctional ligands for improving the thermal stability of Auos cluster catalysts during the
thermal activation process. Chapter 2 focuses on the synthesis of sinter-resistant Au clusters
encapsulated inside silica spheres that are formed by sol-gel chemistry. The thermal stability
and catalytic activity of the silica-encapsulated clusters was compared with non-encapsulated
clusters on top of silica particles. Chapter 3 focuses on the effect of atomic layer deposition of
alumina over Au clusters. In Chapter 4, an in situ TEM technique was used to monitor the
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mechanism of sintering of Auas clusters on a silica support. A bifunctional ligand, MPTS,
provides a strong metal catalyst-support interaction that minimizes the mobility of clusters on
the catalyst support. An environmental in situ TEM technique was utilized to probe the
sintering behavior of the Auzs clusters on mesoporous silica (SBA-15) during thermal treatment
up to 650 °C. Chapter 5 describes the galvanic replacement method for the synthesis of
bimetallic clusters starting with ligand free-Ag clusters dispersed in a silica matrix. Here we
synthesized a Pd based catalyst from activated silica-encapsulated Ag cluster catalysts. Chapter
6 describes the direct synthesis of thiolate-stabilized Pd clusters, and encapsulation of the Pd
clusters in silica, followed by activation. The thermal stability and catalytic activity for methane
oxidation of silica-coated catalysts and non-coated catalysts were studied. Finally, in Chapter
7, I summarize all the conclusions of this thesis, and suggest possible avenues of future work
that could be done in this area.
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CHAPTER 2

Synthesis of Sinter-Resistant Au@Silica Catalysts

Derived from Auys Clusters

In this work, the thermal stability of silica-encapsulated Auzs(MUA)1g clusters made by sol-
gel chemistry is discussed. Both TEM and EXAFS studies showed that encapsulation improves
the stability towards sintering during the activation process. Also, the activity of the resulting
materials for 4-nitrophenol reduction and styrene epoxidation reactions was monitored.

This chapter is a near-verbatim copy of work published in Catal. Sci. Technol. 2017, 2, 272-
280. All the experimental work in this article was performed by myself. Some preliminary
EXAFS analysis was done with the assistance of Dr. Atal Shivhare. The first draft of the

manuscript was written by myself and it was revised by Prof. Robert Scott prior to publication.
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2.1. Abstract

Gold clusters exhibit remarkable catalytic activity for many reactions such as carbon
monoxide oxidation, alcohol, alkene, and hydrocarbon oxidations, and reduction reactions at
low temperatures. However, several previous studies show that Au clusters undergo
problematic sintering at temperatures above 250 °C, which makes them unsuitable catalysts for
high-temperature oxidation reactions. Here we report the coating of Auxs(MUA)1s clusters
(where MUA=mercaptoundecanoic acid) by silica to produce sinter-resistant Au@SiO>
catalysts. The structure of the resulting materials before and after calcination at temperatures
up to 650 °C was followed by TEM and Extended X-ray Absorption Fine Structure
Spectroscopy (EXAFS) analyses, which showed that the Au@SiO: catalysts created were
much more stable to sintering compared to control materials; with average particles sizes of
2.2 nm after calcination at 250 °C and just over 3 nm after calcination at 650 °C. In addition,
we explored the activity of the resulting materials for the 4-nitrophenol reduction and styrene
epoxidation reactions; results clearly showed that the Au surfaces are accessible for reactants
and that the kinetics of 4-nitrophenol reduction was directly related to the dispersion of the Au
particles, as measured via the first shell Au-Au coordination numbers by EXAFS. Styrene

epoxidation results show that the Au@SiO, materials have excellent activity and recyclability.
2.2. Introduction

Gold catalysts, especially below 2 nm in size, have attracted much attention in catalysis
owing to their well-understood structures and broad catalytic activity.!® Several theoretical
studies have shown that small clusters (Auis, Auzs, Auog, Auss, etc.) can dissociate molecular
oxygen by transferring electron charge to 2n* of dioxygen,®” which is a crucial step in
oxidation reactions. For example, ceria supported Auys clusters have shown moderate catalytic
activity for carbon monoxide oxidation at room temperature.2 A number groups have shown
that Auzs(SR)1s (in the form of free clusters or supported clusters) are effective catalysts for
oxidation and reduction reactions at moderate temperatures.®'° However, activation of pre-
synthesized clusters without destroying their integrity remains a significant challenge in the
field. Many groups have shown that Au catalysts showed sintering and corresponding drops in
activity for supported-Au catalysts after heating at moderate temperatures.'*? For example,
Haruta et al. observed that the Au supported on TiO; catalyst calcined at 500 °C showed lesser
catalytic activity for CO oxidation than the catalyst calcined at 200 “C, due to sintering of Au
clusters at higher calcination temperatures.'®* The melting point of metals decreases with
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particle size,'* and most metals show significant surface mobility and sintering when
approaching their Tammann temperature (half the melting point of a metal, in K).*> Thermal
stability of catalysts is crucial because many industrially important reactions, such as
hydrocracking,'® partial oxidation,!” and complete combustion!® are carried out at higher
temperatures of 300 “C to 600 °C. Thus due to their thermal instability, application of Au

catalysts in industry is restricted.

Previously our group studied the thermal stability of Auxs(SCgHo)1s clusters on carbon
supports by EXAFS and TEM analysis which showed that at temperatures above 200 °C, thiol
stabilizers start to decompose and Au clusters begin to sinter.!® The size of the Au clusters
increased up to 1.9 nm and 2.1 nm after heating at 250 °C and 350 °C for 1.5h, respectively.
Other groups have shown similar results on a variety of supports, particularly at high
loadings.2%?! Zhu et al. carried out thermogravimetric analysis (TGA) studies which showed
that Aun(SR)m begins to lose its stabilizing ligands at 200 °C and decomposes completely at
250 °C.2% Sintering in nanoparticle catalysts is mainly due to the agglomeration of small
particles owing to their mobility on supports at a higher temperature. The agglomeration of Au
(and other metal) nanoparticles can be prevented by a number of strategies. One popular
strategy is to encapsulate the nanoparticles with a metal oxide shell (either core@shell or
yolk@shell structures),??2 overcoating with metal oxides via atomic vapour deposition,?* or

spatially isolating them in mesoporous silica®® or MOF frameworks.?

Nearly all attempts to make core@shell or yolk@shell clusters have involved much larger
nanoparticles, which have lower metal surface areas and thus are less practical for catalysis.
Two previous attempts have been made to encapsulate Au clusters with a silica shell.?’-2®
Pradeep et al. previously synthesized glutathione-protected Auos clusters encapsulated with
silica shell, with many clusters embedded in a silica matrix, but did not study the thermal
stability of the resulting materials.?” Nandini et al. synthesized silica colloids containing many
ca. 1.5 nm Au clusters stabilized by mercaptoalkylammonium chloride stabilizers.?® However,
while the resulting particles were catalytically active for H>O, oxidation of a peroxidase
substrate, the Au clusters were found to undergo significant sintering at 250 °C thermal

treatments, with 90% of the particles above 3 nm in size.

In this paper, we synthesized Auzs(MUA)1s clusters and then encapsulated the clusters with
silica shells. The thermal stability of the resulting materials was probed by TEM and EXAFS

analysis. TEM images of Au@SiO: catalysts revealed that majority of the particles are still less
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than 2 nm in size after calcination at 650 °C, although there is some minor sintering of particles
to 2-4 nm in size which is due to agglomeration of multiple Auzs(MUA)1s clusters in single
silica particles. In order to show that the Au clusters are much more sinter- resistant in the silica
matrix, we coated Auzs(MUA)1s clusters onto silica spheres and calcined at two different
temperatures (250 °C and 650 °C) and compared the samples and their catalytic activity with
Auxs@SiO, catalysts. There were dramatic differences in the catalytic activity of silica-
encapsulated vs. the non-encapsulated clusters, which was due to the tremendous sintering seen
for non-encapsulated clusters. For encapsulated clusters, only a small reduction of the catalytic
activity for 4-nitrophenol reduction reaction over Auxs@SiO, catalysts was seen upon
increased calcination temperature, which correlates well with the slight increase in EXAFS
first shell Au-Au coordination numbers. Styrene epoxidation reactions using Auxs@SiO-
particles show that materials calcined at 250 °C retain excellent activity and strong
recyclability, while materials calcined at 650 °C significantly outperform their non-

encapsulated counterparts

2.3. Materials and Methods
2.3.1. Materials

Hydrogen tetrachloroaurate (I11) trihydrate (HAuCls.3H20, 99.9% on metal basis, Aldrich),
11-mercatptoundecanoic acid (MUA, 95%, Sigma-Aldrich), tetraoctylammonium bromide
(TOAB, 98%, Aldrich), sodium borohydride (NaBHs, 98%, EMD), tetraethylorthosilicate
(TEOS, 98%, Aldrich), 4-nitrophenol (PNP, 99%, Alfa Aesar), tert-butyl hydroperoxide
(TBHP, 70 wt% in H20, Sigma-Aldrich), acetonitrile (CH3CN, 99.9% Fischer Scientific), and
styrene (99%, Sigma-Aldrich) were used as received. Ammonia (30%), tetrahydrofuran (THF,
high purity) and ethanol (100%) were purchased from EMD, Fischer Scientific and

Commercial Alcohol respectively. Milli-Q water was used for synthesis
2.3.2. Synthesis of Auzs(MUA)1s clusters

The synthetic procedure for Auzs(MUA)1g clusters has been documented previously by our
group.? In a typical synthesis, TOAB (333.5 mg, 1.2 eq) was added to HAuCl4.3H20 solution
(200.0 mg) in 20 ml THF in a round bottom flask. The solution was stirred until it turned from
yellow to orange-red. After that MUA (545.9 mg, 5 eq in 5 mL THF) was added to the flask
and the solution was stirred until it became colourless. The solution was then cooled using an

ice bath followed by the addition of ice-cold NaBHa (75.66 mg, 4 eg. in 2 mL water) dropwise
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and the solution was monitored using UV-Vis spectroscopy. The addition of NaBH4 was
continued until the characteristic absorption peaks of Auxs(MUA)1g clusters were seen by UV-
Vis spectroscopy. The solution was then centrifuged at 10,000 rpm for 2 min, and the
precipitate of larger particles was discarded. The remaining Au2s(MUA)1s cluster solution in
THF was then cooled in an ice bath and additional NaBH4 (28.38 mg, 1.5 eq in 2 mL water)
was added dropwise until a brown precipitate was obtained. The residue was centrifuged and
washed with THF twice, followed by re-dissolution in water. Auxs(MUA)1s clusters were
precipitated out with a few drops of dilute acetic acid with an approximate pH of 3. The
precipitate was washed with water twice and redissolved in THF. One drop of NaBH4 (1.5 eq
in 2 mL water) was added to the THF solution, which re-precipitated out Auzs(MUA)1s clusters.
The precipitate was then collected using centrifugation and washed with THF. 10 mg of dried
Auzs(SR)1s clusters were dispersed in Millipore water (6 mL) and diluted with 25 mL ethanol.

2.3.3. Synthesis of silica encapsulated Auzs(MUA)1s clusters

The silica encapsulation strategy is depicted in Scheme 2.1. In order to minimize the
formation of multiple clusters in a single silica shell, 1.0 ml of the above Auzs(MUA)1s cluster
solution was diluted with 10 mL ethanol. Then the diluted Auzs(MUA)1s clusters and ammonia
(1.0 mL) were added to a solution of TEOS (10 pL) in ethanol (10 mL) dropwise under
moderate stirring. After 12 h of stirring, the silica encapsulated clusters are labeled as
Auzs@SiO; in this manuscript for brevity. The Aus@SiO, materials were dried at 100 °C and
then calcined at different temperatures 250 °C, 350 °C, 450 °C, 550 °C, and 650 °C for 3 hina

stream of air, to give the resulting Au@SiO, materials.

Au25(MUA)18 in NH3
H,0 & C,H:OH

12 h stirri !
! "
TEOS in ethanol 2% Au

Scheme 2.1: General scheme for the synthesis of silica encapsulated Auzs(MUA)1s clusters.
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2.3.4. Synthesis of Auxs(MUA)1s clusters on silica spheres (control samples)

Synthesis of silica spheres: To synthesize silica spheres, we followed the same procedure as
above, without Auzs(MUA)1g clusters. In a typical synthesis, 6 mL water is diluted with 25 mL
ethanol, and then 1 mL of a water/ethanol mixture is added into the vial and the whole mixture
was diluted with 10 mL ethanol. Then this very diluted water/ethanol mixture and ammonia (1
mL) was added to the TEOS (10 pL) and ethanol (10 mL) solution dropwise under moderate
stirring. The solution was then kept stirring for 12 h, then collected by centrifugation and

washed several times with ethanol and water.

Deposition of Auxs(MUA)1g clusters on silica spheres: 1.0 ml of the aqueous Auzs(MUA)18
cluster solution was added to the dried silica sphere sample and stirred. After 2 h stirring, the
solvent was evaporated using a rotary evaporator followed by drying on a Schlenk line
apparatus. The metal loading was maintained as 2.0 wt% Au. Auxs(MUA)1s clusters supported
on silica spheres were dried at 100 °C and then calcined at two different temperatures 250 °C
and 650 °C for 3 h in a stream of air. The non-encapsulated catalysts have been labeled as
Auzs/SiOs.

2.3.5. Characterization

UV-Vis absorption spectra of the Auzs(MUA)1g clusters were analyzed using a Varian Cary
50 Bio UV-Vis Spectrometer. The morphology of the Auxs@SiO2 materials was analyzed by
a HT7700 TEM operating at 100 kV. The size of 200 particles was measured for each sample
using ImageJ software to calculate average particle sizes and standard deviations and create
size distribution histograms.>® Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopic analysis was performed at HXMA beamline 061D-1 (energy range 5-30 keV,
resolution 1x10* AE/E) at the Canadian Light Source. The storage ring electron energy and
ring current were 2.9 GeV and 250mA, respectively. All data was collected in transmission
mode. The energy for the Au-Lz edge (11919 eV) was selected by using a Si (111) double
crystal monochromator with Rh-coated 100 nm long KB mirror. Higher harmonics were
removed by detuning the double crystal monochromator. Data fitting was carried out using the
Demeter software package.! In order to fit the data, the amplitude reduction factor was fixed
at 0.9 for all the data, which was the value obtained from fitting of the Au foil data. Metal
loadings of Auxs@SiO. and Auzs/SiO2 were analyzed by a Varian Spectra AA 55 Atomic

Absorption Spectroscope. Nitrogen adsorption/desorption isotherms were collected by using a
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Micromeritics ASAP2020 system (Norcross GA). The BET model was used to calculate the

specific surface area of catalysts.
2.3.6. Catalytic activity for 4-nitrophenol reduction

2.0 mL of 0.10 mM 4-nitrophenol and 1.0 mg Auzs@SiO, were mixed in a quartz cuvette
and the UV-Vis spectra were collected. After adding ice cold 0.5 mL 0.1 M NaBHjs in water to
the cuvette, the spectrum was analysed immediately, to get the initial concentration of 4-
nitrophenolate, and the progress of the reaction was monitored at 2 min time intervals. Catalytic

results were reproduced several times for each sample, with errors <5%.
2.3.7. Styrene epoxidation

Catalytic tests were carried out in a 100 mL round bottom flask fitted with a reflux
condenser. 20 mg catalyst, 920 uL styrene, and 2.0 mL of the TBHP solution were added to
5.0 mL acetonitrile and then kept for stirring for 24 h at 82 °C.3? The substrate to Au mole ratio
is 3920:1. Products were analysed by a gas chromatograph (7890A, Agilent Technologies)
equipped with a HP-5 column using a flame ionization detector. For recyclability tests, the
catalyst was removed from the catalytic mixture by centrifugation, washed with acetone, and
dried at 50 °C before reuse.

2.4. Results and discussion

UV-Vis absorption studies of the as-synthesized Auxs(MUA)1s clusters in water/ethanol
mixtures show three peaks at 680 nm, 446 nm, and 398 nm which are attributed to HOMO —
LUMO transitions as shown in Figure 2.1.3% The UV-Vis spectra give clear evidence for the
formation of Auzs clusters. Previously we have also used MALDI-MS analysis to further
strengthen this assignment.?® The clusters were copiously purified by taking advantage of the
poor solubility of the carboxylate-terminated clusters in THF in basic conditions as well as
poor solubility in water under acidic conditions. TEM images of the Auxs(MUA)1s clusters

show cluster cores with a size of ca. 1 nm in agreement with previous results.®*
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Figure 2.1: UV-Vis spectra of Auzs(MUA)s clusters.

The Auzs(MUA)1s clusters were then coated with silica via sol-gel synthesis using NHs as a
catalyst. Auzs cluster solutions were significantly diluted before silica coating to minimize the
number of clusters per silica sphere in the final materials and control the final metal loading.
Figure 2.2 shows TEM images of the as-synthesized silica coated Auzs(MUA)1s clusters. The
TEM images suggest that the clusters are encapsulated in the silica matrix, stronger evidence
for encapsulation comes from comparisons of calcinations of encapsulated clusters vs. control
samples shown below. It should be noted that many silica spheres contain multiple clusters,
although some particles seem to have only a single Auzs(MUA)1g cluster. From TEM analysis,
the average silica sphere diameter is 40 nm and clusters are ca. 1.1 + 0.3 nm in size (the slightly
larger sizes are likely an artifact of the inability to focus on each individual particle in the three-
dimensional silica spheres, causing some particles to appear larger as they are out of focus).
The Au loading in silica matrix was maintained as 2.0 wt% which was confirmed by Atomic
Absorption Spectroscopy (AAS). Control samples were also made which consisted of

Auzs(MUA)1g clusters decorated on the surface of silica spheres, as shown in Figure 2.3a.
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Figure 2.2: a) & b) TEM images of as-synthesized Auzs(MUA)s clusters (inset of b); enlarged

image).

Figure 2.3: TEM images of Auzs/SiO; catalysts a) as-synthesized, b) calcined at 250 °C and c)
calcined at 650 °C.

A major issue with many Au systems is the propensity for Au clusters or nanoparticles to
sinter at moderate calcination temperatures; previous studies have shown that temperatures of
at least 250 °C are needed to remove thiol stabilizers from the Au cluster surfaces, with even
higher temperatures needed to completely oxidize the disulphide biproducts.'® To investigate
the sinter-resistance of the Auzs@SiO> catalysts, they were calcined at temperatures up to 650
°C followed by TEM analysis. Figure 2.4 shows TEM images of the samples upon sintering at
temperatures between 250 °C and 650 °C; very little growth in the average particle size was
seen (2.2 = 1.0 nm at 250 °C and 3.2 £ 2.0 nm at 650 °C). Particle size histograms showed a
high population of <2 nm sized particles even after calcination at higher temperatures (Figure
2.5a). As shown in Figures 2.3b and 2.3c, control samples consisting of Auzs(MUA)1s clusters
on the surface of silica spheres showed a much greater degree of sintering, with average particle
sizes of 3.2 £ 1.7 nm at 250 °C and 15.5 £ 10.0 nm at 650 °C. The particle size histogram for
the non-encapsulated control samples is shown in Figure 2.5b, and is quite distinct from the
Au@SiO; histogram in Figure 2.5a, with a number of particles > 6 nm in size even after

calcination at 250 °C, and nearly all particles > 5 nm in size after calcination at 650 °C. Thus,
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it is quite evident that the encapsulation of the Aus clusters in silica greatly promotes their
stability to sintering at higher temperatures.

Figure 2.4: TEM images of Auxs@SiO: calcined at a) 250 °C, b) 350 °C, ¢) 450 °C, d) 550 °C,
e) and f) 650 °C (inset; enlarged image).
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Figure 2.5: Histogram of Au@SiO: catalysts calcined at different temperatures.

The Aus@SiO2 materials were also examined by nitrogen adsorption/desorption isotherms.
The BET surface area of the catalyst increased from 23 m?/g to 70 m?/g after calcination at 250
°C; we believe the resulting porosity was caused by the removal of some of the MUA as well
as residual solvent from the silica spheres. Importantly, the silica spheres have some porosity,

which may allow for catalytic accessibility of the Au clusters.

To further understand changes to the Au clusters before and after calcination, Au Lz-edge
EXAFS analysis was carried out in transmission mode on the Hard X-ray Microanalysis
beamline (HXMA) at the Canadian Light Source (CLS). Figure 2.6 shows the Au Lz edge
EXAFS k-space and phase-corrected R-space spectra of the as-synthesized
Auzs(MUA)18@SiO> clusters prior to calcination. The black line represents the experimental
Fourier Transformed EXAFS spectra, and the red line represents the simulated EXAFS fit for
Auxs(MUA)1s clusters. Others have previously collected X-ray crystallographic data of
Auzs(SR)1s clusters which have shown that they consist of a core-shell morphology, in which
the core is composed of an Auisz icosahedron, in which the central atom is surrounded by 12
Au atoms while the shell consists of six S-Au-S-Au-S staple motifs.® Twelve out of the twenty
faces of the icosahedron are surrounded by six staple motifs, with sulfur atoms directly attached
to 12 Au atoms of the icosahedron core. A multishell fitting approach which has previously
been documented by Zhang’s group was used to fit the Au-S and three Au-Au contributions of
the clusters.®® In order to fit the data, we first fit the Au-S contribution by using Au-S model
data obtained from the standard Auzs(SR)1s structure.®3" After fitting the parameters for Au-
S contribution, we fixed those values followed by fitting all first shell Au-Au coordination
modes (there are three Au-Au first shell interactions: the first two involve Au atoms in core

and the third involves Au staple atoms). Coordination number (CN) values for all Au-Au
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contributions were fixed based on the crystal structure of the clusters. The final EXAFS fitting
parameters are shown in Table 2.1. The Au-S bond length was found to be 2.31(1) A which
matches well with crystallographic data of AuzsLis clusters in which L=phenylethanethiol.®
For the Au first shell fit the Au-Au (core) R value of 2.76(2) A is attributed to the distance
between the central Au atom and the surface Au atom of the icosahedron core, and some short
bonds between adjacent surface Au atoms. Second Au-Au contribution is observed at 2.91(6)
A that is due to the bond distance between the 12 surface Au atoms of the icosahedron (Au-
Au(surf)). The last Au-Au bond length, 3.32(1) A is attributed to the distance between the
surface Au atoms and the staple Au atoms. These values agree well with those seen for other
Au clusters,'® and thus, the EXAFS data fitting clearly shows that the basic core structure of

Auzs(MUA)1s clusters are similar to that of Augs clusters using other thiolate ligands.
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Figure 2.6: Au Lz edge EXAFS fitting in a) k space and b) phase-corrected R space of as
synthesized Auzs(MUA)1s@SiO2 clusters.

