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ABSTRACT

A major concern associated withe use ofnnoble metal nanoparticlesnd clustersfor
catalysids stability. Stabilizing ligands are used to prevent the agglomeration of nanopatrticles
synthesized under ambient conditions. However, these ligands may block the active sites on
the metal surfacelypically, high-temperature heat treatme®60 ‘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 occudsiring heat treatment processbecause of the increased
mobility of the nanomaterials and can lead ttalyst deactivation as the surface area of the
catalytic nanoparticles decreasddany studies have focused on improving the thermal
stability of nanoparticlecatalysts by protecting them with metal oxide shells. However,
protective shellgan also maké harder forsubstrates to diffuse to the surface and r¢has
creating massransfer issuesThe main focus of thishesisis synthesizingsinterresistant
metallicand bimetallic catalysts

In Chapter 1, a detailed description aidtivationprocesses and methods for enhancing the
thermal stability of nanomaterials are provid€thapter 2 details howotectivesilica shell
with a thickness of40 nm enhance the thermal stability of At(MUA)1g clusters
(MUA=mercaptoundecanoic acidjhe morphologyof the resultingAu catalystshefore and
after calcination at temperatures up to 660wasanalyzedby TEM and Extended Xay
Absorption Fine Structure Spectroscopy (EXAFS) analyses, which showed that the Au
catalysts are much more stable to sintering compared-émcapsulated clusterddowever
mass transfer isss@ssociated witlthe silica shell vere alsoobservedChapter 3 shows that
Atomic LayerDepositioncan be areffective method to control the shell thickness of alumina
overlayers usingAuzs(MUA) 18 and Aus(DDT)1s8 (DDT=dodecanethiol) clusterS.EM 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 Auzs(MUA) 1gclusters In Chapter 4the sintering behaor of Auxs(MPTSks (MPTS=3
mercaptopropyl)trimethoxysilane) clusters on mesoporous silica sappoder oxygen
atmosphere (1 Pa) was studied byresitu TEM techniqueParticle migration and coalescence
was found to be the more dominantechanism for the sintering of monodisperse
Auzs(MPTS)s clusters on thenesoporous silica suppohh situ TEM studies showed that the
mobility of the particles increases as the calcination temperature increases. Further TEOS
treatment helped to reducestmobility of Au nanoparticleby forming silica overcoatand

the resulting materials showedcellent sinteresistance up t650e CThe stability of TEOS



treatedAu2s(MPTS)he/mesoporous silica catalysts were also confirmed by EXAFS andlysis.
Chapter 5,the galvanic replacement reaction was employed for synthesizing bimetallic
catalysts from silica encapsulated Ag nanoparticles. During the activation pro6&€s @t

Ag nanoparticles were fragmented into smaller particles with an averagef2.2 £ 1.0 nm

and well dispersed in a silica matrix. These activated Ag clusterghegnesed as sacrificial
template for galvanic replacement reactiaamg Pd salts. iquid cellin situ X-ray absorption
analysis was utilized to monitor the gahic replacement reaction of Ag@silica with Pd
precursos. Finally, Chapter 6 focusson the synthesis difie encapsulation @tomprecise Pd
clustersin silica for use as catalysts fanethane combustion react®rCatalytic activity
studies for methane combustion reactiosingencapsulatedndnon-encapsulateBdclusters
show that encapsulated clusters were much more active for methane oxidation than their non

encapsulated counterparts
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CHAPTER 1

1. Catalysisby nanomaterials

Catalysis play an important role in industry becaus®stchemical reactiosioccur on the
surface of catalyst$iomogeneous and heterogeneoatalyss are two majoclassificatiors
of catalyss. Since thecatalyst and substrate are in the same phasgcling ofhomogeneous
catalystds an important issue iargescaleproduction of chemical$ieterogeneous catalysts
offer an advantage that products are easgjyaratedrom the catalyssince both catalysts and
reactants are in different phases. Howgbaterogeneous catalysgemetimesshow lesser
activity or selectivity than homogeneous counterpattdlanocatalysis has emerged as a
subfield from thenanoscience thaiffers a unique solution to overcome all the limitations
associated witithe homogeneous and heterogeneous catalytic sgstsdanocatalyis can
bridge the gap between homogeneous and heterogeneous catadsasying the desirable

attributes of botlsystems

The word f@Ananoo0 obgeftethas hate at least ong dimenmssnithe
nanoscale range {100 nm) of size. Nanoparticles have specific physical and chemical
properties that are intermediate between those of the atomic element from whiarehey
composed and bulkaterials It is observed that a strong relationship exists between catalytic
activity and properties of nanomaterialse to factorssuch assurface to volume ratio,
geometric surfaceearrangementurface atom arrangemsmndundercoordinated atoms),
electronic interactions between atomsand quantum size effed$ Precious metal
nanoparticles including Ag, Au, Pd, Pt, Rind Ruhave been found to be active fmiany
industrial reaction$ Among thesenetals, Au has been attracted tremendous research attention

since the discovergf its catalyticproperties

In the 1970s, Amanoparticles were found to be promising{t@mperature catalysts for CO
oxidation® Au nanoparticles that are below 5 nm in size are an efficient catalyst for CO
oxidation at low temperatures7{ e I Since discovering the excellent activity for CO
oxidation at low temperatures, Atatalysishas beera hotspot for research. Haru& al
investigated the catalytic activity of Au catalysts supported on various oxides for selective
catalytic reduction of N©to N2 by hydrocarbons such as propane, propene, ethadethene