Table 2.1: EXAFS fitting parameters of as synthesized Auzs(MUA)1s@SiO: clusters

Type CN | R/A 62/A? | E, Shift(eV) R (%)
Au-S 1.3 | 2.31(1) | 0.001(2) 2.5(3)

Au-Au(core) | 1.44 | 2.76(2) | 0.002(2) 2.5(3) 1.9
Au-Au(surf) 1.92 | 2.91(6) | 0.01(1) 2.5(3)

Au-Au(staple) | 2.88 | 3.32(1) | 0.01(1) 2.5(3)
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The Aus@SiO2 materials calcined at different temperatures were also analyzed by EXAFS
spectroscopy at the Au L3z edge. Phase-corrected R-space EXAFS spectra are shown in Figure
2.7, while fitted data are found in Table 2.2. Individual k and phase-corrected R space spectra
of Auxs@SiO> calcined at different temperatures are shown in Figure 2.8. Au-S contributions
are seen around 2.3 A, while Au-Au contributions are present between 2.8 A and 3.2 A. An fcc
Au model was used for fitting the single shell Au-Au fit, as some growth in cluster sizes was
seen which prevented the use of the previous Auzs model. After calcination at 250 °C, an Au-
S contribution was not observed in the data, which suggests that thiol stabilizers are completely
removed from the gold surface, which is consistent with previous work using other thiolate
ligands.'® After calcination at 250 °C, the first shell coordination number for the Au-Au (Nau-
au) contribution is 9.6(7) which suggest that the average number of atoms per particle is ~300,
which works out to a ca. 2.1 nm average particle size.3® As many of the silica spheres contain
multiple Au clusters, this is consistent with some sintering of clusters within silica spheres, and
is also consistent with TEM analysis above. EXAFS data suggest that on average ca. 12 clusters
sinter together by 250 °C. As the calcination temperature increases, the average Nau-au Slightly
increases and the Nauy-au of catalysts calcined at 350 °C, 450 °C, 550 °C, and 650 °C are 9.8(7),
10.0(7), 10.2(7), and 10.5(6), respectively, which suggests that the average number of atoms
in the Au particles grows slowly at higher calcination temperatures. Thus, EXAFS results
suggest that there is some sintering within particles, albeit from TEM analyses there are still a
large number of <2 nm particles at 650 °C.

1.0 - As-synthesized
. —— Au,,@Si0, at 250°C
0.8 Au, @SiO, at 350°C
: Au,@SiO, at 450°C
4~ 0.6 Au, @SiO, at 550°C
o
= 1 Au, @SiO, at 650°C
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=
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Figure 2.7: Au-Ls edge EXAFS data in phase-corrected R-space of Auxs@SiO; catalysts

calcined at different temperatures.
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Figure 2.8: Au-L3 edge EXAFS fitting data in k- (left) and R-space of Au@SiO> calcined at
a1&ay) 250 °C, bi&by) 350 °C, c1&C2) 450 °C, d1&d2) 550 °C, and e1&e) 650 °C.
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Table 2.2 : EXAFS fitting parameters of Auzs@SiO: clusters calcined at different

temperatures.

Catalyst CN R/ A 62/A2 | E, Shift | R (%)
(Au-Au) (eV)
Auzs@SiO; calcined at 250 °C 9.6(7) 2.84(1) | 0.0102) | 6.1(8) 1.8
Auzs@SiO; calcined at 350 °C 9.8(7) |2.843(8) | 0.010(1) | 5.7(7) 1.3
Auzs@Si0- calcined at 450 °C 10.0(7) 2.851(7) | 0.009(1) 5.6(7) 1.7
Auzs@SiO; calcined at 550 °C | 10.2(7) | 2.860(8) | 0.009(1) | 6.7(7) 1.8
Auzs@SiO; calcined at 650 °C | 10.5(6) | 2.856(6) | 0.009(1) | 6.5(5) 15

One of the major concerns upon coating clusters or nanoparticles with silica overlayers is
whether or not the metal surfaces are still catalytically accessible. To probe whether the Au
clusters could be accessed prior to and after sintering the Auzs@SiO2 materials, the materials
were probed as catalysts for the reduction of 4-nitrophenol. The catalytic activity for the 4-
nitrophenol reduction reaction is an excellent gauge of the catalytically accessible surface area
of metallic catalysts.*® A typical UV-Vis spectra reaction profile is shown in Figure 2.9; the
original solution has a peak at 317 nm which corresponds to 4-nitrophenol.** After adding
NaBHj; to the solution, the peak shifted to 400 nm which indicates the deprotonation of 4-
nitrophenol to form nitrophenolate. The intensity of peak due to 4-nitrophenolate decreased as
a function of time and a new peak appeared at 300 nm, which has been previously attributed to
the formation of 4-aminophenol.? In the absence of Auzs@SiO; catalysts, no activity for
nitrophenol reduction was seen. Table 2.3 shows the rate constants for 4-nitrophenolate
reduction reactions, which are calculated using pseudo-first-order kinetics.***** All materials
showed a linear relationship between In[Ct]/[C,] and reaction time (min), as shown in Figure
2.9f. As the calcination temperature increases, the rate constants for the 4-nitrophenol reduction
reaction was slightly reduced from 1.1 x 10t min at 250 °C to 1.78 x 102 min at 650 °C,
which is likely due to the small increase in Au particle size, and thus decrease in catalytically
available surface area. Figure 2.10 shows the correlation of reaction rate constant with the
coordination number of Au as determined by EXAFS at each calcination temperature; a strong
relationship was seen between Nau-au and the rate constant for 4-nitrophenol reduction. There

is a drop in activity beyond calcination temperatures of 350 °C that cannot be explained by
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coordination number changes alone; this may be due to partial condensation of the silica matrix

which leads to mass-transfer issues.
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Figure 2.9: Catalytic activity for 4-nitrophenol reduction reaction over Au@SiO: calcined at

a) 250 °C, b) 350 °C, ¢) 450 °C, d) 550 °C, and €) 650 °C, and f) Plot of In[Ct]/[C.] as a

function of reaction time in min.

Table 2.3: Rate constants k (min!) for 4-nitrophenol reduction reaction

Catalyst k (min?)
Auxs@SiO; calcined at 250 °C 1.1x101

Auxs@Si0O; calcined at 350 °C 1.0x101

Auzs@SiO; calcined at 450 °C 3.75%10%2
Auxs@Si0O; calcined at 550 °C 2.80%x102
Aus@SiO; calcined at 650 °C 1.78x107
Aus/SiO; calcined at 250 °C 1.75x101
Aus/SiO; calcined at 650 °C 4.82x10™*
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Figure 2.10: Plot of first shell coordination number of Au@SiO. catalysts vs rate constant

for 4-nitrophenol reduction reaction and calcination temperature.

Control samples in which silica spheres were decorated with Auzs(MUA)1g clusters on the
surface, followed by calcination at 250 °C and 650 °C were also examined (Figure 2.11). The
encapsulated clusters (e.g. Auxs@SiO2) showed a slightly lower activity than the Auzs/SiO>
control samples upon calcination at 250 °C; this is likely due to mass transfer issues caused by
the silica shell.* The rate constant for the control samples for 4-nitrophenol reduction dropped
from 1.75 x 101 min™ for samples treated at 250 C to 4.82 x 10 min for samples treated at
650 °C, which was due to the tremendous sintering of Au clusters on the surface of the silica
support as shown earlier by TEM. The Auxs@SiO2 sample calcined at 650 °C had a rate
constant that was over 35 times that of the control samples treated at the same temperature.
Thus, this cluster encapsulation strategy allows for the formation of well-dispersed, supported-
Au catalysts that can withstand high temperature operating and/or calcination conditions. We
do note that for mild catalytic reactions such as CO oxidation, Auzs clusters can be activated
under mild thermal conditions without significant adverse sintering of the Au cluster

catalysts.*®
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Figure 2.11: Catalytic activity for 4-nitrophenol reduction reaction over Au/SiO> calcined at
a) 250°C, and b) 650°C.

Results for styrene epoxidation reactions over Auzs@SiO2 and Auzs/SiOz catalysts calcined
at two different temperatures (250 °C and 650 °C) are shown in Table 2.4. The Aus@SiO>
catalyst calcined at 250 °C catalyst showed 70.0% conversion for this reaction, with a
selectivity towards styrene oxide (SO) of 92.3% (the other product is benzaldehyde (BA)). This
is higher than selectivities seen for larger Au particles,®? but in line with that reported for Auzs
clusters supported on hydroxyapatite (HAP) by others.*’ After calcination at 650 °C,
conversion was slightly reduced to 62.3% with similar selectivity for SO, which is consistent
with the drop in catalytic activity seen in the 4-nitrophenol reduction reactions above due to
the slightly lower surface area of catalysts calcined at higher temperatures. Recyclability of
Auxs@SiO- catalysts calcined at 250 °C was investigated; after five cycles the catalyst showed
the same activity for the reaction. This is significant, as others have shown that Au clusters
supported on HAP or silica showed slight deactivation over multiple cycles.?’ Auzs@SiO2
catalysts calcined at 250 °C and 650 °C had average turnover frequencies (TOFs) of 116+9 ht
and 103+10 h, respectively. These catalysts also show excellent catalytic activity for the
styrene epoxidation reaction, in line with the best results in the literature.3247-4° For example,
Tsukada et al. reported that Au,s/HAP had an average TOF of 114 h™t.4” Wu et al. demonstrated
that silica supported Au nanoparticles with average particle size 6.4 nm had an average TOF
of 99.4 h'1.32 Non-encapsulated catalysts (Auzs/SiOz) calcined at 250 °C had a slightly higher
conversion of styrene, with very slightly higher selectivity for styrene oxide (>93%); however,
conversions dropped to 15.1% upon calcination of the control samples at 650 °C. These results
are also consistent with 4-nitrophenol reduction results, such that non-encapsulated catalysts
show slightly higher activities at moderate calcination temperatures due to the absence of mass-

transfer issues, while higher calcination temperatures lead to tremendous sintering and a
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corresponding loss of catalyst surface area and activity. In order to compare TONs of the
catalysts, we also took total surface Au atoms into account. When accounting for the relative
surface areas; samples calcined at 650 °C showed higher adjusted TONs compared to
Auxs@SiO; calcined at 250 °C. This may be due to the removal of disulphide by-products from

the catalyst at higher temperatures.

Table 2.4: Conversion (%) and TONs for styrene epoxidation reactions over 24 h.

Catalyst Conversion Selectivity TON
% SO(%) | BA(%)
Aus@SiO calcined at 250 °C 70.0 92.3 7.6 2800
Auzs@SiO; calcined at 650 °C 62.3 91.8 8.3 2500
Auzs/SiO> calcined at 450 °C 75.6 93.7 6.3 3000
Auzs/SiO; calcined at 550 °C 15.1 93.4 6.6 600

TON= Moles of reactant converted / moles of Au

2.5. Conclusions

Herein we have synthesized silica encapsulated Au.s(MUA)ig clusters, followed by
calcination to give active catalysts which have minimal sintering of the Au clusters. To the best
of our knowledge, sinter-resistant Auzs(MUA)1s clusters encapsulated with silica shells have
not been documented elsewhere. Even after calcination at 650 °C, the majority of the particles
are below 2 nm. Catalytic studies for 4-nitrophenolate reduction reaction and styrene
epoxidation reactions over the catalysts show that the active sites on the gold surface are
accessible to the reactants. As the calcination temperature increases, the rate constant of the
reaction slightly decreased, which is likely due to the increased coordination number of gold
atoms, as individual clusters within the silica spheres sinter to form slightly larger particles.
Finally, Auxs@SiO, catalysts calcined at 250 °C showed remarkable catalytic activity,

selectivity and recyclability for styrene epoxidation reactions.
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CHAPTER 3

Thermal Stability of Alumina-Overcoated Auzs
Clusters for Catalysis

In this work, the effect of thin layers of alumina over Auzs(MUA)1s and Auzs(DDT)1s
clusters using Atomic Layer Deposition (ALD) is discussed. Results on alumina-overcoated
Auzs(MUA)1g and Auos(DDT)1s clusters show that the carboxylic acid groups at the surface of
the clusters are necessary for complete ALD coating of the clusters. Furthermore, EXAFS and
TEM analysis clearly showed that 20 cycle-coated Auxs(MUA)1g clusters are much more sinter-
resistant than the 10-cycle coated clusters.

This chapter is a near-verbatim copy of work published in ACS Appl. Nano Mater. 2018, 1,
6904-6911. All the experimental work in this article was performed by myself. Atomic Layer
Deposition work was done in the laboratory of Xueliang Sun at Western University and carried
out by Dr. Andrew Lushington. The first draft of the manuscript was written by myself and it

was revised by Prof. Robert Scott prior to publication.
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3.1. Abstract

One of the prevalent difficulties in using supported Au cluster or nanoparticle catalysts for
applications is the ease at which such systems sinter at even moderate temperatures and
conditions. Herein we demonstrate a stabilization strategy involving atomic layer deposition
(ALD) of alumina overlayers onto supported gold clusters which greatly alleviates high-
temperature sintering. Control over both the number of cycles (5, 10, and 20) of alumina
deposition over Auzs clusters and the surface chemistry of the clusters themselves were found
to be important for optimal stabilization. TEM and EXAFS analyses showed that Augs clusters
using 11-mercaptoundecanoic acid stabilizers with 20 cycles of alumina-overcoating via ALD
showed remarkable thermal stability, with particle sizes growing only slightly to ca. 2.5 nm
after calcination at 650 °C. However, such stabilization does come with a cost; at moderate
temperatures 10 cycle alumina-coated catalysts showed better catalytic activity for 4-
nitrophenol reduction reaction than 20 cycle alumina-coated catalysts which is likely due to
increased mass transfer resistance associated with the protective shell.

3.2. Introduction

Gold catalysts supported on reducible and non-reducible metal oxides have been studied for
many reactions, including low-temperature CO oxidation, partial oxidation of hydrocarbons,
and reduction of nitrogen oxides.®> One important conclusion that has arisen from previous
studies with Au catalysts is that Au nanoparticles have remarkable size-dependent catalytic
activity, with Au particles below 4 nm having strong catalytic activity and particles greater than
6 nm being nearly inactive.*® Thiol stabilized gold clusters with sizes in the 1 nm range (such
as [Auzs(SR)1s]) have been shown to be model catalysts for many oxidation and reduction
reactions at moderate temperatures.’”® However, Au clusters/nanoparticles rapidly sinter under
reaction conditions and/or thermal activation treatment and form larger particles.'® Due to this
limitation, the commercialization of supported-gold catalysts has been restricted to low-

temperature applications.

Several methods, such as chemical vapour deposition (CVD),!! grafting of amines onto
nanoparticles,'? dendrimer encapsulation,'® and encapsulation by the sol-gel method,**® have
been reported to help alleviate sintering of metal clusters and nanoparticles. Previously, we
documented that silica encapsulated Auzs(MUA)1g clusters showed significant sinter-resistance

up to 650°C, and that the resulting catalysts still showed good activity and recyclability for
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styrene epoxidation reactions.™® However mass transfer issues associated with the protective
silica shell were problematic. Chemical vapour deposition (CVD) is a thin film deposition
involving the reaction of gas phase precursors at or near the vicinity of the substrate.'® Atomic
layer deposition (ALD) is a self-limiting, multi-step gas phase CVD technique which provides
a unique method for depositing ultra-thin films on surfaces. In the ALD process, growth
progresses layer by layer by sequential alternating pulse of gas precursors. During each half
cycle, the gas precursor is pulsed into reaction chamber for certain time to allow the precursor
to react with the substrate, which allows the fabrication of thin films with precise thickness
control, high uniformity, and excellent conformality.'’-?? In contrast to other methods, ALD is
a non-line of sight technique, capable of coating high surface area materials in a conformal
manner.'® For example, Ma et al. reported that silica overcoating by ALD over Au (=5
nm)/TiO; catalysts could enhance the thermal stability of the nanoparticles.?® Smaller Au
particles were successfully coated by ALD of silica whereas larger particles were non-coated
or incompletely coated. Feng et al. reported that 16 cycles of alumina overcoating (one cycle
consisting of trimethylaluminum exposure followed by water exposure) on Pd nanoparticles
(1-2 nm) by ALD prevented the sintering of the Pd particles after heating to 500 °C for 6 h in
argon flow.?* In addition, they observed that the catalytic activity for methanol decomposition
dropped when over 16 cycles of ALD alumina coatings were used, presumably due to mass-
transfer issues. Stair et al. observed that 45 cycles of alumina deposition over Pd/Al>O3 were
required to maintain the size of Pd nanoparticles at 2.8 + 0.46 nm at high temperatures and long
reaction times (675 °C for 1700 min).?°

In this work, the ALD technique was utilized to create protective overlayers of alumina over
supported-Auzs clusters. To probe the critical role of carboxyl groups on the surface of
mercaptoundecanoic acid (MUA) ligands in the ALD process, the thermal stability of alumina-
overcoated dodcanethiolate-stabilized Aus clusters were compared with that of alumina-
overcoated Auzs(MUA)1s clusters. Results showed that tremendous sintering was observed at
650 °C in the absence of carboxylic acid groups, while the Auzs(MUA)1s system showed
dramatically improved stability. The structure of the resulting materials before and after
calcination at temperatures up to 650 °C was analyzed by TEM and extended X-ray absorption
fine structure (EXAFS) spectroscopy analyses, which showed that the alumina-overcoated
Aups(MUA) 1 clusters were much more stable to sintering compared to control materials. The
catalytic activity of the clusters was examined via a model nitrophenolate reduction reaction.

Catalysts with 20 cycles of alumina overcoating were found to effectively mitigate the sintering
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of clusters, albeit while introducing mild mass-transfer concerns at moderate calcination

temperatures.

3.3. Materials and Methods

3.3.1. Materials

Hydrogen tetrachloroaurate(l11) trinydrate (HAuCl4.3H20, 99.9% on metal basis, Aldrich),
11-mercatptoundecanoic acid (MUA, 95%, Sigma Aldrich), dodecanethiol (DDT, 98%, Sigma
Aldrich), tetraoctylammonium bromide (TOAB, 98%, Aldrich), sodium borohydride (NaBHa,
98%, EMD), 4-nitrophenol (PNP, 99%, Alfa Aesar) alumina (Al.Os, pore size 58 A, Sigma
Aldrich ) and trimethylaluminum, (TMA, 98%, Strem),were used as received. Tetrahydrofuran
(THF, high purity) was purchased from EMD. Milli-Q water was used for ALD synthesis.

3.3.2. Synthesis of Auxs(MUA)1s clusters

Auzs(MUA)1g clusters were synthesized by using an existing procedure that has been
published by our group.? Briefly, HAuUCI+3H20 (200 mg) and TOAB (1.2 equiv.) were added
to 20 ml THF. The solution kept for stirring until it turned from yellow to orange-red. After the
addition of MUA (5 equiv. in 5 mL THF), the solution was stirred until it became colorless.
The solution was then cooled using an ice bath followed by the addition of ice cold NaBHa (4
equiv. in 2 mL water) dropwise and the solution was monitored using UV-Vis spectroscopy.
The addition of NaBH4 was continued until the characteristic UV-Vis absorption peaks of
Auzxs(MUA)1g clusters were observed. Larger nanoparticles were then removed by
centrifugation at 10,000 rpm for 2 min. Auzs(MUA)1s clusters were precipitated out with
further NaBH4 (1.5 equiv. in 2 mL water) addition. The residue was then centrifuged and
washed with THF twice, followed by dissolution in water. Auxs(MUA)1s clusters were
precipitated out with a few drops of dilute acetic acid with an approximate pH of 3. The

precipitate was washed with water twice and dissolved in THF.

Auxs(MUA)1g clusters were deposited on alumina by the following procedure: 200 mg of
alumina was added to the Auzxs(MUA)ig solution and stirred for 2 h. After stirring,

Auzs(MUA)18/AlLO3 catalysts were dried by solvent evaporation.

3.3.3. Synthesis of Auzs(DDT)1s clusters
To the solution of HAUCI+3H20 (500 mg) in THF (50 mL), TOAB (1.2 equiv.), and 1-
dodecanethiol (5 equiv.) were added.?” The resulting solution was stirred until it became clear

followed by the addition of ice-cold NaBHa (10 equiv. in 10 ml H20). The solution was stirred
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at room temperature for 4 days. The solid was then collected by the evaporation of solvent and
washed with an ethanol/water mixture three times, followed by redissolution in THF. The
alumina-supported Auzs(DDT)1g clusters were synthesized in a similar way as the procedure
using Auzs(MUA)1s clusters above.

3.3.4. Atomic Layer Deposition of Alumina over Auzs(MUA)e/Al,O3 and
Auzs(DDT)1s/Al203

Atomic layer deposition was carried out by sequential exposure of trimethylaluminum
(TMA) and deionized water at room temperature. ALD films were deposited using a
commercial cross flow-type hot-wall ALD reactor (Arradiance Gemstar-8) using TMA and
deionized Milli-Q water. All precursors were evaporated with an external reservoir held at
room temperature. Argon (99.999% Praxair) was used as both a carrier and purge gas. Thiolate
protected Au clusters were loaded into a boat and placed in the ALD chamber that was pumped
down to ~50 mTorr. All depositions were conducted at 60 °C using a 50 ms pulse of TMA and
50 ms pulse of water separated by a 60 s purge of argon at a flow rate of 20 sccm. Alumina-
overcoated samples were prepared using 5, 10, and 20 cycles of TMA/H2O. For brevity,
catalysts prepared by different cycles (5, 10, and 20) of ALD coating are designated as 5c-
AlL,Os/Au(MUA)/AL;03,  10c-Al0s/Au(MUA)/AI03,  and  20c-Al20s/Au(MUA)/AILO3,
respectively, whereas the sample prior to ALD deposition is designated as Au(MUA)/AIO:s.
The 10c-Al>O3/Aus(DDT)18/Al03 catalysts were prepared using 10 cycles of alumina
deposition on Auzs(DDT)18/Al203. All samples were then dried at 100 °C. Further calcinations
were carried out at two different temperatures (250 °C and 650 °C) for 3 h in air.

3.3.5. Characterization

A Varian Cary 50 Bio UV-Vis Spectrometer was used to collect UV-Vis absorption spectra
of the Auzs(MUA)1s clusters. The morphology of the ALD-coated Auzs/Al,Oz materials was
analysed by a HT7700 TEM operating at 100 kV. ImageJ software was used to measure the
size of 200 particles for particle size distribution histograms.?® Extended X-ray Absorption
Spectra Fine Structure (EXAFS) spectroscopic analysis was performed on the HXMA
beamline 061D-1 (energy range 5-30 keV, resolution 1x10“ AE/E) at the Canadian Light
Source. The storage ring electron energy and ring current were 2.9 GeV and 250 mA,
respectively. All data was collected in fluorescence mode using a 32 element detector. The
energy for the Au-Ls edge (11919 eV) was selected by using a Si (111) double crystal
monochromator with a Rh-coated 100 nm long KB mirror. Higher harmonics were removed
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by detuning the double crystal monochromator. Data analysis and EXAFS fitting was carried
out using the Demeter software package.>% An amplitude reduction factor of 0.86 was
obtained from fitting of the Au foil. The coordination number of calcined Au cluster samples
were determined by keeping this amplitude reduction factor fixed.

3.3.6. Catalytic activity for 4-nitrophenol reduction

2.0 mL of 0.10 mM 4-nitrophenol and 2.0 mg ALD-coated Auzs/Al,O3 were mixed in a
quartz cuvette. After adding 0.5 mL of ice-cold 0.10 M NaBHjs in water to the cuvette, the
sample was analyzed by UV-Vis spectroscopy immediately, to get the initial concentration of

4-nitrophenolate, and the progress of the reaction was monitored at 2 min time intervals.

3.4. Results and Discussion

Auzs5(SC10H20CO0OH)18 (Au2s(MUA)1s) clusters and Auzs(SC12H2s)18 (Auzs(DDT)1s) clusters
were synthesized according to aforementioned procedures.?6-?” The formation of Augs clusters
was verified by UV-Vis spectra which showed three peaks at 399 nm, 446 nm, and 680 nm
which are characteristic of the HOMO-LUMO transitions of the Augs clusters.?®-% Previously
we analyzed the MALDI-TOF spectra of Auzs(MUA)1s clusters which gave clear evidence for
the formation of Auxs(MUA)s) clusters.?® TEM images of the as-synthesized
Auzs(MUA)18/Al,03 and Auzs(DDT)18/Al.0z materials before and after ALD deposition are
shown in Figure 3.1. The average particle size of the Auzs(MUA)is/Al2O3 and
Auzs(DDT)18/Al203 materials were measured to be 1.4 £ 0.1 nm and 1.5 + 0.1 nm respectively.
The average particle size of both samples was retained after 10 cycles of alumina deposition.
The particle sizes in these samples are slightly larger than the sizes of the pristine clusters
deposited on carbon films (~ 1.1 nm), the slight size increase is likely an artefact due to

imperfect focusing of all clusters in the 3D materials.
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Figure 3.1: TEM images of as-synthesized a) Auxs(MUA)1s/Al203, b) Aus(DDT)18/Al203, €)
10c-Al03/Auzs(MUA)18/AlL03, and d)10c-Al203/Auzs(DDT)18/Al20s.

Overlayers of alumina were grown onto the Auzs(MUA)1s/Al203 and Auzs(DDT)18/Al203
materials by ALD using sequential pulses of trimethylaluminum (TMA) and H20. The Au
particle sizes of alumina-overcoated samples of Auxs(MUA)g clusters with 5, 10, and 20
alumina ALD cycles, followed by calcination, were examined by TEM analysis; results are
shown in Figure 3.2. Previous work by our group and others has shown that the thiolate ligands
in such clusters are not removed until temperatures of ca. 125 °C, and typically completely
removed by 250 °C.”*® The Au(MUA)/AIOs, 5c-Al,0s/Au(MUA)/AI,O3, 10c-
Al203/Au(MUA)/AI>O3, and 20c-Al.03z/Au(MUA)/AILOs3 catalysts calcined at 250 °C showed
average particle sizes of 7.1 £ 6.0 nm, 25 + 1.0 nm, 1.9 £ 0.8 nm, and 1.8 £ 0.8 nm,
respectively. Thus, some growth of the clusters via sintering already occurred at this stage,
albeit sintering was mitigated with more cycles of alumina deposition. The Au(MUA)/AI20Os,
5¢-Al203/Au(MUA)/AI;O3, 10c-Al203/Au(MUA)/AIO3, and 20c-Al203/Au(MUA)/AlO3
samples calcined at 650 “C showed average particle sizes of 11.7 + 4.0 nm, 6.8 + 2.8 nm, 2.7
+ 1.6 nm, and 2.4 £ 0.9 nm, respectively. This shows that thicker alumina overcoatings can
drastically mitigate sintering at higher temperatures. Prior literature suggests that the coatings
would only be 1.1 nm and 2.2 nm thick for 10 and 20 cycle alumina ALD coatings.*? We note
that were not able to reproducibly image alumina overcoatings over all the particles, which is
likely due to the lack of contrast between the overcoating and support, although some particles
exhibit coatings in the expected size range. Particle size histograms of each of the samples are
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shown in Figure 3.3. The 10c-Al:0z/Au(MUA)/AIOz and 20c-Al203z/Au(MUA)/AIZO3

catalysts exhibited tremendous sinter resistance upon calcination in air up to 650 °C.

Figure 3.2: TEM images of Auzs(MUA)1s samples on Al>Os calcined at a) 250 °C, b) 650 °C;
5¢-Al203/Au(MUA)/AIO3 calcined at ¢) 250 °C, d) 650 °C; 10c-Al,0O3/Au(MUA)/AIO3
calcined at e) 250, f) 650 °C; and 20c-Al.O3z/Au(MUA)/AI,O3 calcined at g) 250 °C, h) 650 °C.
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Figure 3.3: Histograms of a) Au(MUA)/AI2Os3, b) 5c-Al203/Au(MUA)/AIZOs, c¢) 10c-
Al2Os/Au(MUA)/AI>O3, and d) 20c-Al03/Au(MUA)/AILLO3 catalysts calcined at different

temperatures.

We also wanted to understand how important the surface chemistry of the clusters was for
effective  ALD deposition. Thus, we also examined the thermal stability of 10c-
Al>03/Auzs(DDT)18/Al203 materials; TEM images of the resulting materials after calcination
at 250 °C and 650 °C are shown in Figure 3.4. The average particle size increased to 2.0 + 0.8
nm after calcination at 250 °C, and to 5.2 £ 2.1 nm upon calcination at 650 “C. These values
are higher than the values seen for comparable Auzs(MUA)1s samples above (1.9 + 0.8 nm and
2.7 = 1.6 nm for samples calcined at 250 °C and 650 °C, respectively), particularly for the
sample calcined at higher temperature. This implies that that insufficient alumina deposition
over Auys(DDT)1s clusters occurs, likely due to the lack of functional groups available for
anchoring TMA on the dodecanethiol ligands.*®* The moderate stability of the Auzs(DDT)1s
system at 250 °C may be explained as alumina growth happens around the clusters, thus
preventing mild sintering at lower temperatures and partially mitigating sintering at higher
temperatures (as compared to uncoated samples). In the Auzs(MUA)1g system, on the other
hand, the carboxyl groups on the surface of the clusters can allow for anchoring of an alumina
overlayer, as shown in Scheme 3.1; indeed, there is precedence in the literature for growing

metal oxide films on the surface of carboxylic acid-terminated self-assembled monolayers.3*
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35 First the TMA can react with surface carboxylic acid group to form COO-AI(CHs).* and
CHa. Next H20 is introduced into the reaction chamber which reacts with -Al((CH)3)2 to form
-Al(OH)2* and CHg. This process is then repeated in the next cycle. It is not clear whether this
overlayer on Auxs(MUA)1s clusters remain completely intact upon removal of the organic
thiolate linker in this case; however, results unambiguously show that much greater sinter-

resistance is gained in the Auzs(MUA)1s system compared to the Auzs(DDT)1g System.

Figure 3.4: TEM images of 10c-Al.O3/Au2s(DDT)18/Al03 calcined at a) 250 °C, and b) 650
°C.
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Scheme 3.1: Schematic illustration of alumina deposition over Auzs(MUA)1s/Al,0O3. Colour

scheme: red circles: methyl groups, light blue: Al, dark purple: O, and dark blue: H.

To further understand the effects of 10 and 20 cycles coating against sintering, the
Auxs(MUA)1gs samples were also examined by Au Lz-edge EXAFS spectroscopy in
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fluorescence mode on the Hard X-ray Microanalysis beamline (HXMA) at the Canadian Light
Source (CLS). Figure 3.5 shows the Au Lz-edge K-space and individual R-space spectra of the
as-synthesized Auzs(MUA)1s samples coated with 20 layers of alumina prior to calcination. X-
ray crystallographic data of Au2s(SR)1s clusters has shown that Auzs(SR)1s clusters have a core-
shell morphology, in which the core is composed of an Auis icosahedron, in which the central
atom is surrounded by 12 Au atoms while the shell consists of six S-Au-S-Au-S staple motifs.3®
Twelve out of the twenty faces of the icosahedron are surrounded by six staple motifs, with
sulfur atoms directly attached to 12 Au atoms of the icosahedron core. A multishell fitting
approach was used to fit the Au-S and three Au-Au contributions of the clusters in the as-
synthesized materials.3% 3" After fitting the parameters for Au-S contribution, we fixed those
values followed by fitting all three first shell Au-Au coordination modes. Coordination number
(CN) values for all Au-Au first shell contributions were fixed based on the crystal structure of
the clusters. The final EXAFS fitting parameters are shown in Table 3.1. The Au-S bond length
was found to be 2.32(1) A which matches well with crystallographic data of AuzsLis clusters
(L=phenylethanethiol). The R-value at 2.82(3) A represents the distance from central Au atom
to the surface Au atom of the icosahedron core and also some short bonds between adjacent
surface Au atoms. The second Au-Au interaction at 3.03(4) A is the bond distance between
the 12 surfaces Au atoms of the icosahedron (Au-Au(surf)). The last Au-Au bond length,
3.31(9) A represents the distance between the surface Au atoms and the staple Au atoms. These
values are in good agreement with literature values for other Au clusters, and thus the EXAFS
data fitting clearly shows that the basic core structure of Auzs(MUA)1s clusters is retained in

the ALD-coated samples prior to calcination.
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Figure 3.5: Au Ls edge EXAFS fitting data in k- and R-space of as-synthesized 20c-
Al03/Au/AlLOs.
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Table 3.1: EXAFS fitting parameters of as-synthesized 20c-Al,O3/Au/AlOs.

Type CN R/IA o’ /A?2 | E, Shift(eV) R (%)
Au-S 1.3 | 2.32(1) | 0.001(1) 8.5(2)
Au-Au(core) | 1.44 | 2.82(3) | 0.003(2) 8.5(2) 1.8
Au-Au(surf) | 1.92 | 3.03(4) | 0.004(4) 8.5(2)
Au-Au(staple) | 2.88 | 3.31(9) | 0.02(1) 8.5(2)

The Fourier-transformed R-space spectra for the 10c-Al.Os/Au(MUA)/AI2Os3, and 20c-
Al;03/Au(MUA)/AIO3 samples after calcination at 250 °C and 650 °C are shown in Figure
3.6. Individual k- and R-space spectra of 10c-Al.O3z/Au(MUA)/AIO3 and 20c-
Al;03/Au(MUA)/AlOz3 samples calcined at two different temperatures 250 °C, and 650 °C are
shown in Figure 3.6 and 3.7 respectively. The Au-S contribution was not observed at 2.3 A in
calcined samples which suggest that the thiolate ligand is removed completely from the Au
surface by 250 °C, which is in agreement with previous findings by our group and others.” >
38 A fcc Au model was for used for single-shell fitting of the calcined samples.®! Fitted EXAFS
parameters of all the samples are shown in Table 3.2. In the case of 250 °C-treated 10c-
Al;O3/Au(MUA)/AI2O3 catalysts, the first shell coordination number for the Au-Au (Nau-au)
contribution was found to be 10.4(5) which increased to 11.6(5) after calcination at 650 °C.
The average first shell coordination number of 11.6 (compared with 12 for bulk gold) indicates
that the average Au particles consist of 10,000 or more atoms with an average particle size of
10 nm.3%%2 As this is significantly larger than the average size seen by TEM, it suggests there
are some much larger Au particles in the sample which local TEM analyses do not capture.
The first shell coordination number for the Au-Au (Nau-au) contribution of 20c-
Al>O3/Au/AlO3 catalysts calcined at 250 °C and 650 °C were found to be 10.2(5) and 10.5(3)
respectively. An average co-ordination number of 10.5(3) implies an average particle size of
about 2.5 to 3 nm (containing ~1600 atoms).3**> This value is in reasonable agreement with
TEM data; both TEM and EXAFS studies indicate that catalysts with 20 cycles of alumina

deposition showed better sinter resistance than those with 10 cycles of alumina coating.
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Figure 3.6: Au Lz edge EXAFS fitting data in phase shift corrected-k (left) and R-space of
10c-Al,03/Au/AlxO3 calcined at a) & b) 250 °C, and ¢) & d) 650 °C.
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20c-Al20s/Au/Al;O3 calcined at a) & b) 250 °C, and ¢) & d) 650 °C.
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Table 3.2: EXAFS fitting parameters of 10c-Al20s/Au/Al;03 and 20c-Al0s/Au/Al2O3

materials calcined at two different temperatures.

Catalyst CN R/IA 62/A2 | E,Shift | R (%)
(eV)

10c-Al203/Au/AlLO3 10.4(5) | 2.851(6) | 0.0092(9) 4.7(6) 1.1
calcined at 250°C
10c-Al203/Au/AlLO3 11.6(5) | 2.852(6) | 0.0092(7) 3.4(5) 1.0
calcined at 650°C
20c-AlL03/Au/Al;03 10.2(5) | 2.838(7) | 0.010(1) 3.6(6) 1.0
calcined at 250°C
20c-Al>03/Au/AlLO3 10.5(3) | 2.847(4) | 0.0081(6) 4.1(4) 1.2
calcined at 650°C

Previously, we reported that Auzs(MUA)1s clusters coated with 40 nm silica spheres using
sol-gel chemistry also enhanced the thermal stability of Auzs(11-MUA)1s clusters and showed
similar average coordination number 10.5(6) upon calcination at 650 °C, whereas
Auzs(MUA)1s clusters on silica spheres are not thermally stable and the average particle size
increased to 5.1 + 3.2 nm after calcination at 650 °C.%> Similarly, Chen et al. found that
Auzs[SC3HsSI(OCHBa)z]1s clusters embedded in a thick silica matrix were found to undergo
moderate sintering at 600 °C and the cluster size increased to 2.2 + 0.5 nm.*®* The ALD results
here show that similar stabilization can be gained with much thinner alumina ALD overlayers.
Nakayama et al. investigated the thermal stability of Aug clusters on ALD fabricated
amorphous titania. It was found that the height distribution (AFM image) for Aug clusters
increased from 1.7 £ 0.6 nm to 2.9 + 1.6 nm after heat treatment at 200 “C under vacuum (10"
* mbar) for 20 min.** This reinforces the advantage of having carboxylic acid groups on the

surface available for ALD overlayer growth.

To probe the effect of ALD alumina overcoats on the catalytic performance of the resulting
materials, we carried out 4-nitrophenol reduction reactions over Au(MUA)/AI>O3, 10c-
Al2O3/Au(MUA)/AI>O3 and 20c-Al203/Au(MUA)/AIO3 catalysts calcined at 250 °C. The 4-
nitrophenol reduction results are shown in Figure 3.8.% 4-Nitrophenol reductions have been
shown by our group and others to be an effective model catalytic reaction to probe the available
surface area of Au catalysts.?’*® After first adding the NaBH4 reducting agent, the 4-
nitrophenol solution showed a peak at 400 nm which corresponds to the nitrophenolate anion.*’-
“8 The intensity of this peak decreases as a function of time and a new peak appeared at 300
nm which corresponds to the formation of the 4-aminophenol product.*® In the absence of Au

cluster catalysts, no activity for 4-nitrophenol reduction was observed. The rate constant for
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the reaction was calculated using pseudo-first order kinetics; fits for each of the plots are shown
in Figure 3.8d and values are shown in Table 3.3.5%! Several samples showed small delay
times before catalytic reactions began, which is likely due to the presence of small amounts of
oxygen in the system.>? 10c-Al,03/Au(MUA)/AI;Os and 20c-Al,Os/Au(MUA)/AILO3 catalysts
calcined at 250 °C have rate constants for nitrophenol reduction of 1.25x102 min* and
5.71x10 min, respectively, for nitrophenol reduction. The 20 ALD cycle catalyst showed
lower activity, though still slightly higher than the uncoated catalyst (3.70x10 min). This
drop in catalytic activity from 10 to 20 cycles of ALD overcoating is not due to the size
differences of the particles, but rather is likely due to mass transfer resistance related to the
alumina overlayer.?* Previous quartz crystal microbalance studies demonstrated that ~1 A
alumina deposition occurs per cycle,*'* thus based on these studies, the 20c-
Al;03/Au(MUA)/AIO3 catalysts have a 1 nm greater alumina thickness than 10c-
Al;03/Au(MUA)/AILO3 catalysts. The rate constants for 4-nitrophenol reduction reaction over
Au(MUA)/Al,03, 10c-Al203/Au(MUA)/AIZO3, and 20c-Al.0s/Au(MUA)/AI2Oz catalysts
calcined at 650 °C were 7.19x10™* min, 4.49x10* min? and 3.32x10° min™, respectively
(Figure 3.9). It is clear that 20c-Al.O3z/Au(MUA)/AI,O3 catalysts calcined at 650 °C are more
catalytically active than other two systems, which is likely due to the much smaller particle

sizes seen in these samples as evidenced from EXAFS and TEM analyses.
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Figure 3.8: 4-Nitrophenol reduction reaction over catalyst calcined at 250 °C, a)
Au(MUA)/AIl;QO3z, b) 10c-Al.03/Au(MUA)/AI2Os3, ¢) 20c-Al.0s/Au(MUA)/AI2O3, and d) plot

of In[Ct]/[C,] as a function of reaction time in min.
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Figure 3.9: 4-Nitrophenol reduction reaction over catalyst calcined at 650 °C, a)
Au(MUA)/AIl,O3, b) 10c-Al.03/Au(MUA)/Al2O3, c) 20c-Al203/Au(MUA)/AI2Os3, and d) plot

of In[Ct]/[C,] as a function of reaction time in min.

Table 3.3: Rate constant k (min™) for 4-nitrophenol reduction reaction.

Catalyst k (min')” R?
value
Au(MUA)/AI;Os3 calcined at 250°C 3.70x10°+ 0.0003 | 0.99

10c-Al,0s/Au(MUA)/AI,O;3 calcined at 250°C | 1.25x10%+0.001 | 0.99
20c-Al,03/Au(MUA)/AL,O3 calcined at 250°C | 5.71x10°+ 0.0004 | 0.98
Au(MUA)/AIl,O3 calcined at 650°C 7.19x10* +0.0001 | 0.95
10c-Al,03/Au(MUA)/AL,O; calcined at 650°C | 4.49x10™ + 0.0001 | 0.85
20c-Al,03/Au(MUA)/AILO; calcined at 650°C | 3.32x10° + 0.0003 | 0.92

3.5. Conclusions

ALD alumina-overcoated Auzs(MUA)18/Al203 samples were synthesized using 5, 10, and
20 cycles of trimethylaluminum/water exposure. Based on TEM and EXAFS analysis, 10 and
20 cycles of alumina overcoating led to much improved stability towards sintering when
compared with uncoated catalysts, with 20 cycles of ALD of alumina dramatically improving
the sinter resistance of the Au clusters at high temperatures. 10 cycle-alumina ALD coatings
of analogous Auos(DDT)1s clusters were less stable to sintering at higher temperatures, likely
because alumina coatings could only form around such clusters, while alumina coatings could
form on top of the Auxs(MUA) samples. 4-Nitrophenol reduction reactions carried out over

non-coated, and 10- and 20 cycle-overcoated catalysts showed that the highest rate constants
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for samples with 10 cycles of alumina deposition calcined at 250 °C; however, samples with

20 cycles of alumina deposition were much more effective catalysts after calcination at 650 °C.
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CHAPTER 4
Probing the Thermal Stability of (3-

mercaptopropyl)trimethoxysilane-Protected Auzs
Clusters by in situ Transmission Electron

Microscopy

This chapter investigates the synthesis and the thermal stability of (3-
mercaptopropyl)trimethoxysilane protected Aus clusters on SBA-15 supports. An
environmental in situ TEM technique was utilized to probe the sintering behavior of Auzs
clusters on mesoporous silica (SBA-15) during thermal treatment up to 650 °C. It was observed
that the particle migration and coalescence mechanism is more dominant at high temperatures

and is responsible for particle sintering.

This chapter is a manuscript that is in preparation for publication. The first draft of the
manuscript was written by myself. in situ TEM analyses were done with the assistance of Dr.

Charles Soong and Dr. Stas Dogel at Hitachi.
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4.1. Abstract

High-surface-area gold catalysts are promising catalysts for a number of selective oxidation
and reduction reactions, but typically suffer catalyst deactivation at higher temperatures. The
major reason for catalyst deactivation is sintering, which can be triggered via two mechanisms:
particle migration and coalescence, and Ostwald ripening. Herein, we report a direct method
to synthesize Auys clusters stabilized with 3-mercaptopropyltrimethoxysilane (MPTS) ligands.
The sintering of Auxs(MPTS)1s clusters on mesoporous silica (SBA-15) was monitored by
using an environmental in situ TEM technique. Results showed that agglomeration of smaller
particles was accelerated by increased mobility of particles during heat treatments, while
growth of immobile particles occurred via diffusion of atomic species from smaller particles.
The mobility of the Au clusters could be alleviated by fabricating overlayers of silica around
the clusters. The resulting materials showed tremendous sinter resistance at temperatures up to
650 °C as shown by in situ TEM and EXAFS analysis.

4.2. Introduction

Gold was considered a chemically inert and catalytically inactive metal until the 1980s when
Huruta and others showed that Au nanoparticles below 5 nm in size supported on metal oxides
were active for low-temperature CO oxidation.* There is a growing interest in utilizing Au
clusters, especially Auzs(SR)1s clusters, as ideal model catalysts.® Au clusters show remarkable
catalytic activity for low-temperature catalytic CO oxidation reactions,*® oxidation of
styrene,®’ hydrogenation of unsaturated hydrocarbons,®® and reduction of 4-nitrophenol.10-1!
However, Au clusters are subject to sintering under high-temperature reaction conditions.*2
Immobilization of clusters on metal oxide supports such as silica, alumina, and titania can help
to minimize sintering to some extent. Since many industrial reactions such as catalytic methane
combustion, reforming of hydrocarbons, and automobile exhaust control exceed 600 °C,
industrial applications of Au as a catalyst is restricted.

Catalyst sintering is mainly ascribed to two mechanisms; Ostwald ripening and particle
migration and coalescence.®® One of the biggest challenges is discriminating between these two
mechanisms, particularly when samples have broad size distributions. Ostwald ripening is a
thermodynamically driven process than involves dissolution and diffusion of atoms or atomic
species from smaller particles to larger particles. As a result, the average size of the particles

is increased. The Ostwald ripening mechanism has been observed in several supported metal
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nanoparticles such as Au,** Pd,™ and Pt,'® particularly in the presence of oxidizing chemical
species at high temperatures. It should be noted that Ostwald ripening is driven by
thermodynamics, and in theory this driving force is absent for perfectly monodisperse
clusters,'’” and indeed experimental studies have shown that monodispersity of particles
suppresses Ostwald ripening.t82° Wettergren et al. reported that the driving force for the
Ostwald ripening mechanism can be eliminated through the size selection of clusters.®
Monodispersed Pt clusters are found to be more stable than the clusters with two different sizes.
In the particle migration and coalescence mechanism, sintering happens due to the Brownian
motion of clusters/nanoparticles, followed by the coalescence of adjacent particles. The
mobility of small particles increases dramatically at the Tammann temperature, which is the
temperature where the surface atoms become mobile.?* Particle migration and coalescence
mechanisms can often be eliminated by physical confinement of clusters in a metal oxide or

metal-organic framework shell.??

Several methods have been reported to control the particle aggregation and sintering upon
calcination. Physical confinement in a metal oxide shell is an efficient strategy to minimize the
mobility of metal nanoparticles/clusters and results in enhanced thermal stability.?*-%
Previously our group reported that a silica shell with 40 nm thickness enhances the thermal
stability of mercaptoundecanoic acid protected Auys clusters.?” Similarly, we achieved large
improvements in thermal stability of Auxs(MUA)s clusters with 10 and 20 cycles of alumina
coating via atomic layer deposition.?® However, a mass transfer issue associated with the silica
and/or alumina shell was observed in both cases, which is problematic for heterogeneous
catalysis. Others have similarly shown that physical confinement within a metal-organic
framework offers improved thermal stability for Au clusters, but have also noted that this

typically comes with a mass transport cost.?®

Another approach for reducing the sintering behavior of catalysts is improvement of metal-
support interactions. Strong metal-support interactions at mild temperatures can be achieved
by functionalization of the catalyst support with bifunctional ligands with thiolate or amine
terminal groups which have been reported by several groups.®®-32 Several studies showed that
3-mercaptopropyltrimethoxysilane (MPTS) can act as a linker, in which the thiol group
strongly adheres to the surface of metal particles and the silane group anchors to silica support
through Si-O-Si linkages.®*® An alternative method for facilitating the metal-support

interaction is the impregnation of MPTS stabilized clusters on the catalyst support. MPTS
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ligands on the Auzs clusters can allow the fabrication of silica coating around the clusters via

hydrolysis and condensation with tetraethylorthosilicate (TEOS).?%24

Here we report a direct method for the synthesis of Auzs clusters with MPTS stabilizers. To
the best of our knowledge, this is the first direct synthesis report of Au clusters using this ligand,
as others have reported the synthesis of MPTS-protected Auzs clusters via ligand exchange of
polydisperse AunLm clusters (where L is glutathione/ triphenylphosphine).”*® The mobility of
Au clusters on mesoporous silica supports under heat treatment was monitored by
environmental in situ TEM analysis, which suggested that Brownian motion of smaller
particles is responsible for initial sintering, while the growth of larger particles occurred via
Ostwald ripening. Visual evidence is reported for the particle migration and coalescence
mechanism under high-temperature heat treatments. The mobility of Auzs(MPTS)1s clusters
was lowered by fabricating overlayers of silica via secondary TEOS treatments. The resulting
materials showed tremendous sinter-resistance, which was confirmed by EXAFS and in situ
TEM analysis. However, at high temperatures, some growth in particle size was still observed,

which is likely due to slow movement of particles on the support.

4.3. Materials and Methods
4.3.1. Materials

Hydrogen tetrachloroaurate(l11) trihydrate (HAuCls-3H20; 99.9% on metal basis, Aldrich),
(3-mercaptopropyl)trimethoxysilane(MPTS; 95%, Sigma-Aldrich), tetraoctylammonium
bromide (TOAB; 98%, Aldrich), sodium borohydride (NaBHs; 98%, EMD),
tetraethylorthosilicate  (TEOS, 98%, Aldrich), triblock copolymer Pluronic P123
(PEO20PPO70PEO20), and hydrochloric acid (HCI; 36%, EMD) were used as received.
Tetrahydrofuran (THF; high purity) and ethanol (100%) were purchased from EMD. Milli-Q

water (H20) was used for synthesis.
4.3.2. Synthesis of Auzs(MPTS)1s clusters

100 mg of HAuCl4-3H20 and 0.1649 g of TOAB (1.2 equiv.) were added to 20 mL dry THF.
This was followed by the addition of MPTS (240 uL, 5 equiv.). Upon the addition of MPTS,
the solution became colourless. The solution was then cooled by an ice bath, and then 0.0941
g of NaBH4 (10 equiv.) in ethanol (10 mL) was added dropwise. The solution was stirred at

room temperature for 4 days. The residue was removed by centrifugation and Auzs(MPTS)1s
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clusters remained in the supernatant THF solution. Auxs(MPTS)1s clusters in THF solution

were used for impregnation on SBA-15.
4.3.3. Synthesis of SBA-15

SBA-15 was synthesized by the sol-gel and hydrothermal method.% In this procedure, 4.0 g
of Pluronic 123 was dissolved in 120 g of 2.0 M HCI solution, followed by the addition of 8.5
g of TEOS. The resulting mixture was stirred for 20 h at 35 °C. The obtained gel was transferred
into an autoclave and then kept in an oven at 80 °C for 12 h. The solid residue was washed with
water several times and dried at 100 °C. Finally, the Pluronic 123 template was removed by
calcination at 550 °C for 3 h under air. 10.0 mg of Auzs(MPTS)1g clusters in THF solution were
deposited on 200.0 mg of SBA-15 by wet impregnation. For brevity, we refer to this catalyst
as Auxs(MPTS)18/SBA-15. After immobilization, the catalyst was washed with water and THF

several times. The resulting material was calcined at 250 °C, 450 °C, and 650 °C for 3 h.
4.3.4. Synthesis of thin overlayer on Auzs(MPTS)ss clusters on SBA-15.

The SBA-15 supported Auzs(MPTS)1g clusters (100 mg) were dispersed in 50 mL ethanol in
a round-bottom flask, followed by the addition of 100 pl of TEOS. After this, air saturated with
moisture was bubbled through the solution for a 12 h period while stirring the flask at 600 rpm,
as shown in Scheme 4.1.%" The air flow was maintained as 50 mL/min by mass flow controller.
The solid was then collected by centrifugation and washed with ethanol and H20 several times.
For brevity, we refer to this catalyst as TEOS/Auxs(MPTS)1s/SBA-15. The resulting material
was calcined at 250 °C, 450 °C, and 650 °C for 3 h. For EXAFS analysis, materials were also
calcined at 350 °C and 550 °C.

A A

Air

[00) @
12 h stirring

e S S —

Scheme 4.1: Schematic representation of experimental setup to introduce moisture to the

ethanolic TEOS solution for silica coating.
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4.3.5. Characterization

UV-Vis absorption spectra of the Auzs(MPTS)us clusters were recorded using a Varian Cary 50
Bio UV-Vis spectrometer. Transmission Electron Microscopy (TEM) imaging was performed with
a HT7700 TEM operating at 100 kV. Silica supported samples were dispersed in ethanol before
drop-casting on a Cu TEM grid coated with carbon film. ImageJ software was used to calculate
average particle sizes and standard deviations and create size distribution histograms.® The sintering
behavior of the catalysts at various temperatures was monitored by a field emission HF3300 TEM
instrument operating at 300 kV. An electron transparent silicon nitride grid was used for TEM
analysis. The Au cluster sample was dispersed in ethanol and a thin film of the sample was deposited
on the grid. An external heating device was attached to a heating coil in the middle of silicon nitride
chip. The heating rate for the sample was 10 °C /s. The oxygen pressure was maintained at 1 Pa
during TEM measurements. The gas was restricted near the specimen through pressure-controlled
apertures, and a differential pumping design helped retain the vacuum in other parts of the column.
Extended X-ray Absorption Fine Structure (EXAFS) spectroscopic analysis was performed at
HXMA beamline 061D-1 (energy range 5-30 keV, resolution 1 x 104 AE/E) at the Canadian Light
Source. All data were collected in transmission mode. The energy for the Au-Ls edge (11,919 eV)
was selected by using a Si(111) double crystal monochromator with a Rh-coated 100 nm long KB
mirror. Higher harmonics were removed by detuning the double crystal monochromator. Data fitting
was carried out using the Demeter software package.® To fit the data, the amplitude reduction factor
for Au data was fixed at 0.84, which was the value obtained from fitting of the Au foil data. Powder
X-Ray diffraction data was collected using a Rigaku Ultima IV X-Ray diffractometer equipped

with a Cu source (wavelength 1.5 A).
4.4. Results and Discussion

Auzs(MPTS)1s clusters in THF showed three distinct absorption peaks at 680 nm, 440 nm, and
400 nm, as shown in Figure 4.1a. These absorption bands in the UV-Vis region are due to HOMO-
LUMO transitions and are similar to those seen in Auzs(SR)1s clusters protected with other ligands
such as phenylethanethiol, mercaptoundecanoic acid, and dodecanethiol.}*4%# This UV-Vis
spectrum is also in good agreement with the spectra of Auxs(MPTS)ss clusters that were formed by
a ligand exchanged method by Pradeep and coworkers.?® Figure 4.1b shows the TEM image of the
Auzs(MPTS)ss clusters, and the average diameter of clusters was found to be 0.8 + 0.2 nm, which is
comparable to that of Auzs(SR)1s clusters protected with other ligands and near the expected size for

Auzs(SR)1s clusters.
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Figure 4.1: a) UV-Vis spectra and b) TEM image of Auxs(MPTS);s clusters.

Au Lz edge EXAFS analysis was further used to evaluate the basic structure of the Auxs(MPTS)1s
clusters, and this analysis was performed in transmission mode on the HXMA beamline at the
Canadian Light Source. Figure 4.2 shows the Au Ls-edge k-space and R-space spectra of
the TEOS-treated Auxs(MPTS)1e/SBA-15 clusters before calcination. Previous X-ray
crystallographic studies have shown that Auzs(SR)1s clusters have a core-shell morphology: the
core consists of a 13-atom icosahedron, in which one central Au atom is surrounded by 12 Au
atoms.*% 4445 Twelve out of twenty faces of the icosahedron are covered by six staple motifs;
each staple motif has S-Au-S-Au-S unit in which each S atom is directly attached to Au atoms.
A multi-shell peak-fitting approach that was documented by the Zhang group was used to fit
the data in which there are one Au-S and three Au-Au contributions.*® Previously, our group
used a similar multishell approach for the fitting of Au2s clusters protected with
mercaptoundecanoic acid, hexanethiol, and phenylethanethiol.?” 4 The Au-S model that was
derived from standard Auzs(SR)1s clusters was used to fit the Au-S contribution. After fitting
the parameters for Au-S scattering, those values were fixed, followed by fitting the first shell
coordination of all three Au-Au contributions. Based on the crystal structure of clusters, the
coordination number of these three Au-Au contributions was fixed. Table 4.1 shows the
EXAFS fitting parameters. The interatomic distance between Au and S atoms was 2.30(1) A,
which is consistent with the crystallographic data of other Auxs(SR)is clusters (SR=
phenylethanethiol).*® The first Au-Au contribution, which appeared at 2.83(1) A, is due to the
distance from central Au atom to 12 surface atoms of the icosahedron core, and also some
interactions between adjacent surface Au atoms. The second Au-Au contribution appeared at
3.09(9) A and involves adjacent Au atoms on the surface of the icosahedron, while the third
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contribution at 3.37(8) A is due to surface-staple Au interactions. This fitting result was in good

agreement with that of Auzs(SR)is clusters with other ligands.?®
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Figure 4.2: Au Lz edge EXAFS fitting in a) k-space and b) R-space of as-synthesized TEOS-
treated Auxs(MPTS)ss clusters on SBA-15.

Table 4.1: EXAFS fitting parameters of as-synthesized TEOS-treated Auxs(MPTS)1g clusters
on SBA-15.

Bond CN | R/A o’ /A2 | E, Shift(eV) R (%)
Au-S 1.3 | 2.30(1) | 0.0004(4) 8.4(9)
Au-Au(core) | 1.44 | 2.83(1) | 0.01(1) 8.4(9) 2.0

Au-Au(surf) | 1.92 | 3.09(9) | 0.009(8) 8.4(9)
Au-Au(staple) | 2.88 | 3.37(8) | 0.010(9) 8.4(9)

Previously, several groups reported that MPTS ligands on Au clusters can facilitate the
growth of silica overcoats around the clusters.* This can lead to strong interaction with the
silica support, as well as helping to create further silica layers during hydrolysis with TEOS. It
is well known that high concentrations of H>O can lead to an increase in the hydrolysis rate,
resulting in the formation of silica spheres.*® Thus, water was slowly brought into the system
in the gas phase (as shown in Scheme 4.1) to slow the rate of hydrolysis and condensation of
the TEOS precursor, and thus allow for the generation of silica overlayers. It should be noted
that we were not able to image the silica overlayers by TEM, which is likely due to the lack of
contrast between SBA-15 and silica overlayer. However, calcination results shown below show

the tremendous impact of such overlayers on sintering behavior. No significant change was
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seen in the average particle size of Auxs(MPTS)ss clusters on SBA-15 before and after TEOS

treatment, as they were measured to be 0.9 £ 0.3 nm and 1.0 £ 0.3 nm respectively.

To probe the thermal stability, Auxs(MPTS)1s clusters on SBA-15 before and after TEOS
treatment were calcined at 250 °C, 450 °C, and 650 °C for 3 h in air and analyzed by TEM, as
shown in Figure 4.3. Considerable sintering was observed in SBA-15-supported Auzs(MPTS)1s
clusters in the absence of any silica overlayers, with Au particle sizes increasing to 3.9 £ 2.3
nm at 250 °C, 10.5 £ 3.3 nm at 450 °C, and 100.0 + 27.4 nm at 650 °C, respectively. These
results are consistent with work by Das and coworkers who found that Au2s(SR)1s clusters are
not sufficiently stabilized by incorporating them into two-dimensional mesoporous silica
templates alone.®! In contrast, TEOS-treated catalysts showed negligible size changes after
heat-treatment at 250 °C, as shown in Figure 4.4. The average particle size for 250 °C-treated,
450 °C-treated and 650 “C-treated TEOS/Auxs(MPTS)18/SBA-15 samples were measured to be
1.4 +£0.4nm, 2.1 +£0.8nmand 3.2 £ 0.9 nm respectively. Even after high-temperature heat
treatment, particles with 0.8 nm in size were still observed. It is clear that TEOS-treated clusters
showed much improved stability toward sintering. These results indicate the formation of
additional silica overlayers during TEOS treatment under a moisture atmosphere that provided
significant thermal stability to the clusters.

Figure 4.3: TEM images of Auxs(MPTS)1s/SBA-15, a) as-synthesized, b) calcined at 250 °C, ¢)
450 °C, and d) 650 °C for 3 h.
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Figure 4.4: TEM images of TEOS/Auzs(MPTS)18/SBA-15, a) as-synthesized, b) calcined at 250
°C, ¢) 450 °C, and d) 650 °C for 3 h.

Figure 4.5 shows the X-ray diffraction patterns of Auxs(MPTS)g clusters on SBA-15 calcined
at different temperatures. For Auxs(MPTS)1s clusters on SBA-15, a small broad peak due to fcc
Au was seen after calcination at 250 °C, and this peak became sharper at 450 °C as other peaks
due to fcc Au also emerged.*® The average size of Au particles was calculated using the
Scherrer equation and found to be 4.0 nm at 250 °C and 13.3 nm at 450 °C, which is consistent
with TEM images above. Due to the presence of small Au clusters, as-synthesized
TEOS/Auzs(MPTS)18/SBA-15 systems did not show any characteristic X-ray diffraction pattern
for the clusters.>®%® A broad peak was observed at 23° which is due to the X-ray diffraction
pattern of amorphous silica.>* After calcination at 250 °C, no significant change was observed.
Further calcination at 450 °C resulted in the appearance of a broad peak at 38° which is
characteristic of the (111) peak of fcc Au.> The 650 °C-treated sample showed a number of
peaks consistent with fcc Au albeit with significant broadening, which implies the presence of
very small crystallites.® Scherrer particle size analysis showed that the Au nanoparticles were
an average size of 2.2 nm at 450 °C and 6.5 nm at 650 °C.
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Figure 4.5: XRD spectra of a) Auzs(MPTS)18/SBA, and b) TEOS/Auzs(MPTS)1s/SBA.

To further follow the thermal stability of Auxs(MPTS)is clusters, Au-Ls edge EXAFS
analysis was also carried out after calcination of the clusters. Figure 4.6a and 4.6b show the
Au-L3 edge R-space of the untreated and TEOS-treated Auxs(MPTS)1e/SBA-15 samples
calcined at different temperatures, while fitted data are shown in Table 4.2. Figures 4.7 shows
the Au-L3 edge k-space and R-space EXAFS spectra and fits of untreated Auzs(MPTS)1s/SBA-
15 materials calcined at 250 °C and 650 °C. In all cases, the EXAFS results well agree with
TEM particle size measurements. The EXAFS results strongly support that the
TEOS/Auxs(MPTS)18/SBA-15 system shows excellent sinter-resistance upon calcination up to
550 °C, which is likely due to the formation of a silica coating around the clusters during the
TEOS treatment. A major change in particle size was observed during 550-650 °C-thermal
treatment which is like due to the deformation of pore walls. Rombi et al. reported that
disruption of ordered pore structure of SBA-15 occurred under Hy/He-thermal treatments at
600 °C resulted in sintering of Au nanoparticles.>” After calcination at 250 °C, the Au-S
contribution of TEOS-treated Auxs(MPTS)1s clusters on SBA-15 was slightly reduced, and the
Au-Au contribution was slightly increased, indicating that this is the transition temperature
where the thiol ligands begin to be lost from the Au surface. Since the isolation of all three Au-
Au contributions was not possible, the use of the previous Auzs model for fitting was not done.
Thus, Au-S and Au-Au shells from AuzS and Au fcc structural models were used for data
fitting. The first shell coordination number for Au-S and Au-Au contributions were found to
be 1.3(2) and 3.5(7), respectively. In contrast, greater removal of thiolate ligands was observed
for untreated Auxs(MPTS)1s clusters that were calcined at 250 °C. At this temperature
Auxs(MPTS)18/SBA-15 catalysts had a significantly lower Au-S CN, 0.7(2), while the Au-Au
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CN for Au-Au increased to 7.0(9). These results for the untreated and treated samples are
consistent with earlier TEM and XRD results that suggest that the TEOS-treated clusters are
much more stable to calcination than the untreated system. Previous work has shown that
ligands such as phenylethanethiol, mercaptoundecanoic acid, and hexanethiol begin to be lost
at 150 °C and are completely removed from Au surfaces in Au clusters by 250 °C."#7%8 Unlike
other thiol ligands, the complete removal of MPTS ligands did not occur at 250 °C, which is
likely due to the strong anchoring of the clusters to the SBA-15 support.3! The additional
stability of the MPTS ligand that was observed in the TEOS/Aus(MPTS)1s/SBA-15 system

likely arises from the anchoring of the Auzsclusters to the silica overlayers as well.

1.4 1.4

a) Au/SBA@250°C b ) As-synthesized
1.2 AuSBA@ES0C| 4 5 —— TEOS/AU/SBA@250°C
) ) —— TEOS/Au/SBA@350°C
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Figure 4.6: Au Ls-edge EXAFS fitting in phase corrected R-space of a) Auzs(MPTS)1s/SBA-15
calcined at 250 °C and 650 °C and b) TEOS/Auxs(MPTS)1s/ SBA-15 materials calcined at
temperatures between 250 °C and 650 °C.
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Table 4.2: EXAFS fitting parameters of untreated and TEOS-treated Auzs(MPTS)1s/SBA-15

materials calcined at different temperatures.

Sample Calcination | Type CN R/IA o? |A2 E, R (%)
T (°C) Shift(eV)

AU/SBA-15 250 °C Au-S | 0.7(2) | 2.28(1) | 0.001(2) | 4.8(8) 1.7
Au-Au | 7.009) | 2.856(7) | 0.008(1)

650 °C Au-Au | 12.0(5) | 2.851(6) | 0.0082(9) | 4.7(6) 1.0

TEOS/AU/SBA-| 250 °C Au-S | 1.3(2) | 2.293(1) | 0.002(1) | 5(2) 1.8
15 Au-Au | 3.5(7) | 2.79(3) | 0.013(5)

350 °C Au-Au | 7.0(1) |2.81296) | 0.010(2) | 3.4(5) 1.9

450 °C Au-Au | 9.7(5) | 2.838(5) | 0.009(1) | 4.0(5) 1.0

550 °C Au-Au | 9.9(5) | 2.848(6) | 0.008(1) | 5.2(6) 1.7

650 °C Au-Au | 10.8(5) | 2.852(6) | 0.0072(7) | 3.4(5) 1.9

Figure 4.8 shows the fitted Au-Ls edge k-space and R-space EXAFS spectra of TEOS-
treated Auzs(MPTS)1e/SBA-15 materials calcined at temperatures from 250 °C to 650 °C. The
Au-S contribution was not observed in the TEOS/Auxs(MPTS)1/SBA-15 sample after
calcination at 350 °C. The absence of an Au-S contribution indicates that the complete removal
of thiol ligands from the gold surface occurred after thermal treatment at 350 °C. The first shell
coordination for Au-Au contribution was measured to be 7.0(1), which suggests the Au clusters
have grown to nanoparticles with an average particle size of ~1.5 nm.>> °%% Marinkovic et al.
theoretically calculated the average CN of cuboctahedron core of Au clusters that were 1.41
nm in diameter and found that the first shell CN is close to 7.8.5* Further calcination at 450 °C
and 550 °C led to a slight increase in the average Au-Au CN, which was found to be 9.7(5) and
9.9(5), respectively. First shell coordination numbers of ca. 9.7 imply an average particle size
of approximately 1.9-2.4 nm and an average CN 9.9 suggests that the size of the particles is in
the range of 2.4-2.8 nm.%! In the case of 650 °C-treated catalysts, the average first shell CN was
found to be 10.8(5), which indicates an average particle size of about 3-3.5 nm.® Thus, EXAFS
results indicate that some growth in particle size occurred after 650 °C treatment which is in
good agreement with TEM results. In contrast, the average first shell coordination number of
the uncoated Auzs(MPTS)1s/SBA-15 system after calcination at 650 °C was measured to be ~12,
indicating the formation of bulk Au particles.
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Figure 4.8: Au Lsedge EXAFS fitting in phase corrected k- (left) and R-space (right) of
TEOS/Auxs(MPTS)18/SBA catalysts calcined at a) & b) 250 °C, ¢) & d) 350 °C, e) & f) 450 °C,
g) & h) 550 °C, and i) & j) 650 °C. (The black line represents the experimental Fourier-

transformed EXAFS spectra and the red line represents the simulated fit.)
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To obtain a better understanding of the sintering process, both samples were heated in situ in a
field emission TEM under a 1 Pa oxygen environment. This allowed for monitoring the structural
and morphological changes that occurred during in situ heating. Samples were mounted on a silicon
nitride window and heated up to 650 °C. The trajectory of Au particles at different temperatures
was tracked by Image] software with an additional particle tracker plug-in software.> We note
that due to the small sizes of Aus clusters, it was unfortunately not possible to follow structural
transformations at lower temperatures, but we were able to follow transformations of partly
sintered particles at higher temperatures. Figure 4.9 shows in sitzu TEM heating images at 550
°C in which a 3.5 nm particle became mobile with a velocity of 0.2 nm/s at 550 °C. Figure 4.10
shows the sequence of in situ TEM heating images of Auzs(MPTS)1s clusters on the SBA-15
support at 650 °C as a function of time. An example of Brownian motion of nanoparticle is
indicated by the blue arrow in Figure 4.10. Increasing the temperature to 650 °C lead to an
enhancement in the Brownian motion and the average velocity of a tracked Au nanoparticle
with a diameter of 3.9 nm was measured to be 1.1 nm/s. A fraction of smaller Au particles
showed significant mobility on the silica support, and this mobility resulted in coalescence.
However, the growth of larger immobile particles (one of which is indicated by the red circle
in Figure 4.10) also occurred at higher temperatures without noticeable collisions between
particles, and the highlighted particle grew from 15.1 nm to 19.4 nm within 12 seconds which
is likely due to the diffusion of atomic species. Thus it seems that small particles first move
and coalesce into larger particles, followed by the further growth of larger particles by Ostwald

ripening.
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Figure 4.9: A sequence of in situ TEM heating images of Auxs(MPTS)1sclusters on SBA-15 at
550 “C every 8 s. The trajectory of individual Au particles is indicated by blue line.
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Figure 4.10: A sequence of in situ TEM heating images of the Aus(MPTS)1s/SBA-15 sample
were collected at 650 °C every 2 s. The trajectory of a Au particle (particle in a blue circle) is

indicated by blue line, and the growth of a larger particle is shown by the red circle.

The sintering of clusters on the catalyst support is typically due to two mass transport
mechanisms, Particle Migration and Coalescence (PMC) and Ostwald Ripening (OR).Y" € The
PMC mechanism involves the Brownian motion of particles on the catalyst support, followed by
coalescence that leads to the growth in the size of the particles, whereas the OR mechanism refers
to the growth of larger particles at the expense of smaller particles and is due to the diffusion of
atoms or atomic species either on the surface of catalyst support or through the gas phase. Previous
studies show that the PMC mechanism plays an important role when the size of the particles is
less than 4 nm.%*% Pan et al. demonstrated that PMC is responsible for sintering of
monodisperse 2 nm Pt nanoparticles on alumina, whereas the OR mechanism becomes
dominant when there is a discrepancy in the particle size.?® Smaller particles typically have
higher mobility than larger ones.%® Baker et al. reported that the OR mechanism is more
dominant in the case of larger particles due to lower mobility.%

Cargnello et al. performed an in situ TEM technique to differentiate the contribution of PMC
and OR mechanisms to the sintering of Pt nanoparticles on Al,O3 using monodispersed and
polydispersed samples.?® Samples with narrow size distributions (either 2.2 + 0.4 nm or 4.4 +
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0.2 nm) were found to be more stable than mixed samples. They suggested that the OR
mechanism can be eliminated via selection of particles with same size. Here particle growth
due to OR should be ruled out when the particles are monodisperse, and thus PMC is most
possible mechanism for the initial loss of monodispersity. As noted earlier, however, we were
not able to satisfactorily follow sintering events at lower temperatures due to the small cluster
size. At higher temperatures, Figures 4.9 and 4.10 show clear evidence for PMC and Ostwald
Ripening process after some sintering has already occurred. in situ TEM imaging indicated that
particle migration occurs for some smaller particles, while the growth of larger particles seems
to occur due to the mass transport from smaller particles via the Ostwald ripening process.
Figure 4.11 shows the sequence of in situ TEM heating images of TEOS/Auxs(MPTS)1e/
SBA-15 samples throughout a range of temperatures (50 °C to 650 °C). No significant change
in particle size was observed until 550 °C. The velocity of the Au clusters was found to be
negligible until 550 °C. However, 650 “C-treated samples showed minor sintering which is due
to the particle migration and coalescence, perhaps triggered by the collapse of the silica pore
structure at this temperature.’”®" Figure 4.12 shows in situ TEM heating images of
TEOS/Auxs(MPTS)18/SBA-15 samples at 650 °C. The velocity of the tracked particle was found to
be much slower (0.1 nm/s) than that was seen for non-overcoated Auzs(MPTS)18/SBA-15 samples
at 550 °C and 650 °C, and it can be seen that two particles come together to form a larger
particle. The result indicates that the mobility of Au particles could be mitigated by the
fabrication of silica layers. Bore ef al. reported that pore size and pore arrangements of support
materials such as SBA-15 have a significant role in the sintering of Au nanoparticles.?? They
noted that physical confinement of particles in SBA-15 with 1-D pore structures limits the
migration of Au particles to the external silica surface, and the sintering of particles can be
minimized by strengthening the thickness of the pore walls. In contrast, the migration of Au
nanoparticles to the external surface of SBA-15 was observed, when Au nanoparticles are
incorporated inside the 3-D pores. Both PMC and OR mechanisms were found to be
responsible for nanoparticle sintering inside the 3D pores, while the OR mechanism dominated

for nanoparticles trapped in 1D pores.
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Figure 4.11: The sequence of in situ TEM heating images of TEOS/Au2s5(MPTS)1s/SBA-15
samples at a) 50 °C, b) 250 °C, ¢) 350 °C, d) 450 °C, e) 550 °C, and f) 650 °C.

Figure 4.12: A sequence of in situ TEM heating TEOS/Au2s(MPTS)18/SBA-15 at 650 °C n
every 8 s (image f-after 88 s).
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4.5. Conclusion

Auzs clusters protected with 3-mercaptopropyltrimethoxysilane were synthesized by a direct
synthesis method for the first time. Environmental in situ TEM analysis was used to monitor
the sintering behavior of Au2s(MPTS)1s clusters on the SBA-15 support. This analysis indicates
that smaller particles migrate and coalesce into bigger particles, while the growth of even larger
particles is likely due to the Ostwald Ripening. The particle migration and coalescence
mechanism was observed to be the more dominant process under high-temperature heat
treatment. TEOS-treated Auzs(MPTS)1s clusters showed less mobility which is due to the
additional silica overlayer formation around the clusters. The resulting materials showed strong
sinter-resistance, which was confirmed by EXAFS and in situ TEM analysis. Our work
indicates that both OR and PMC mechanisms can be suppressed by using monodisperse cluster

materials and silica overcoating of clusters within mesoporous silica supports.

117



4.6. References

(1) Haruta, M.; Yamada, N.; Kobayashi, T.; lijima, S. Gold Catalysts Prepared by
Coprecipitation for Low-Temperature Oxidation of Hydrogen and of Carbon Monoxide. J.
Catal. 1989, 115, 301-309.

(2) Herzing, A. A.; Kiely, C. J.; Carley, A. F.; Landon, P.; Hutchings, G. J. Identification of
Active Gold Nanoclusters on Iron Oxide Supports for CO Oxidation. Science 2008, 321, 1331-
1335.

(3) Sudheeshkumar, V.; Sulaiman, K. O.; Scott, R. W. J. Activation of atom-precise clusters
for catalysis. Nanoscale Adv. 2020, 2, 55-609.

(4) Haruta, M. Size- and Support-Dependency in the Catalysis of Gold. Catal. Today 1997, 36,
153-166.

(5) Nie, X.; Qian, H.; Ge, Q.; Xu, H.; Jin, R. CO Oxidation Catalyzed by Oxide-Supported
Auzs(SR)18 Nanoclusters and Identification of Perimeter Sites as Active Centers. ACS Nano.
2012, 6, 6014-6022.

(6) Liu, Y.; Tsunoyama, H.; Akita, T.; Tsukuda, T. Efficient and selective epoxidation of
styrene with TBHP catalyzed by Auzs clusters on hydroxyapatite. Chem. Commun. 2010, 46,
550-552.

(7) Zhu, Y.; Qian, H.; Jin, R. An Atomic-Level Strategy for Unraveling Gold Nanocatalysis
from the Perspective of Aun(SR)m Nanoclusters. Chem. Eur. J. 2010, 16, 11455-11462.

(8) Zhu, Y.; Qian, H.; Zhu, M.; Jin, R. Thiolate-Protected Aun Nanoclusters as Catalysts for
Selective Oxidation and Hydrogenation Processes. Adv. Mater. 2010, 22, 1915-1920.

(9) Zhu, Y.; Qian, H.; Drake, B. A.; Jin, R. Atomically Precise Auzs(SR)1s Nanoparticles as
Catalysts for the Selective Hydrogenation of a,3-Unsaturated Ketones and Aldehydes. Angew.
Chem. Int. Edit. 2010, 49, 1295-1298.

(10) Hu, D.; Jin, S.; Shi, Y.; Wang, X.; Graff, R. W.; Liu, W.; Zhu, M.; Gao, H. Preparation of
Hyperstar Polymers with Encapsulated Auzs(SR)is Clusters as Recyclable Catalysts for
Nitrophenol Reduction. Nanoscale 2017, 9, 3629-3636.

118



(11) Shivhare, A.; Ambrose, S. J.; Zhang, H.; Purves, R. W.; Scott, R. W. J. Stable and
Recyclable Auzs Clusters for the Reduction of 4-nitrophenol. Chem. Commun. 2013, 49, 276-
278.

(12) Yang, C.M.; Kalwei, M.; Schith, F.; Chao, K.J. Gold Nanoparticles in SBA-15 Showing
Catalytic Activity in CO Oxidation. Appl. Catal. A: Gen. 2003, 254, 289-296.

(13) Hansen, T. W.; DeLaRiva, A. T.; Challa, S. R.; Datye, A. K. Sintering of Catalytic
Nanoparticles: Particle Migration or Ostwald Ripening? Acc. Chem. Res. 2013, 46, 1720-1730.

(14) Yang, F.; Chen, M. S.; Goodman, D. W. Sintering of Au Particles Supported on TiO2(110)
during CO Oxidation. J. Phys. Chem. C 2009, 113, 254-260.

(15) Xu, Q.; Kharas, K. C.; Croley, B. J.; Datye, A. K. The sintering of Supported Pd
Automotive Catalysts. ChemCatChem 2011, 3, 1004-1014.

(16) Simonsen, S. B.; Chorkendorff, I.; Dahl, S.; Skoglundh, M.; Sehested, J.; Helveg, S. Direct
Observations of Oxygen-induced Platinum Nanoparticle Ripening Studied by In Situ TEM. J.
Am. Chem. Soc. 2010, 132, 7968-7975.

(17) OQuyang, R.; Liu, J.-X.; Li, W. X. Atomistic Theory of Ostwald Ripening and
Disintegration of Supported Metal Particles under Reaction Conditions. J. Am. Chem. Soc.
2013, 135, 1760-1771.

(18) Wettergren, K.; Schweinberger, F. F.; Deiana, D.; Ridge, C. J.; Crampton, A. S.; Rotzer,
M. D.; Hansen, T. W.; Zhdanov, V. P.; Heiz, U.; Langhammer, C. High Sintering Resistance
of Size-Selected Platinum Cluster Catalysts by Suppressed Ostwald Ripening. Nano Lett. 2014,
14, 5803-58009.

(19) Zhdanov, V. P.; Schweinberger, F. F.; Heiz, U.; Langhammer, C. Ostwald Ripening of
Supported Pt Nanoclusters With Initial Size-Selected Distributions. Chem. Phys. Lett. 2015,
631-632, 21-25.

(20) Zhang, S.; Cargnello, M.; Cai, W.; Murray, C. B.; Graham, G. W.; Pan, X. Revealing
particle Growth Mechanisms by Combining High-Surface-Area Catalysts Made with
Monodisperse Particles and Electron Microscopy Conducted at Atmospheric Pressure. J.
Catal. 2016, 337, 240-247.

119



(21) Baker, R. T. K. The Relationship Between Particle Motion on a Graphite Surface and
Tammann Temperature. J. Catal. 1982, 78, 473-476.

(22) Bore, M. T.; Pham, H. N.; Switzer, E. E.; Ward, T. L.; Fukuoka, A.; Datye, A. K. The
Role of Pore Size and Structure on the Thermal Stability of Gold Nanoparticles within
Mesoporous Silica. J. Phys. Chem. B 2005, 109, 2873-2880.

(23) Habeeb Muhammed, M. A.; Pradeep, T. Auzs@SiO2: Quantum Clusters of Gold
Embedded in Silica. Small 2011, 7, 204-208.

(24) Chen, H.; Liu, C.; Wang, M.; Zhang, C.; Li, G.; Wang, F. Thermally Robust Silica-
Enclosed Auzs Nanocluster and its Catalysis. Chin. J. Catal. 2016, 37, 1787-1793.

(25) Galeano, C.; Giittel, R.; Paul, M.; Arnal, P.; Lu, A.-H.; Schiith, F. Yolk-Shell Gold
Nanoparticles as Model Materials for Support-Effect Studies in Heterogeneous Catalysis:
Au@C and Au@ZrO> for CO Oxidation as an Example. Chem. Eur. J. 2011, 17, 8434-8439.

(26) Samanta, A.; Rajesh, T.; Nandini Devi, R. Confined Space Synthesis of Fully Alloyed and
Sinter-Resistant AuPd Nanoparticles Encapsulated in Porous Silica. J. Mater. Chem. A 2014,
2, 4398-4405.

(27) Sudheeshkumar, V.; Shivhare, A.; Scott, R. W. J. Synthesis of Sinter-Resistant Au@Silica
Catalysts Derived from Aus Clusters. Catal. Sci. Technol. 2017, 7, 272-280.

(28) Sudheeshkumar, V.; Lushington, A.; Sun, X.; Scott, R. W. J. Thermal Stability of
Alumina-Overcoated Auzs Clusters for Catalysis. ACS Appl. Nano Mater. 2018, 1, 6904-6911.

(29) Luo, Y.; Fan, S.; Yu, W.; Wu, Z.; Cullen, D. A,; Liang, C.; Shi, J.; Su, C. Fabrication of
Auzs(SG)1s-ZIF-8 Nanocomposites: A Facile Strategy to Position Au2s(SG)1s Nanoclusters
Inside and Outside ZIF-8. Adv. Mater. 2018, 30, 1-7.

(30) Li, Z.; Ji, Y.; Cadigan, C.; Richards, R. M. Thermally Stable Gold/Alumina Aerogel
Catalysts Prepared by a Simultaneous Synthesis Process for Solvent-Free Aerobic Benzyl
Alcohol Oxidation. Catal. Sci. Technol. 2014, 4, 2520-2525.

(31) Das, S.; Goswami, A.; Hesari, M.; Al-Sharab, J. F.; Mikmekova, E.; Maran, F.; Asefa, T.
Reductive Deprotection of Monolayer Protected Nanoclusters: An Efficient Route to
Supported Ultrasmall Au Nanocatalysts for Selective Oxidation. Small 2014, 10, 1473-1478.

120



(32) Garcia-Soto, M. J.; Gonzalez-Ortega, O. Synthesis of Silica-Core Gold Nanoshells and
Some Modifications/Variations. Gold Bull. 2016, 49, 111-131.

(33) Vakarelski, I. U.; McNamee, C. E.; Higashitani, K. Deposition of Silica Nanoparticles on
a Gold Surface via a Self-Assembled Monolayer of (3-mercaptopropyl)trimethoxysilane.
Colloid. Surf.. A. 2007, 295, 16-20.

(34) Tseng, J. Y.; Lin, M. H.; Chau, L. K. Preparation of Colloidal Gold Multilayers with 3-
(mercaptopropyl)-trimethoxysilane as a Linker Molecule. Colloid. Surf.. A 2001, 182, 239-245.

(35) Wu, P.; Bai, P.; Lei, Z.; Loh, K. P.; Zhao, X. S. Gold Nanoparticles Supported on
Functionalized Mesoporous Silica for Selective Oxidation of Cyclohexane. Micropor.
Mesopor. Mat. 2011, 141, 222-230.

(36) Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, G. D. Nonionic Triblock and Star
Diblock Copolymer and Oligomeric Surfactant Syntheses of Highly Ordered, Hydrothermally
Stable, Mesoporous Silica Structures. J. Am. Chem. Soc. 1998, 120, 6024-6036.

(37) Gangishetty, M. K.; Scott, R. W. J.; Kelly, T. L. Effect of Relative Humidity on Crystal
Growth, Device Performance and Hysteresis in Planar Heterojunction Perovskite Solar Cells.
Nanoscale. 2016, 8, 6300-6307.

(38) Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W. NIH Image to ImageJ: 25 years of image
analysis. Nat. Methods. 2012, 9, 671-682.

(39) Ravel, B.; Newville, M. ATHENA, ARTEMIS, HEPHAESTUS: Data Analysis for X-ray
Absorption Spectroscopy using IFEFFIT. J. Synchrotron Radiat. 2005, 12, 537-541,.

(40) Zhu, M.; Aikens, C. M.; Hollander, F. J.; Schatz, G. C.; Jin, R. Correlating the Crystal
Structure of A Thiol-Protected Auzs Cluster and Optical Properties. J. Am. Chem. Soc. 2008,
130, 5883-5885.

(41) Shivhare, A.; Wang, L.; Scott, R. W. J. Isolation of Carboxylic Acid-Protected Auzs
Clusters Using a Borohydride Purification Strategy. Langmuir 2015, 31, 1835-1841.

(42) Yao, H. On the Electronic Structures of Auzs(SR)1g Clusters Studied by Magnetic Circular
Dichroism Spectroscopy. J. Phys. Chem. Lett. 2012, 3, 1701-1706.

121



(43) Yoskamtorn, T.; Yamazoe, S.; Takahata, R.; Nishigaki, J.-i.; Thivasasith, A.; Limtrakul,
J.; Tsukuda, T. Thiolate-Mediated Selectivity Control in Aerobic Alcohol Oxidation by Porous
Carbon-Supported Auzs Clusters. ACS Catal. 2014, 4, 3696-3700.

(44) Heaven, M. W.; Dass, A.; White, P. S.; Holt, K. M.; Murray, R. W. Crystal Structure of
the Gold Nanoparticle [N(CgH17)s][Au2s(SCH2CH2Ph)1g]. J. Am. Chem. Soc. 2008, 130, 3754-
3755.

(45) Dainese, T.; Antonello, S.; Gascon, J. A.; Pan, F.; Perera, N. V.; Ruzzi, M.; Venzo, A.;
Zoleo, A.; Rissanen, K.; Maran, F. Aus(SEt)is, A Nearly Naked Thiolate-Protected Augs
Cluster: Structural Analysis by Single Crystal X-ray Crystallography and Electron Nuclear
Double Resonance. ACS Nano. 2014, 8, 3904-3912.

(46) MacDonald, M. A.; Chevrier, D. M.; Zhang, P.; Qian, H.; Jin, R. The Structure and
Bonding of Auzs(SR)1s Nanoclusters from EXAFS: The Interplay of Metallic and Molecular
Behavior. J. Phys. Chem. C 2011, 115, 15282-15287.

(47) Shivhare, A.; Chevrier, D. M.; Purves, R. W.; Scott, R. W. J. Following the Thermal
Activation of Auzs(SR)1s Clusters for Catalysis by X-ray Absorption Spectroscopy. J. Phys.
Chem. C 2013, 117, 20007-20016.

(48) Park, S. K.; Kim, K. D.; Kim, H. T. Preparation of Silica Nanoparticles: Determination of
the Optimal Synthesis Conditions for Small and Uniform Particles. Colloid. Surf. A 2002, 197,
7-17.

(49) Xu, Z.; Hou, Y.; Sun, S. Magnetic Core/Shell Fes04/Au and FesO4/Au/Ag Nanoparticles
with Tunable Plasmonic Properties. J. Am. Chem. Soc. 2007, 129, 8698-8699.

(50) Ma, G.; Binder, A.; Chi, M.; Liu, C.; Jin, R.; Jiang, D.-e.; Fan, J.; Dai, S. Stabilizing Gold
Clusters by Heterostructured Transition-Metal Oxide—Mesoporous Silica Supports for
Enhanced Catalytic Activities for CO Oxidation. Chem. Commun. 2012, 48, 11413-11415.

(51) Manju, C. K.; Chakraborty, I.; Pradeep, T. Highly Luminescent Monolayer Protected
AgseSe1sSis clusters. J. Mater. Chem. C 2016, 4, 5572-5577.

(52) Wu, Z.; MacDonald, M. A.; Chen, J.; Zhang, P.; Jin, R. Kinetic Control and
Thermodynamic Selection in the Synthesis of Atomically Precise Gold Nanoclusters. J. Am.
Chem. Soc. 2011, 133, 9670-9673.

122



(53) Qian, H.; Jin, R. Controlling Nanoparticles with Atomic Precision: The Case of
Au144(SCH2CH2Ph)s0. Nano Lett. 2009, 9, 4083-4087.

(54) Sarawade, P. B.; Kim, J.-K.; Hilonga, A.; Kim, H. T. Recovery of High Surface Area
Mesoporous Silica from Waste Hexafluorosilicic Acid (H.SiFe) of Fertilizer Industry. J.
Hazard. Mater. 2010, 173, 576-580,.

(55) Benfield, R. E. Mean Coordination Numbers and the Non-metal-Metal Transition in
Clusters. J. Chem. Soc., Faraday Trans. 1992, 88, 1107-1110.

(56) Carotenuto, G.; Nicolais, L. Size-Controlled Synthesis of Thiol-Derivatized Gold
Clusters. J. Mater. Chem. 2003, 13, 1038-1041.

(57) Rombi, E.; Cutrufello, M. G.; Cannas, C.; Casu, M.; Gazzoli, D.; Occhiuzzi, M.; Monaci,
R.; Ferino, I. Modifications Induced by Pretreatments on Au/SBA-15 and their Influence on
the Catalytic Activity for Low Temperature CO Oxidation. Phys. Chem. Chem. Phys. 20009,
11, 593-602.

(58) Wu, Z.; Jiang, D. E.; Mann, A. K. P.; Mullins, D. R.; Qiao, Z. A.; Allard, L. F.; Zeng, C.;
Jin, R.; Overbury, S. H. Thiolate Ligands as a Double-Edged Sword for CO Oxidation on CeO2
Supported Auzs(SCH2CH2Ph)1g Nanoclusters. J. Am. Chem. Soc. 2014, 136, 6111-6122.

(59) Fritsche, H. G.; Benfield, R. E. Exact Analytical Formulae for Mean Coordination
Numbers in Clusters. Z. Phys. D. Atom. Mol. CI. 1993, 26, 15-17.

(60) Jentys, A. Estimation of Mean Size and Shape of Small Metal Particles by EXAFS. Phys.
Chem. Chem. Phys. 1999, 1, 4059-4063.

(61) Marinkovi¢ N.S., K. S., and R. R. Adzi¢. Nanoparticle Size Evaluation of Catalysts by
EXAFS: Advantages and Limitations. Z. Mater. 2016, 57, 101-109.

(62) Schindelin, J.; Arganda, C. I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch,
S.; Rueden, C.; Saalfeld, S.; Schmid, B.; Tinevez, J. Y.; White, D. J.; Hartenstein, V.; Eliceiri,
K.; Tomancak, P.; Cardona, A. Fiji: an Open-Source Platform for Biological-Image Analysis.
Nat. Method. 2012, 9, 676-682.

(63) Wynblatt, P.; Gjostein, N. A. Particle Growth in Model Supported Metal Catalysts-I.
Theory. Acta. Metal. Mater. 1976, 24, 1165-1174.

123



(64) Harris, P. J. F.; Boyes, E. D.; Cairns, J. A. The Sintering of an Alumina-Supported
Platinum Catalyst Studied by Transmission Electron Microscopy. J. Catal. 1983, 82, 127-146.

(65) Wynblatt, P.; Gjostein, N. A. Supported Metal Crystallites. Prog. Solid. State. Ch. 1975,
9, 21-58.

(66) Baker, R. T. K.; Thomas, C.; Thomas, R. B. Continuous Observation of the Particle Size
Behavior of Platinum on Alumina. J. Catal. 1975, 38, 510-513.

(67) Baker,J.B. L. A.R. T. Deformation of Ordered Mesoporous Silica Structures on Exposure
to High Temperatures. J. Nanomater. 2011, 3, 1-7.

124



CHAPTER 5

Galvanic Synthesis of Ag-Pd Bimetallic
Catalysts from Ag Clusters Dispersed in a
Silica

This chapter describes a top-down approach for synthesizing ligand-free clusters. Thermally
activated Ag clusters made via a top-down method were used for galvanic replacement
reactions with Pd precursors. No activation process was needed after the synthesis of the
catalyst as no stabilizers were on the surface of the clusters. In situ XAS Pd-Ls edge analysis
and XPS were employed to probe the reduction of Pd(l1) to Pd(0), and showed that the Pd was
reduced but not all the Ag was removed from the final sample. The catalytic activity of Ag-
Pd@SiO> for 3-hexyne-1-ol hydrogenation reaction is also shown.

This chapter is based on a manuscript that will be submitted for publication in the near future.
All the experimental work was done by me, and the first draft of the manuscript was written

by myself.
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5.1. Abstract

While bottom-up synthetic strategies for the formation of near-monodisperse clusters have
attracted much attention, top-down synthetic strategies in which metals are dispersed into
clusters can also be viable. In this study, we follow up previous work that showed the formation
of Ag clusters dispersed in a silica matrix by breaking up larger triangular Ag nanoparticles
upon calcination in air. In this study, AgPd bimetallic catalysts were synthesized via a galvanic
replacement reaction of these thermally activated Ag clusters in a silica matrix. The galvanic
reaction of the Ag clusters with Pd(II) salts was monitored by in situ XANES spectroscopy.
Interestingly, extended X-ray absorption fine structure (EXAFS) spectroscopy and X-ray
photoelectron spectroscopy (XPS) studies suggested that the majority of the Ag atoms are
located on the surface of the resulting clusters and Pd atoms are in the core region. The catalytic
activity for 3-hexyne-1-ol hydrogenation was investigated and the AgPd@SiO. catalysts
showed superior selectivity for the selective hydrogenation to 3-hexene-1-ol.

5.2. Introduction

Design and fabrication of a ligand free-nanomaterials is a special area of interest in catalysis
because that enables one to avoid activation processes. Generally, bottom-up and top-down
approaches have been reported for the synthesis of nanoparticles. In the bottom-up approach,
nanostructures are synthesized via assembling atoms or molecules. The chemical reduction
method is the most common and simple bottom-up approach for the synthesis of nanostructures
that involves the reduction of metal salt using various reducing agents in the presence of
capping agents. The presence of a capping agent blocks the active sites on the metal surface
that often affects the activity and selectivity of catalysts.? Although it is possible to remove
the capping agents through an activation process, this often leads to sintering and the
subsequent deactivation of the catalyst® On the other hand, in top-down approaches
nanostructures are fabricated by slicing or breaking apart a bulk material. Micro-patterning,
pyrolysis, thermal decomposition, and milling are commonly used techniques for the top-down
fabrication of metal nanostructures.* Nanostructures synthesized via top-down approaches
possess a definite advantage over chemically synthesized nanoparticles as they have a clean
surface and can show uniform size distribution which is essential for catalysis. Despite these

attractive features, several challenges such as the complexity of the synthetic procedure and
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the use of sophisticated techniques limit the application of top-down approaches in nanoparticle

synthesis.®

Thermal decomposition is most convenient and easiest top-down approach for nanoparticle
synthesis.® 7 Wang et al. demonstrated a simple method for the synthesis of monodispersed
spherical colloids from the low melting metals such as Pb, In, Sn, Cd, and Bi.® By taking
advantage of thermal decomposition of Bi metal, nanoparticles with diameters in the range of
100-600 nm are synthesized by emulsifying molten drops of Bi in boiling di(ethylene glycol)
followed by quenching with cold ethanol. Jung et al. demonstrated that Ag nanoparticles with
an average size of 6.2 £ 1.2 nm can be synthesized using Ag metal as a precursor in a ceramic
heater by an evaporation—condensation process.® Others have shown that the surface of Ag
nanoparticles is easily oxidized to AgOx during annealing in air.}>* However, AgOx is
thermodynamically unstable and dissociates into Ag and O above ~300 °C. Previously our
group synthesized Ag clusters with an average size of 2.3 = 0.4 nm by the thermal

decomposition of silica-encapsulated Ag nanotriangles in air.*?

There has been significant interest in the synthesis of Ag nanostructures because they can
serve as a sacrificial template for the synthesis of various bimetallic nanostructures via galvanic
replacement. The driving force for galvanic reactions is the redox potential difference between
two metal atoms, i.e. the metal with lower redox potential is typically replaced by another metal
atom. Specifically, Ag (E%. Ag*, Ag = 0.79 V) can be oxidized with metal salts of Au (E%:
Au®*, Au = 1.49 V), Pt (E%, Pt?*, Pt = 1.18 V) and Pd (E%, Pd?*, Pd 0.95 V).®* A number of
groups have synthesized AgPd, AgAu and AgPt bimetallic catalysts via galvanic reactions
using Ag as sacrificial template.’*2° This method enables the synthesis of a broad range of
hollow and porous nanostructures from Ag templates with different morphologies that includes
nanoboxes, nanoprisms, and nanocages.?*?® Tedsree et al. synthesized a series of core-shell
M@Pd catalysts (M=Ag, Au, Rh, Pt and Ru) and observed that Ag nanoparticles coated with
a thin layer of Pd atoms are the most effective catalysts for H. production from formic acid
decomposition.?* The improvement in a catalytic activity that was seen in Ag@Pd catalysts is
due to the electronic modification of the Pd shell by Ag core. AgPd bimetallic catalysts were
found to be more active for 4-nitrophenol reduction reaction than their monometallic systems.?
Pei et al. observed a significant improvement in selectivity for acetylene hydrogenation by
alloying Pd with Ag.?® Interestingly, Ag alloyed Pd-single catalysts showed higher activity and
selectivity towards ethylene than the monometallic Pd/SiO2 and Ag/SiO; catalysts. Previously

our group reported the synthesis of Ag core-Pd shell catalysts by galvanic replacement of
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polyvinylpyrrolidone stabilized Ag nanoparticles with KzPdCls.?’

While atom-precise Ag
clusters can be made using thiolate stabilizers, activating such clusters for catalysis without
sintering is very challenging.® % Top-down strategies that create highly disperse Ag clusters
without ligands on their surfaces which can then be used as templates for the formation of

bimetallic nanoparticles are needed.

Herein we report a procedure to synthesize AgPd bimetallic catalysts from Ag@SiO>
catalysts that are created by the thermal decomposition of larger Ag nanotriangles inside silica
shells. The reduction of Pd(Il) salts was monitored through using in situ Pd Ls-edge XANES
using a liquid cell. XPS and EXAFS analysis provided clear evidence for the formation of
bimetallic clusters. Low first shell coordination numbers of Ag in the EXAFS analysis
suggested that Ag atoms are predominantly located on the surface of a Pd core. The catalytic
activity for 3-hexyne-1-ol hydrogenation was investigated and the bimetallic AgPd@SiO>
catalysts showed a superior selectivity to 3-hexene-1-ol compared to its monometallic

counterparts.

5.3. Materials and Methods

5.3.1. Materials

Silver nitrate (AgNOs, >99%, Sigma-Aldrich), (16-mercatptohexadecanoic acid (MHA,
95%, Sigma-Aldrich), trisodium citrate (96%, EMD), potassium tetrachloropalladate (1)
(K2PdCls, 98%, Aldrich), 11-mercaptoundecanoic acid (MUA, 95%, Sigma-Aldrich), sodium
borohydride (NaBHa, 98%, Alfa Aesar), acetone (C3HsO, 99.5%, Fischer Scientific), o-
phosphoric acid (H3POa, 85%, Fischer Scientific), methylene chloride (CH2Cl2, 99.5%, Fischer
Scientific), tetraethylorthosilicate (TEOS,98%, Aldrich), hydrogen peroxide (H20., 30%,
Fischer Scientific), poly(N-vinylpyrrolidone (PVP, 40.000g/mol, Alfa Aesar), and
dimethylamine (DMA, 40%, Sigma-Aldrich) were used as received. Ammonia (30%),
tetrahydrofuran (THF, high purity) and ethanol (100%) were purchased from EMD, Fisher
Scientific and Commercial Alcohols, respectively. Eighteen MQ - cm Milli-Q deionized water
(Millipore, Bedford, MA) was used throughout.

5.3.2. Synthesis of Ag encapsulated with silica

The procedure for the synthesis of silica encapsulated Ag nanotriangles has been
documented previously.'? Briefly, AgNO3 (500 pL, 50 mM), trisodium citrate (5 ml, 75 mM),
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PVP (1 mL, 17.5 mM), and H20 (30%, 600 uL) were added to 248 mL of deionized water.
Finally, NaBHs was added to the solution and the solution was stirred until it turned from
yellow to blue. After this, the Ag nanotriangles were collected by centrifugation at 8500 rpm
for 2.0 h. The Ag nanotriangles were then redispersed in 100 mL of deionized water, followed
by the addition of ethanolic MHA (1.5 mL, 5.0 mM). After stirring for 10 min, MHA
functionalized Ag triangles were collected by centrifugation (8500 rpm, 2.0 h). The Ag
nanotriangles were then dispersed into an ethanolic TEOS solution (20 mL, 16 mM) and stirred
for 2 min. To this solution, aqueous DMA (2 mL, 20 % wi/v) was added and the resulting
solution was stirred at 200 rpm for 12 h. The final material was removed from the solution by
centrifuge and washed several times with water and ethanol. The resulting materials were dried
in an oven at 100 °C followed by the calcination in a Lindberg/Blue M tube furnace at 650 °C
in air for 15 min with a ramping rate of 10 “C/min. For brevity, the resulting Ag nanotriangles
encapsulated with silica and calcined at 650 °C are designated as Ag@SiO». The metal loading

was found to be 2.0 % by AAS analysis.

5.3.3. Synthesis of AgPd@SiO: bimetallic catalysts by galvanic exchange

with Pd precursor

20 mg of Ag@SiO, (4.0x10° mmol) was dispersed in water followed by the addition of
K2PdCls (200 pl, 0.020 M). The solution was stirred for 1 h. The resulting black coloured
material was collected by centrifugation and washed with deionized water. The AgPd
bimetallic catalyst (AgPd@SiO) was dried in an oven at 100 °C.

5.3.4. Synthesis of PA@SiO; catalysts

Pd@SiO2 catalysts were made using the following procedure.?® K2PdCls (20 mg, 0.06 mmol)
was dissolved in H2O (2 mL). To this clear brown solution, acetone (10 mL) was added, which
changed the solution color to a clear orange. Next, HsPO4 (250 uL) was added, followed by
MUA (7 mg, 0.03 mmol). The solution was stirred for 5 min, then cooled in an ice bath. After
cooling, a solution of NaBHa (23.2 mg, 0.613 mmol) in H20 (1 mL) was added, and the solution
immediately became black. After stirring for an additional 5 min, the ice bath was removed,
and the solution was stirred at room temperature for 5 min. The acetone was removed by
vacuum at room temperature and the solid black product was collected by centrifugation. The
solid was washed with methylene chloride and water and left to dry at room temperature. The
resulting Pdm(MUA), clusters (10 mg) were dissolved in a minimal amount of tetrahydrofuran,
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then diluted with ethanol (10 mL). This Pdm(MUA)x solution (0.25 mL) was added to a stirred
solution of ethanol (10 mL) and TEOS (10 uL, 0.04 mmol). The solution was stirred for 1 min,
then NH4OH (1 mL) was added. The final solution was stirred for 6 h. The dark brown product
was collected by centrifugation, then washed with H>O and ethanol. The product was left to
dry at room temperature. The dried Pdm(MUA),@SiO> particles were calcined in air at 350 °C
for 3 h. The catalyst was reduced by calcination at 250 “C under 5% H: in N2 for 1 h to give
Pd@SiOs.

5.3.5. Characterization
Samples were analyzed by a Hitachi HT7700 TEM operating at 100 kV. All samples were

dispersed in ethanol and drop casted on a Cu grid coated with carbon film. ImageJ software
was used to measure the size of 100 particles for particle size distribution histograms.®® The
Brunauer—Emmett—Teller (BET) surface area and pore size distribution of the Ag@SiO>
catalysts were performed on an ASAP 2010 Micrometrics instrument. Prior to the analysis, the
catalyst was degassed under vacuum at 200 + 2 °C and nitrogen adsorption analysis was
conducted at -196 °C. Metal loading was analyzed by a Varian Spectra AA 55 Atomic Absorption
Spectroscope. UV-Vis spectra of Ag nanotriangles were recorded on a Varian Cary 50 Bio UV-
Vis Spectrometer. Pd Lz edge spectra was collected at the Soft X-ray Micro Characterization
Beamline (SXRMB) at the Canadian Light Source. For in situ measurements, the Pd precursor
(1 mL, 0.020 M) aqueous solution was sealed in a liquid cell (SPEX CertiPrep Disposable XRF
X-Cell sample cups) and was covered with an Ultralene® thin film. The liquid cell was placed
inside an aluminum chamber. A magnetic stirrer was used for stirring and all the measurements
were carried out under He atmosphere. Extended X-ray Absorption Spectra Fine Structure
(EXAFS) spectroscopic analysis was performed on the HXMA beamline 061D-1 (energy range
5-30 keV, resolution 1x10* AE/E) at the Canadian Light Source. All data was collected in
fluorescence mode using a 32-element detector. The energy for the Ag K edge (25514 eV) and
Pd K edge (24350 eV) was selected by using a Si monochromator. All samples were mixed
with boron nitride and then pressed into pellets before analysis. Higher harmonics were
removed by detuning the double crystal monochromator. Data analysis and EXAFS fitting were
carried out using the Demeter software package.! To fit the Ag and Pd data, an amplitude
reduction factor was obtained from fitting of the corresponding metal foils. The amplitude
reduction factor for both Pd and Ag were found to be 0.81. The coordination number of samples
was determined by keeping this amplitude reduction factor fixed. All XPS measurements were
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collected using a Kratos (Manchester, UK) system equipped with a 500 mm Rowland circle
monochromated Al K-a (1486.6 eV) source and combined hemispherical analyzer (HSA) and
spherical mirror analyzer (SMA). The largest spot size (hybrid slot setting) was used to collect
the data, which is approximately a beam size of 300 x 700 microns. All survey scan spectra
were collected in the 0-1200 binding energy range in 1 eV steps with a pass energy of 160 eV.
High-resolution scans of multiple regions were conducted using 0.1 eV steps with a pass energy
of 20 eV. An accelerating voltage of 15 keV and an emission current of 15 mA was used for
the analysis. The operating vacuum pressure was less than 1x10® Torr. The spectra were
referenced to a standard C 1s binding energy of 284.4 eV. All spectra were fitted using Casa
XPS software.®? *H nuclear magnetic resonance (NMR) were recorded on a with a Bruker 500

MHz Avance spectrometer, with CDCl3 as the solvent.
5.3.6. Catalytic activity for 3 hexyne-1-ol hydrogenation

Hydrogenation reactions were carried out in 50 mL round-bottom flask under H>
atmosphere. 20 mg of the catalyst was dispersed in 5.0 mL water/ethanol (4:1) mixture and 100
uL of 3-hexyne-1-ol was added to start the reaction. The reaction mixture was stirred at room
temperature for 3 h. Prior to the 'H NMR analysis, the products were extracted from the
reaction solution with 2 mL aliquots of CDCls.

5.4. Results and Discussions

Figure 5.1 shows the UV-Vis absorption spectra of the Ag nanotriangles. The spectra shows
three peaks, at 334 nm, 430 nm, and an intense peak centered at 538 nm that could be assigned
to out—plane quadrupole resonances, in—plane quadrupole, and in—plane dipole resonance of
the Ag nanotriangles, respectively. Figure 5.3a shows a TEM image of the Ag nanotriangles,
note that the nanotriangles are randomly oriented and thus some appear to be non-triangular in
shape. The TEM image of as-synthesized Ag@SiO. (Figure 5.3b) indicates that Ag
nanotriangles are encapsulated by a silica shell. The average Ag nanotriangle size is 19 £ 4 nm
and silica shell thickness is 80 = 10 nm. After calcination at 650 °C, the Ag nanotriangles are
fragmented into small particles, as shown in Figure 5.3c. The average Ag particle size in the
resulting materials is 2.5 + 0.5 nm. These results agree with previous work that investigated
the thermal degradation of silica encapsulated Ag nanotriangles by ex situ TEM and EXAFS
analysis.*? It was proposed that atoms from tips and corners of Ag nanotriangles are easily

oxidized to AgOx during annealing in air. However, AgOx is thermodynamically unstable at
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higher temperatures and dissociates back into Ag and O, above ~300 °C.'? Previous results
suggested that the oxygen atmosphere has a crucial role in the fragmentation process, as no

such dispersion of Ag was seen in inert atmosphere.
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Figure 5.1: UV-Vis spectra of Ag Nanotriangles.

The porous nature of the Ag@SiO2 materials was evaluated by nitrogen
adsorption/desorption isotherm, which is shown in Figure 5.2. The BET surface area of the
Ag@SiO, materials was found to be 97 m?/g and BJH desorption average pore width is 24.5
nm. The thermal treatment at 650 °C leads to the removal of protecting ligands and solvent,
which leads to the disordered mesoporosity; similar results have been seen by other groups.3*
% The final porosity of the materials should allow the accessibility of Pd precursor to the silver

atoms for the galvanic replacement reaction.
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Figure 5.2: BET surface area of Ag@SiO. materials after calcination at 650 °C.
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Figure 5.3: a) TEM image of a) as-synthesized Ag NPs, b) as-synthesized Ag@SiOy, c)
Ag@SiO; calcined at 650 °C, and d) Ag-Pd@SiO2 sample after galvanic exchange.

The AgPd@silica catalysts were synthesized by redipsersing the calcined Ag@SiO, sample
and adding a Pd(I1) salt in excess, which then underwent a galvanic replacement reaction. After
the addition of K.PdCls, the colour of the solution turned from yellow to black which is
consistent with the reduction of the Pd salt. The complete replacement reaction of Ag with Pd
precursor can be described as 2Ag + Pd** — Pd + 2Ag*. A TEM image of the resulting
AgPd@SiO> sample is shown in Figure 5.3d. The average particle size was measured to be 2.6
+ 1.3 nm. The final metal composition of Ag-Pd@silica samples was examined by AAS
analysis which indicates the sample has 1.0% Pd and 0.1% Ag content. To compare the
catalytic activity, Pd@SiO> materials were also made directly with a similar 1.0% metal
loading which was confirmed by AAS analysis. The average particle size of PA@SiO- catalysts
was measured to be 2.2 = 0.8 nm (see Chapter 6).

XPS was performed to probe the composition and chemical state of Ag and Pd in the silica
matrix. Figure 5.4a shows the XPS spectrum of the Ag@SiO; starting material. The Ag 3ds/2
and Ag 3da peaks were seen at 368.3 eV and 374.3 eV. These values are in good agreement

with reported values for metallic Ag.®” Thus Ag clusters remain in the zerovalent state after the
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calcination and the presence of oxidized Ag can be ruled out. The atom percentage of Ag as
determined by XPS was reduced from 0.5% to 0.1% after the galvanic exchange with Pd.
Figure 5.4b & ¢ shows the XPS spectrum of the final Ag-Pd@SiO>. The Ag 3ds2and Ag 3dsz
peaks appear at 367.8 eV and 373.8 eV, respectively.® The Pd 3d XPS spectrum consists of
Pd 3ds2 and Pd 3ds2 peaks at 334.5 eV and 339.8 eV corresponding to the binding energy of
of metallic Pd.*! The signal-to-noise for the Pd XPS is much poorer (despite the presence of
significantly more Pd than Ag seen in AAS results), possibly due a negligible amount of Pd on
the surface of the particles.® The XPS results show evidence for the complete reduction of Pd*
to zerovalent Pd oxidation state. The Ag 3d spectra are redshifted by 0.5 eV in comparison to
that of pure Ag@SiO; catalysts, while the Pd 3d peaks also show a redshift by 0.5 eV which
may be due to electronic AgPd interactions in the bimetallic clusters.®*2 As Pd is more
electronegative than Ag, charge transfer would be expected from Ag to Pd.*® As a result, Ag
would be expected to shift lower binding energy and Pd to higher binding energy. The negative
shift of both Pd and Ag has previously been observed in the AgPd alloy system and was
explained by Abrikosov et al. in terms of an inter-atomic charge redistribution due to valence

electron distribution.*
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Figure 5.4: a) Ag 3d XPS spectra of Ag@SiOz, b) Ag 3d XPS spectra of AgPd@SiO- and c)
Pd 3d XPS spectra of AgPd@SiO:..

XANES can be used for monitoring changes in the oxidation state of materials, whereas, the
EXAFS technique provides information about the local structure of absorbing atom. In the
XANES region, the white line intensity of the Pd Lz edge spectra is directly related to the
number of vacancies in the Pd 4d-band.*® The Pd L3z edge represents the 2ps to 4d allowed
transition which is sensitive to the oxidation state and vacancy change of the valance d band.
i.e. the adsorption edge energy increases as the oxidation state of the metal increases. Hence a

change in white line intensity reflects a change in the oxidation state of the Pd. The galvanic
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reaction between K>PdCls and Ag clusters (Ag@SiO2) was monitored by in situ XANES
spectra at the Pd L3z edge using a liquid cell set up for in situ XAS studies developed at the
SXRMB beamline at the Canadian Light Source.®® The in situ XAS spectra of the Pd salt
solution before and after the addition of Ag@SiO: is shown in Figure 5.5. A prominent white
line was observed for the K>PdCls solution which is an indication of the presence of Pd(ll).
After the addition of Ag@SiO>, the white line intensity at the Pd Lz edge spectra decreased
significantly, which is an indication of the reduction of Pd(Il) to Pd(0). The final XANES
spectrum closely resembles a Pd foil spectrum, thus suggesting that Pd is being fully reduced
to the zerovalent state. This provides direct evidence for the galvanic reaction of KoPdCl, with

zerovalent Ag clusters.
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Figure 5.5: Pd Lz-edge XANES spectra of K.PdCls before and after the addition of
Ag@silica.

EXAFS analysis at both the Pd and Ag K edges was carried out in fluorescence mode on the
Hard X-ray Microanalysis (HXMA) beamline at CLS. Figure 5.6 shows the Ag and Pd K edge
EXAFS data in k-space for the AgPd@SiO, sample. The amplitude decreases for the Ag-
Pd@SiO, sample as compared to bulk Ag and Pd foil, respectively, suggesting that small
clusters were formed that have a large fraction of atoms on the surface. The periodicity of the
EXAFS oscillation pattern for AgPd@SiO: at both the Ag and Pd K edge was observed to be
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slightly different than the respective foils which indicates the presence of bimetallic clusters.
A face-centered cubic alloy model was used to fit Ag and Pd K edge data, and the fitting results
at the k- and R-space are shown in Figure 5.7. Since Pd and Ag have similar atomic numbers,
their backscattering and phase effects on the photoelectron wave is nearly identical, and thus it
is very difficult to distinguish between these species around the central atom. Since the
scattering of Ag-Ag and Ag-Pd are similar, general coordination numbers Npg.v and Nag-m
were fit (whereas M is Ag or Pd). Black and red lines represent the experimental data and
simulated EXAFS fit respectively. The EXAFS fit parameters that were obtained from 1% shell
modeling are shown in Table 5.1. The modeled Ag-Ag distance of 2.83(1) A is slightly shorter
than the typical Ag-M distance in Ag foil (2.88 A). Similarly, the Pd-M first shell distance of
2.799(9) A is longer than typically seen for Pd foil (R=2.75 A). These dissimilarities in
interatomic distances are strong indicators of the presence of heteroatomic bonding in Ag-Pd
catalysts.*”**® The average coordination number for the Ag-M and Pd-M shell was found to be
3.3(1) and 8.7(1) respectively. The low coordination number of Ag-M shell suggests that the
majority of the Ag atoms are present on the Pd surface.® * The CN of 3.3(1) for Ag-M
contribution is likely due to the presence of Ag atoms on the edges or corners of the clusters.
The presence of Ag atoms on the surface and Pd atoms in the core is also consistent with XPS
analyses. By combining EXAFS, XPS and AAS results, it seems that the majority of the Ag
atoms are located on the surface of the bimetallic clusters, while Pd atoms are predominantly

in the core region.
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Figure 5.6: EXAFS data in k-space of AgPd@SiO, samples at a) the Ag K edge, and b) the
Pd K edge.
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Table 5.1: EXAFS fitting parameters of AgPd@SiO catalyst.

Type CN R/IA o2/A? | E, Shift(eV) | R-factor
(%)
Pd Pd-M 8.7(9) | 2.799(9) | 0.009(1) -2.2(8) 1.6
Ag Ag-M 3.3(2) 2.83(1) 0.006(1) -0.6(9) 1.7
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Figure 5.7: EXAFS fitting data of AgPd@SiO., a) Pd K edge in k-space, b) Pd K edge in R-
space, ¢) Ag K edge in k space, and d) Ag K edge in R space.

Pd catalysts are widely used for hydrogenation reactions, but when used for substrates such
as of 3-hexyn-1-ol typically show poor selectivity to alkenes due to over-hydrogenation.>
Active site isolation by addition of other metals is an efficient way to improve the selectivity
to 3-hexen-1-0l.26°354 To analyze the catalytic activity and selectivity of the catalysts, the
hydrogenation reaction of 3-hexyn-1-ol was evaluated over Ag@SiO,, Pd@SiO,, and Ag-
Pd@SiO> catalysts, and results are shown in Table 5.2. No catalytic activity was observed using
Ag@SiO». The activity was slightly higher in the case of the pure Pd@SiO> as compared to
AgPd@SiO,. However, the monometallic Pd@SiO, catalyst also promoted the over-

hydrogenation and gave the undesired hexanol product. Interestingly, after the addition of Pd
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to Ag@SiOy, the catalyst became active for the hydrogenation reaction. A significant
selectivity difference was observed for Pd@SiO, and AgPd@SiO. catalysts for the
hydrogenation reaction. The promotional effect that was observed in AgPd catalysts is due to
the synergetic effect of bimetallic AgPd nanoparticles for selective hydrogenations, as the
presence of Ag atoms suppresses the full hydrogenation product and increases selectivity to 3-
hexen-1-0l.>° Mei et al. investigated the role of Ag on the Pd surface in selective hydrogenation of
acetylene—ethylene mixtures over Pd and bimetallic PdAg alloy as model catalysts.>® They
found that the presence of Ag on the Pd surface weakens the binding strengths of all surface
intermediates and therefore increases their rates of desorption as well as their rates of hydrogenation.
Ag enhanced the desorption of ethylene and hydrogen from the catalyst surface and suppressed
further hydrogenation. Mitsudome et al. reported that modification of Pd nanoparticles with Ag
suppresses the over-hydrogenation of alkynes to alkanes. * They found that Ag-Pd core-shell
structures are active for the semi-hydrogenation of 1-octyne under 1 bar H at room temperature
resulting in selectivity towards the alkene of 99%. The Pd core act as an H source and the Ag shell
served as the surface for the semi-hydrogenation of the alkyne resulting in a reduction of the
intrinsically low alkene-selectivity of Pd by inhibiting the contact between Pd and the alkenes.
Previously we investigated the selective hydrogenation of 3-hexyne-1-ol over AgPd catalysts
synthesized via galvanic exchange reaction of Ag seed (3 nm) with K,PdCls.?” The catalytic
activity and selectivity of catalysts with different Ag:Pd ratio was investigated and the catalysts
with Ag: Pd ratios of 2:1 were found to be the most active catalysts, with high selectivity to

cis-3-hexen-1-ol.

Table 5.2: The catalytic activity for 3-hexyne-1-ol hydrogenation reaction.

Catalysts Ag:Pd Conversion % Selectivity %
ratio?
3 hexen-1-ol 3 hexan-1-ol
Ag@SiO» 2.0:0.0 0.0 - -
Ag-Pd@SiO» 0.1:1.0 43.0 90.7 9.3
Pd@SiO> 0.0:1.0 47.6 67.6 32.4

a Ag:Pd ratio from AAS analysis. The 3-hexyne-1-ol hydrogenation reaction (100 pL) was performed at room temperature for
3 h over the 20 mg of the catalyst with 1.0% Pd loading.
5.5. Conclusions
AgPd bimetallic catalysts were prepared using a top-down thermally activated dispersion of

large Ag nanoparticles, followed by galvanic replacement of Ag with Pd. In situ XANES
spectroscopy showed that all Pd was reduced during the galvanic replacement of KoPdCls with
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the Ag clusters. EXAFS spectroscopy and XPS studies suggested that the majority of the Ag
atoms are located on the surface of the resulting bimetallic clusters and Pd atoms are in the core
region. The catalytic activity for the 3-hexyn-1-ol hydrogenation reaction was investigated.
AgPd catalysts derived from Ag@SiO. showed better selectivity to 3-hexen-1-ol than their
monometallic counterparts, which indicates the isolation of active Pd sites suppresses the over-

hydrogenation of 3-hexyn-1-ol.
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CHAPTER 6

Activation of Silica Encapsulated Pdm(MUA),

Clusters for Catalysis

This project focuses on the synthesis and activation of silica-encapsulated Pdm(MUA),
clusters. TEM and EXAFS are employed to understand the morphological and structural
changes of the catalysts during the activation process. The thermal stability of Pdm(MUA),
clusters in a silica shell is compared with a control sample of Pdm(MUA)x clusters on silica
spheres. The catalytic activity for methane combustion reaction and CO adsorption analysis are
discussed.

Synthetic work on the clusters was done with the assistance of Miranda Lavier and Brianna
Lukan. Catalytic activity studies were done by Dr. Jing Shen in collaboration with the
laboratory of Dr. Natalia Semagina. This chapter is a manuscript that is in preparation for

publication. The first draft of this manuscript was written by myself.
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6.1. Abstract

Methane is the most abundant constituent of natural gas and it is difficult to fully oxidize
without effective catalysts. Pd is recognized as the most efficient catalyst for the methane
combustion reaction and typically shows increased activity at small particle sizes. However,
few routes are available for the preparation of near-monodisperse Pd clusters for catalysis. Here
we focused on the synthesis and activation of mercaptoundecanoic acid protected Pd clusters
(1.1 £ 0.3 nm), and encapsulated them in a silica matrix using sol-gel chemistry. EXAFS
analysis revealed that removal of thiolate ligands at 250 °C in air leads to the partial oxidation
of Pd clusters and that the clusters are completely oxidized to PdO at 650 °C. TEM and CO
chemisorption studies suggest that silica-coated Pd clusters are much more resistant to sintering
than the control sample of Pd clusters on silica spheres. The activity studies over silica-coated
and non-coated catalysts for the methane combustion reaction indicate the presence of the silica
shell on the Pd clusters significantly improves the catalytic activity. Low activity at higher
loading was explained by CO chemisorption analysis, which indicated that fewer sites were

available for catalysis in the higher loading samples.

6.2. Introduction

Over the past several decades, Pd-based heterogeneous catalysts have received great
attention because of their wide range of applications in catalysis. Pd based catalysts are widely
used as an oxidation/reduction catalyst for reactions such as CO oxidation,! methane
combustion,? aerobic alcohol oxidation,® NOx reduction,* and hydrogenation of unsaturated
alcohols.® Pd is well known to catalyze oxidation reactions with high efficiency and can play a
significant role in a three-way catalytic converters to minimize the contents of NOx, CO, and
unburned hydrocarbons in automobile emissions.® Studies show that catalytic activity and
selectivity of Pd nanoparticles often improve when the size of the particles is reduced to the
nanoscale.”® However, few routes are available to synthesize highly monodisperse Pd

clusters.10-13

While there has been tremendous progress in the synthesis of atom-precise Au and Ag
systems,'#1° the synthesis of analogous thiolate protected Pd clusters has been challenging due
to the formation of strong Pd-thiolate bonds and the possibility of the subsequent formation of
PdS species.?>2® Cargnello et al. synthesized water-soluble Pd clusters with a size of 2 nm

using mercaptoundecanoic acid (MUA) as a capping agent.*? Gao et al. reported a modified
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Brust method for the synthesis of Pde(SCi2Hz26)12 clusters using PdCl. as a Pd source and
NaBH, as a reducing agent in tetrahydrofuran.?* Recently, Zhuang et al. successfully
synthesized atom-precise, non-metallic Pds(C12H25S)11 clusters using Pd(I1) acetylacetonate as
a metal precursor and oleylamine as a solvent.?® A single-phase method has been reported for
the synthesis of 4-tert-butylbenzenethiolate-protected Pd clusters with less than 20 Pd atoms.?®
Several studies show that stabilizing ligands on the active sites may block the accessibility of

reactants, resulting in a change in the catalytic activity and selectivity of catalysts.'*

Several stabilization strategies have been explored to overcome the limitations associated
with the sintering of Pd nanoparticles and enhance the stability of precious metal
nanoparticles.?6-2° Encapsulation with porous metal oxides such as silica, titania, or zirconia is
an efficient method to achieve high thermal stability.>®> Among the various metal oxides, silica
is the most widely used material for the synthesis of core-shell catalysts because of its high
thermal stability and chemical inertness. For example, Joo et al. demonstrated that a 17 nm
overlayer of silica prevented the aggregation of 14 nm Pt nanoparticles and found to be stable
during calcination up to 750 °C.3! Our group synthesized a core-shell catalyst by incorporating
MUA-protected Aups clusters into a silica matrix via sol-gel synthesis.3> The sintering of
clusters could be mitigated by encapsulating them with a 40 nm silica shell. The size of the Au
particles was maintained to be ~3 nm upon calcination at 650 °C for 3 h when they were inside
the silica shell. Samanta et al. reported a procedure for the synthesis of highly sinter-resistant
silica-encapsulated Pd catalysts using propylammonium-functionalized thiolate protected Pd
clusters.®® The removal of ligands at 350 °C lead to minor sintering and the average size of the
particles was maintained even after calcination at 750 °C.

Here we synthesized MUA-protected Pd clusters, and encapsulated the Pdm(MUA), clusters
with silica using sol-gel chemistry. EXAFS analysis indicated that thermal treatment at 250 °C
not only leads to the removal of ligands from the Pd surface but also leads to the oxidation of
Pd. Upon calcination at 650 °C, the Pd clusters were found to be completely oxidized to PdO.
The catalytic activity for the methane combustion reaction over the silica-coated and non-
coated catalysts was investigated. A significant improvement in thermal stability and catalytic
activity was observed when Pd clusters were confined in a silica shell. Uncoated Pd clusters
were found to be deactivated after thermal treatment at 650 °C due to the loss of active surface

area by sintering.
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6.3. Materials and Methods

6.3.1. Materials

Potassium tetrachloropalladate (I1) (K.PdCl4, 98%, Aldrich), 11-mercaptoundecanoic acid
(MUA, 95%, Sigma-Aldrich), sodium borohydride (NaBHa4, 98%, Alfa Aesar), acetone
(99.5%, Fischer Scientific), o-phosphoric acid (HsPOs, 85%, Fischer Scientific), methylene
chloride (CH2Cl2, 99.5%, Fischer Scientific), tetrahydrofuran (99.9%, OmniSolv), ethanol
(95%, Commercial Alcohols), tetraethyl orthosilicate (98%, Aldrich), ammonium hydroxide
(NH4OH, 28.0-30.0%, EMD Millipore), and 2-propanol (99.5%, Fischer Scientific) were used
as received. Milli-Q water was used for synthesis throughout.

6.3.2. Synthesis of Pdm(MUA), clusters

Pd clusters were synthesized following a procedure detailed by Cargnello et al.'? Briefly,
K2PdCls (20 mg, 0.060 mmol) was dissolved in H2O (2 mL). To this clear brown solution,
acetone (10 mL) was added, which changed the solution color to a clear orange. Next,
H3PO4 (250 pul) was added, followed by MUA (7.0 mg, 0.030 mmol). The solution was stirred
for 5 min, then cooled in an ice bath. After cooling, a solution of NaBHa (23.2 mg, 0.613 mmol)
in H2O (1 mL) was added. The solution immediately became black upon the addition of
NaBHjs solution. After stirring for an additional 5 min, the ice bath was removed, and the
solution was stirred at room temperature for 5 min. The acetone was removed by vacuum at
room temperature and the solid black product was collected by centrifugation. The solid was
washed with CH2Cl> and water and left to dry at room temperature.

6.3.3. Synthesis of silica-encapsulated Pdm(MUA), clusters

The silica encapsulation synthesis strategy is shown in Scheme 6.1. Pdm(MUA)s clusters (10
mg) were dissolved in THF (1 ml), then diluted with ethanol (10 mL). This Pdm(MUA)x
solution (10 mL) was added to a stirred solution of ethanol (10 mL) and TEOS (500 pL). The
solution was stirred for 2 min, then NHsOH (1 mL) was added. The solution was stirred for 12
h. Silica encapsulated Pdm(MUA)x clusters (0.2738 g) were collected by centrifugation, then
washed with H2O and ethanol. The product was left to dry at room temperature. The dried
Pdm(MUA)@SIO: particles were calcined at 250 °C and 650 °C for 3 h at a heating rate 10 °C
min~* to give Pd@SiOx.

149



Pdm(MUA)s Pdn(MUA)-@SiO:

Scheme 6.1: Silica encapsulation of Pdm(MUA), clusters.

6.3.4. Synthesis of Pdm(MUA), clusters on silica spheres (control sample)
The Pdm(MUA), clusters (10 mg) dissolved in THF (1 mL) and diluted to 10 ml with

ethanol. SiO> spheres (0.2728 g) were added to this solution and stirred for 12 h at room
temperature, followed by drying at 100 °C to remove the water.3? Pd/SiO, was then calcined at
650 °C in air for 3 h; the heating rate was 10 °C min~t. Metal loading on both Pd@SiO- and
Pd/SiO2 were found to be 2.2 % wt% Pd by AAS.
6.3.5. Characterization

UV-Vis absorption spectra of the Pdm(MUA), clusters was collected by a Varian Cary 50
Bio UV-Vis Spectrometer. Images of the Pdm(MUA), clusters were collected by a HT7700
TEM operating at 100 kV. ImageJ software was used to measure the size of 100 clusters for
cluster size distribution histograms.®® Extended X-ray Absorption Spectra Fine Structure
(EXAFS) spectroscopic analysis was performed on the HXMA beamline 061D-1 (energy range
5-30 keV, resolution 1x10* AE/E) at the Canadian Light Source. All data were collected in
transmission mode. The energy for the Pd-K edge (24350 eV) was selected by using a Si (111)
double crystal monochromator with a Rh-coated 100 nm long KB mirror. The double crystal
monochromator was used to remove higher harmonics. Data analysis and EXAFS fitting were
carried out using the Demeter software package.®* An amplitude reduction factor of 0.86 was
obtained from fitting Pd foil. The EXAFS fitting parameters of samples were determined by
keeping this amplitude reduction factor fixed. The fitting of the data was done over the range
1.3-3.8 A (R space) and 2.5-13.5 A (k space), which includes three shells, and modelling results
are shown in Table 6.1. Thermal gravimetric analysis (TGA) was performed using a TA
Instruments TGA Q5000IR under air flow. For the analysis, Pdm(MUA), clusters were heated
from 25 to 500 °C with a heating rate of 10 °C /min. The Brunauer—Emmett-Teller (BET)
surface area and pore size distribution of the Pd@SiO; catalysts were performed on an ASAP
2010 Micrometrics instrument. Prior to the analysis, the catalyst was degassed under vacuum
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at 200 + 2 °C and nitrogen adsorption analysis was conducted at -196 °C. An AutoChem 2920HP
instrument equipped with a quartz U-tube reactor and a thermal conductivity detector (TCD) was
used for CO chemisorption analysis. Prior to the analysis, the catalyst was reduced under 10% Ho/Ar
(25 mL min™) flow at 350 °C for 1 h. Metal loadings were analyzed by a Varian Spectra AA 55

Atomic Absorption Spectroscope.
6.3.6. Catalytic activity for the methane combustion reaction

The catalytic activity of PA@SiO calcined at 650 “C for 3 h was tested for the methane
combustion reaction. The catalytic test was performed in a 20" long tubular reactor with an inner
diameter of 3/8". The catalyst bed with 1.2 mg Pd loading was packed in the middle of the tubular
reactor and layers of quartz wool were used at both ends of the catalyst bed. Gases, 10 % (CH4/N2)
and extra dry air were used for the catalysis. The feed rate for methane and air was maintained to be
8.5 ml/min and 201 ml/min respectively which was controlled by mass flow controllers (Matheson
and MKS). Approximately 4000 ppm of methane was used for the catalytic activity studies and the
corresponding gas hourly space value was calculated between 586 000-592 000 L STP per h per kg
catalyst. The GHSV was defined as a total flow rate (214 mL mint, STP) per the weight of the
catalyst in kg used in the reactor.

6.4. Results and Discussion

A UV-Vis absorption spectra of Pdm(MUA), clusters is shown in Figure 6.1a, which shows
a featureless absorption in the visible region and a steep rise in the lower wavelength which
indicates the reduction of Pd(I1) to Pd(0) and the formation of very small Pd colloids.3* TEM
images of the as-synthesized clusters before and after silica encapsulation are shown in Figures
6.2a and 6.2b. The average particle size of the Pd clusters in the Pdm(MUA), and
Pdm(MUA)@SiO2 samples were measured to be 1.1 + 0.3 nm and 1.3 + 0.4 nm respectively.
After encapsulation, a slightly larger size was seen, which is likely an artifact due to the
inability to focus on small clusters in a three-dimensional silica sphere. After calcination at 250
°C, the average size of the particles was measured to be 2.2 + 0.8 nm, which is shown in Figure
6.2c. A little growth in the particle size was seen in the calcined sample which is likely due to
the agglomeration of multiple clusters in the single silica matrix. A major weight loss was
observed at a temperature range of 150-250 °C in the TGA analysis (Figure 6.1b) which
indicated that clusters begin to lose thiol ligands at 150 °C and that these ligands are completely

removed at 250 °C.3 The removal of thiolate ligands from the Pd surface at 250 °C was
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confirmed by EXAFS analysis below. Figure 6.2d shows the TEM images Pd@SiO, after
calcination at 650 °C. Upon calcination, a great number of clusters aggregated, and the size of
the particles inside the silica sphere increased to 4.9 £ 2.6 nm.
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Figure 6.1: a) UV-Vis spectra of Pdm(MUA); clusters, and b) TGA plot of Pdm(MUA),
clusters.

Figure 6.2: a) TEM image of Pdm(MUA)x clusters, b) as-synthesized PA(MUA) @ SiOz, c)
Pd@SiO: calcined at 250 °C, and d) PA@SIO> calcined at 650 °C.

Figure 6.3 shows the TEM images of the Pd clusters deposited on silica spheres. The average
size of the as-synthesized Pd clusters was measured to be 1.1 £ 0.3 nm. After calcination at 250
°C and 650 °C, it is clearly evident that clusters on the silica spheres are not stable and
agglomerated to form larger particles. The average particle size was measured to be 3.9 + 2.0
nm and 5.3 £ 9.2 nm upon calcination at 250 °C and 650 °C, respectively. Previously our group
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found that Auzs clusters are much more sinter resistant when they are in a silica shell, while
significant sintering is observed on the non-coated samples (Auzs clusters on the silica
sphere).®? Park et al. carried out similar studies of larger 4 nm Pd nanoparticles.?” Significant
improvement in thermal stability and activity for CO oxidation reactions was observed for the

silica-coated sample, while the non-coated samples showed tremendous sintering and poor

activity.

Figure 6.3: TEM images of a) as-synthesized Pd/SiO, samples, and b) calcined at 250 °C,
and c) calcined at 650 °C.

The mesoporous nature of the Pd@SIiO> catalyst calcined at 250 °C was confirmed by
nitrogen adsorption/desorption isotherm which is shown in Figure 6.4. The Pd@SiO: catalysts
exhibit a type IV adsorption isotherm and the BET surface area of the catalyst was measured
to be 100 m?/g.* The pore size distribution of the catalysts was measured from the BJH
desorption plot and the pore size was found to be 21 nm. We believe that removal of protecting

ligands and solvent leads to disordered mesoporosity.
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Figure 6.4: BET surface area analysis of silica encapsulated Pdm(MUA)x clusters.
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The Pdn(MUA),@SiO2 materials as-synthesized and calcined at different temperatures
(250°C and 650°C) were also analyzed by EXAFS spectroscopy at the Pd K edge. Figure 6.5
shows EXAFS plots in R-space for these samples; there is a large change in the speciation of
the Pd clusters upon calcination. Figure 6.6 shows the Pd-K edge EXAFS in k-space and phase-
corrected R-space of the as-synthesized Pdm(MUA)@SiO- and calcined at 250 °C. The black
line represents the experimental Fourier transformed EXAFS spectra and the red line represents
the simulated fit. Since as synthesized samples showed Pd-S and Pd-Pd contributions, Pd-S
and Pd-Pd paths from PdS and fcc Pd structures were used for EXAFS data fitting. The
experimental fit parameters are shown in Table 6.1. The modelled Pd-S and Pd-Pd bond lengths
were found to be 2.29(1) A and 2.78(1) A, respectively, which are consistent with literature
values.®® The low Pd-Pd CN of 2.6(3) is indicative of the presence of very small zerovalent Pd
clusters. Overall, the EXAFS data is consistent with the presence of small thiolate stabilized
Pd clusters which are capped by thiolate ligands. After calcination at 250 °C, the Pd-S
contribution was not observed, which gives a clear indication of the removal of thiol ligands
from the Pd surface. This result is in good agreement with the TGA result. First shell
contributions from Pd-Pd and Pd-O were fit using fcc Pd and PdO models, respectively. Pd
was found to be partially oxidized, and Pd-O scattering was observed at 1.96(2) A.3” Another
peak was found to be at 2.737(6) A which is due to the metallic Pd-Pd contribution.® The small
growth in the Pd-Pd CN is consistent with mild sintering as seen via TEM.
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Figure 6.5: Pd K-edge EXAFS spectra in R-space of Pdm(MUA),@SiO> catalysts calcined at

different temperatures.
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Table 6.1: EXAFS fitting parameters Pdm(MUA),@SiO2 materials as synthesized and

calcined at different temperatures.

Catalyst Type CN R/IA o |A2 E, R

shift | (%)
(eV)

As synthesized Pd-S | 23(2) | 229(0) 0.009(4) | 1.0(8) | 1.1
Pd-Pd | 26(3) | 2.78(0) 0.0093) | 1.0(8)

Calcined at 250 °C Pd-O | L.7(6) | 1.96(2) 0.007(5) | 1.2(9) | 1.8
Pd-Pd | 41(5) | 2.737(6) | 0.006(1) | 1.2(9)

Calcined at 650 °C P&-O | 3.8(3) | 2018(6) | 0.0016(8) | 2.5(9) | 1.1
Pd-PdL | 3.6(7) | 3.047(8) | 0.005(1) | 2.5(9)
Pd-Pd2 | 6.2(5) | 3.428(7) | 0.005(2) | 2.5(9)
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Figure 6.6: Pd K-edge EXAFS fitting data of Pdm(MUA) @SiO> in a) R-space, and b) k-
space. Pd K-edge EXAFS fitting data of Pdm(MUA),@SiO- calcined at 250 °C in c) R-space,
and d) k-space.

Figure 6.7 shows the EXAFS k-space and phase-corrected R-space of the PA@SiO> catalysts
calcined at 650 °C. After calcination at 650 °C for 3 h, three prominent peaks were observed in
the R-space EXAFS data at distance 2.018(6) A, 3.047(8) A, and 3.428(7) A. Since the EXAFS
spectra was found to be similar to the spectrum of bulk PdO, a Pd-O model was used to fit the
data. Three scattering paths, Pd-O, Pd-Pd, and Pd-Pd, were used. In the PdO crystal structure
(Figure 6.7a), Pd atoms are surrounded by four O atoms located at a distance Ry = 2.0194 A
from the central Pd. The second shell is composed of four Pd atoms at a distance R> = 3.036
A, and the third shell is composed of eight Pd atoms at a distance Rs = 3.4209 A. The three
peaks observed at distance 2.018(6) A, 3.047(8) A, and 3.428(7) A represent the contribution
from first, second and third shells respectively. The Pd-O bond distance of 2.018(6) A is
consistent with that of PdO.*° The coordination numbers for all three shells was observed to be
less than the theoretical value, which is consistent with the presence of small PdO particles.

The conversion of Pd to PdO at 650 °C is in good agreement with the literature. 4°
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Figure 6.7: a) Unit cell of Pd-O, grey and red circles represent Pd and O, respectively, and
Pd K-edge EXAFS spectra in b) R-space and c) k-space of PA@SiO> catalysts calcined at 650

°C.

Figure 6.8 shows the methane oxidation plots as a function of temperature over Pd@SiO>
catalysts that were calcined at 650 °C. Methane starts to be oxidized over these catalysts at 450
°C and showed maximum activity (31%) at 550 °C. The moderate activity is likely due to the
inaccessibility of the Pd active sites through the silica shell. Interestingly, the Pd clusters were
found to be completely deactivated when they are deposited on the silica sphere; showed only
a 3% methane conversion at 550 °C. This difference is likely due to the much greater sintering
seen in the control samples. Previously Habibi et al. observed similar conversions over
nonporous silica encapsulated Pd nanoparticle catalysts with 7.1 % loading (Pd wt%) and
surface area 70 m? g1.4! They studied the effect of the porous nature of a silica shell around
the 8 nm Pd nanoparticles on the methane combustion reaction. The Pd catalysts with a
nonporous shell showed a conversion 28% at 550 "C whereas a significant improvement in

conversion was seen in the porous silica-encapsulated catalysts.
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Figure 6.8: Methane combustion reaction over PA@SiO2 and Pd/SiO; catalysts.

CO chemisorption analyses were done to probe the relative availability of Pd sites in the
catalysts. Both catalysts were reduced under Hz flow prior to the chemisorption analysis.
Dispersion data from CO chemisorption measurements are summarized in Table 6.2. The
average size of the particle, as determined from chemisorption analysis, was calculated to be
47.8 nm. This large discrepancy in size from that measured from TEM and EXAFS data
indicates that a large amount of the Pd seems to be inaccessible for CO (and thus for catalysis
as well) in these systems. Both TEM and CO chemisorption data suggest severe agglomeration
of Pd clusters occurred on the silica sphere during the activation process. The Pd dispersion of
Pd/SiO> was measured to be 1.9 %, which yielded a calculated particle size of 56.9 nm. The
CO chemisorption data also strengthen the claim that catalytic deactivation after the activation

process is due to the loss of active surface area due to the sintering.
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Table 6.2: CO chemisorption analysis and catalytic activity for methane combustion reaction

of 0.5-Pd@SiO; and 2.0-Pd@SiO; catalysts calcined at 650 °C.

Sample Pd Particle size Particle size CHa conversion
dispersion from CO from TEM at 550 °C (%)
(%) chemisorption
Pd@SiO> 24 47.8 nm 49+26nm 31
Pd/SiO; 1.9 56.9 nm 9.3+5.2nm 3

6.5. Conclusion

In summary, we synthesized silica encapsulated Pdm(MUA), clusters, followed by

calcination to give Pd particles dispersed inside silica spheres. EXAFS results revealed that the

complete removal of thiolate ligands from the Pd surface occurred under thermal treatment at

250 °C in air that facilitates the partial oxidation of Pd atoms. Upon calcination at 650 °C for 3

h under air, the Pd clusters were found to be completely oxidized to PdO. The catalytic activity

for the methane combustion reaction over Pd@SiO2 and Pd/SiO; catalysts calcined at 650 °C

was investigated. The Pd@SiO; catalysts showed 31% conversion at 550 °C for the methane

combustion reaction while complete deactivation was observed in control sample.
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CHAPTER 7

Conclusions
7.1. Summary and Conclusions

This thesis investigated several strategies for minimizing the sintering of thiolate-protected
Au and Pd cluster catalysts during the activation process of high-temperature calcinations.
Chapter 2 described a strategy for the isolation of Aus(MUA)1s (MUA = mercaptoundecanoic
acid) clusters in a silica matrix via silica sol-gel chemistry. The silica-encapsulated clusters
showed a significant sinter-resistance upon calcination and grew from ca. 1.1 nm + 0.3 nm to
2.2nm = 1.0 nm and 3.2 £ 2.0 nm after calcination at 250 °C and 650 °C for 3 h, respectively.
The average particle size measured by TEM is in good agreement with EXAFS results. The
average coordination number of the calcined sample (650 °C) was measured to be 10.5(6)
indicated the size of the particle is ~3 nm. The slight growth in particle size was seen in
encapsulated catalysts which is due to aggregation of multiple clusters in some of the silica
spheres. Control samples of Auxs(MUA)s clusters decorated on the top of silica colloids
showed tremendous sintering upon calcination with average particles sizes of 3.2 £ 1.7 nm and
15.5 £ 10.0 nm seen at similar calcination temperatures of 250 °C and 650 °C, respectively.
Catalytic activity studies for 4-nitrophenol reduction and styrene oxidation reactions suggested
that active sites on the Au surface are accessible through the mesopores in the 40 nm silica
shell and catalytic activity was almost preserved after the calcination at 650 °C, whereas
catalyst deactivation was observed in the non-encapsulated sample. However, mass transfer
issues were identified in the final encapsulated clusters, though turnover numbers for styrene
oxidation adjusted for the number of surface metal atoms suggested that encapsulated catalysts
calcined at 650 °C were less hindered by mass transfer issues, potentially because all thiolate

by-products were removed by this temperature.

From the previous study, | understood that the thickness of the metal oxide shell plays a
significant role in the catalysis. My next focus was to control the thickness of the shell around
the clusters and optimize the number of layers of metal oxide to protect the clusters towards
sintering. Atomic layer deposition offers an efficient route for depositing highly uniform and
conformal films. In Chapter 3, the nature of the ligand on Au clusters on the effectiveness of
ALD overlayer growth was studied, along with the effect of the number of alumina layers on

the thermal stability of Auzs(SR)1s clusters. 10 cycles of alumina ALD overlayers were
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deposited on Auzs(SR)1s clusters protected with two different ligands (mercaptoundecanoic
acid and dodecanethiol), and dramatically improved thermal stability of clusters was seen for
clusters which had surface carboxylic acid groups. This is likely due to the fact that the
trimethylaluminum ALD precursor can anchor to surface carboxylate groups, leading to ALD
overlayers on top of clusters in that system, while for dodecanethiolate stabilized clusters, ALD
growth can only occur around the clusters. To study the effect of thickness of the alumina layers
on thermal stability, catalysts were synthesized by 5, 10, and 20 cycles of alumina deposition
over Auxs(MUA)1s clusters predeposited on alumina supports. Auxs(MUA)1g clusters stabilized
by 20 cycles of alumina overcoats were much more sinter-resistant than the 10 and 5 cycle
coated clusters. The average particle size of 20 cycle alumina-overcoated Auzs(MUA)1s
clusters calcined at 250 °C and 650 °C was found to be 1.8 £ 0.5 nm and 2.4 £ 0.9 nm

respectively.

In Chapter 4, the driving force for agglomeration of Auzs clusters on a mesoporous silica
support was investigated using environmental in situ TEM analysis. To improve the metal-
support interaction, 3-mercaptopropyltrimethoxysilane was used as a stabilizing ligand for
Auys synthesis. These supported clusters were calcined at various temperatures (250 °C, 450
°C, and 650 °C) under air for 3 h and analyzed by TEM and EXAFS. A significant growth in
the particle size was observed in 450 °C and 650 °C treated-Auzs(MPTS)1s/SBA-15 samples.
The in situ heating experiment was performed under oxygen (1 Pa) atmosphere in a specialized
TEM cell that enabled direct observation of Auxs(MPTS)1g clusters on the mesoporous silica
SBA-15 support. At the earlier stage of heating, the driving force for sintering is likely due to
the particle migration and coalescence mechanism. It is found that smaller particles migrate
and coalesce into bigger particles, while the growth of even larger particles is likely due to the
Ostwald Ripening. The mobility of nanoparticles increases as the calcination temperature
increases and the speed of mobile Au particles was measured to be 0.2 nm/s and 1.1 nm/s at
temperatures of 550 °C and 650 °C respectively. To reduce the mobility, Auxs(MPTS)1s/SBA-
15 was treated with TEOS precursor in humid conditions to create silica overlayers on the
clusters. In the silica-overcoated samples, the speed of the mobile Au particles was found to be
0.1 nm/s at 650 °C, which was much smaller than that was seen in the non-coated sample. The
result strongly suggested that the additional TEOS overcoating treatment helped to mitigate the
mobility of the Au clusters. However, small growth of particle size was still observed at higher

temperatures.
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Chapters 2, 3, and 4 mainly describe the bottom-up approach for the thiolate-stabilized
Auzs(SR)1g cluster synthesis. In Chapter 5, a top-down approach was used to synthesize a
ligand-free catalyst that did not need to be activated for catalysis. Ag nanotriangles
encapsulated in silica were broken down into small Ag clusters via a high-temperature
calcination step. Subsequently, Ag-Pd bimetallic catalysts were synthesized using the ligand-
free Ag clusters as a sacrificial template for galvanic replacement of Pd. The reduction of Pd?*
to Pd® was monitored using in situ Pd L3 edge XANES spectra. XPS and EXAFS analysis
provided clear evidence for the formation of bimetallic AgPd particles with high Pd loadings.
The low coordination number of Ag by EXAFS analysis suggested that the remaining Ag atoms
are dispersed on the surface of the Pd core. The catalytic activity for 3-hexyne-1-ol
hydrogenation was investigated and the bimetallic Ag-Pd@SiO; catalysts showed a superior
selectivity for the selective hydrogenation to 3-hexene-1-ol.

In Chapter 6, silica encapsulated Pd,(MUA)m clusters were synthesized and the structural
changes of the Pd clusters were monitored during the activation process. EXAFS results
indicated that removal of thiolate ligands at 250 °C in air leads to the partial oxidation of Pd
clusters and that the clusters are completely oxidized to PdO at 650 ‘C. To study the
effectiveness of the silica coating around the Pd clusters, the catalytic activity and thermal
stability were compared with non-coated catalysts. The encapsulated Pd clusters showed much

better activity for methane activation compared to the un-encapsulated clusters.

Finally, the major findings of this thesis are summarized as follows: first, that metal oxide
coatings over catalytic metal clusters can be helpful to mitigate sintering, presumably by
slowing down the particle migration and coalescence mechanism. Since the overlayers can
limit catalysis due to mass transfer challenges, coating with thinner layers is highly desirable
to enhance the catalytic performance. Second, the nature of the stabilizing ligand on the clusters
has a significant role in the effectiveness of metal oxide coating. Finally, | established that
thermal degradation behavior of Ag metal can be utilized to fabricate ligand-free metal clusters
that enable to avoid the need for a secondary activation process.

7.2. Future outlook

Encapsulation with metal oxide shells is a straightforward way of stabilizing metal
nanoparticles towards sintering. In Chapters 2 and 3, a protective metal oxide shell was shown

to substantially enhance the thermal stability of Auzs(SR)1s clusters. The encapsulated catalysts
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were found to be more sinter-resistant than non-encapsulated catalysts. One of the important
challenges of encapsulation is the mass transfer issue associated with the silica shell that needs
to be addressed. The enhanced thermal stability of the encapsulated metal clusters is at the cost
of their catalytic activity, owing to the blocking of active sites and delayed mass transfer as
compared to that of the pristine metal clusters. It is highly desirable to synthesize a sinter-
resistant catalyst while minimizing the mass transfer issue associated with the protective shell.
Wang et al. have shown that encapsulation with hollow nanostructures is suitable for improving
mass transfer.! That is, if the shell can be made very thin it should not limit the mass transfer
of reactants and products.? Only a few attempts have been made to control the sintering of
metal clusters by growing a hollow shell of metal oxide and other materials.>* To date,

encapsulation of atom-precise clusters with a hollow shell has not been reported.
7.2.1. Synthesis of metal clusters encapsulated within hollow silica spheres

The insertion of metals clusters in a yolk-shell structured material is of special interest since
this method offers an efficient way to minimize the mass transfer issue associated with the shell
while protecting against agglomeration. Many groups have shown that large hollow space
between the shell and catalytic sites are suitable to minimize sintering while preventing surface
blockage associated with a dense shell around the nanoparticles.>® A general strategy for the
synthesis of yolk-shell catalysts is an encapsulation of metal core with double shells of different
materials, followed by selective etching of the inner shell.” For example, Zhan et al.
demonstrated that unwanted ligands can be converted to mesoporous carbon shells via an
efficient thermal annealing strategy.® By annealing at 500 °C under nitrogen atmosphere, the
protecting ligands, octadec-9-enylamine, on the Au nanoparticle were carbonized to a carbon
shell that offers partial encapsulation, and this can be an efficient way of significantly slowing
down the sintering of clusters and maintaining the exposure of active sites. Inspired by this
work, below 1 lay out a possible procedure to synthesize Au catalysts encapsulated with a

hollow silica shell.

Encapsulation of metal clusters with carbon shells can be carried out using a reported
procedure used for larger nanoparticles.®° Briefly, an aqueous solution of Auzs(MUA)1s
clusters can be added to triblock copolymer EO106PO70EO106 (F127) in H20 with stirring to form
a clear solution. As a first step, the concentration of F127 will be optimized. Then the solution
can be placed in a sealed autoclave and maintained at 100 °C for 1 h. The metal cluster

encapsulated with a carbon shell can be collected by centrifugation. In the next step, silica

167



shells can be deposited on the carbon shell via sol-gel polymerization of TEOS in a basic
medium. Finally, the hollow shell can be obtained by the thermal removal of the carbon shell
at 550 °C in air. The thickness of the silica shell can be controlled by changing the concentration
of TEOS, base, and reaction time.!! The effect of thickness on the catalytic activity could be
studied by tuning the thickness of the silica shell. Both TEM and EXAFS analyses can be used
to study the thermal stability of the catalysts before and after calcinations at various
temperatures. Methane combustion and CO oxidation reactions could be used as model
reactions to study the catalytic activity of these materials.

7.2.2. Synthesis of ligand-free catalysts via a top-down approach

A bottom-up approach especially chemical reduction method is the most common and
simple method for the synthesis of metal clusters.'? This method involves the reduction of a
metal precursor using reducing agents in the presence of stabilizing ligands. The major
challenge associated with the chemical reduction method is the requirement of stabilizing
ligands to control the nucleation process and inhibit further particle agglomeration. Since
stabilizing ligands block the active sites on the metal surface, an activation process is required,
which leads to the deactivation of the catalyst.!®* As the top-down approach offers an efficient
route to synthesize catalysts with a clean surface, the activation process can be eliminated,

which addresses the sintering issue during activation.

AUAg@SIiO, and PtAg@SiO; catalysts can be synthesized via galvanic replacement of
corresponding metal precursors using the procedure that was mentioned in Chapter 5. Since
Au and Pt also have higher redox potentials than silver metal, Ag clusters can also be replaced
with Au and Pt.2 Silica encapsulated Ag clusters can be synthesized as reported by Gangishetty
et al.1* As proof of concept, | looked to make both AuAg and PtAg clusters using this method.
For the AuAg system, 20 mg of a Ag@SiO2 material (made as described in Chapter 5, with 3.7
x 10 moles of Ag) was dispersed in ethanol, followed by the addition of HAuUCIl4 (3 equiv.).
After 1 h stirring, the Au-Ag@SiO> sample was collected by centrifugation. Pt-Ag@SiO-
catalysts can similarly be synthesized by adding H2PtCls (2 eq.) to Ag@SiOo.

The as-synthesized proof-of-concept Au-Ag@SiO, sample was characterized by TEM and
analysis. The average size of the clusters was measured to be 2.5 = 0.3 nm which is shown in
Figure 7.1. In the XPS spectra, two peaks were identified at 84.3 eV and 87.9 eV which

correspond to the Au 4fs, and 4fs;, spin-orbit peaks for the metallic Au.*® In future work,
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samples could be characterized by XAS at the Au Lz and Ag K edge to study the structure of

the bimetallic nanomaterials. PtAg@SiO> catalysts could similarly be characterized by TEM,
EXAFS, and XPS analysis.
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Figure 7.1: a) TEM image of a) as-synthesized Au-Ag@SiO2 b) Ag 3d XPS spectra of Au-
Ag@SiO; and ¢) Au 4f spectra of Au-Ag@SiO..
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