and reported Au/ADs is most activefor the reduction reactiohFollowing the pioneering



study of Haruta, grouphave explored the catalytic activity of Au famany reactions’®
Recently Au catalysts have been commercialized in China faytfithess of vinyl chloride

by acetylene hydrochlorinatidfi. Although factors such as mespport interactios) the
nature ofthe 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; gereatalytic
activity increases as the size of the particle decréagrse to the excellent activitghemical
stability, availability, and lowerprice compared td’t and Rh, Au can be a good replacement
for industrial applicationg-lowever, the major challenge of using Au as a catalyst is sintering.
Au nanoparticlecatalyststend to deactivate at moderate temperati260(e Cdue to the
agglomeration of clusteravhich restrics the use of Ausystemsas catalysts in industry.
Synthesis of sinteresistant Au nanopatrticle catalysts remains an elusive research goal in the
field.

1.2 Classification of nanomaterials

Based onthe relative size of the materials nanomaterialsare often classified into
nanoparticles and clustefsColloidal particlesthat are2-100nm in size are commonly known
as nanoparticlesvhile colloids that are below 2 nm in size are often referred to as clusiers
shown inFigure 11, the electronic properties of materiaisry with thar size.Nanoparticle
have propertiebetween bulk materialvith continuous energy states and clustengch have
discrete energy level€lectronic properties are drastically changed from nanoparticles to
clusters due to the loss of overlapping atomic orbifaBelow 2 nm-sized metal clusters
exhibit quantum confinement effecsuch aghe disappearance aurface plasmon resonance
(SPR)bands and emergence of HOMOUMO transitions. Specifically, Au nanoparticles
show SPRbandsdue to the collective oscillation of electrons in the conduction baks UV-
visibleradiation passes through the nanoparticieslution, the electron density in the particle
is polarized to one surface and oscillates in resonance with the frequency of incident radiation
causing a standing oscillatioResonance conditieepend on thsize, shapeand dielectric

constant of the metalanoparticleand surrounding material.

Nanoparticles and clusteese often preparedby the reduction of metal precursonsthe
presence ofcapping agents such as polymers, amines, and surfactantstabilize the
nanoparticles from agglomeration. Stabilization in colloids is achieved by either electrostatic
or steric stabilizatiod® Electrostatiarepulsion between the particlegdiseto the formation of

an electricaldouble 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 ioniactanits. Steric
stabilization isoften achieved by the adsorption of macromolecules to the surface of metal
nanoparticles that inhibit the agglomeration of nanopatrticles in solution. A shell is formed via
metatligand interactions that provide stabilityttze colloidal system.

Nanoparticle Cluster Single atom

Geometric
Structures

Electronic
Structures

Metalenergy band  Molecular orbitals Atomic orbitals

Figure 1.1: Geometric and electronic structare nanoparticls, clustess, anda single atom

Reprintedwith permision from referencd 2. Copyright2018, 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 scal&Noble metals with sizes ithe nanosca, also commonly
referred to as nanoclusters, or simply as clustgserally show excellent catalytic activity
due to their enhanced surfaievolume ratiowhich leads tanore active sites, as well as
having modified surface geomedss and tremendouslydifferent electronic propertiesas
compared tdulk materialsand nanoparticledNaked metal clusters are typically unstable in
solution, and theisynthesisbecoms feasible when protected with smaéitronglybound
ligands such as thiolates, carbenes, phosphenes, and seléddlagstability of clusters is
oftenachieveddy acoreshell morphology, in which core with a certain numbenefalatoms
is protected bya shell that consistof metatligand staple motifsThe type of ligand, among
other factors, influences reaction conditions for the successful synthesisnaf pgatected
metal clustersAlthough clusters protected with other ligardsincluded theemphasibelow

is on different forms of thiolat@rotectedmetal clusters



Among metal clusters, Au monolayer protected clusters have been extensively. stitelie
the first report of Au(SCNR(PPR)7 clustersin 1969 manyresearch efforthave beemade
resuling in the development af variety of Au clusterst®?2 A detailed crystallographic study
of Au11(SCN)(PPh)7 clustersindicated that one Au central atom is surrounded by ten gold
atoms that are attached to one ligand e&cth981 Schmidet al introduced a method for
synthesizing Ass[P(CsHs)s]12Cls clusters®® Brust and coworkers firsteported a biphasic
method in 1994 for synthesizinigiolate basednonolayefprotected cluster&:?> As shown in
Figure 1.2, the metal precursor is dissolved in an aqueous solatnehtransferred into the
organic phasasing phase transfer agsmiuch asetraoctylammonium bromidén the second
step, Au (lll) salts in toluene are converted into Au(l) species by reacting vattsthibilizers.
Finally, the Au(l) species are reduced by adding an excds$aBifk. These Auclusterswvere
found to be relatively polydisperse in nature, and the size of the clusters could be tuned, to
some extent, by changing the Abiol ratio and typeof thiol used.In seminal work Schaff
andcoworkers isolated a series of clusters ranging in size fibhto~1.9 nm by fractional
crystallization or column chromatograpff?’ Palmer et al made a detailed study of
Auss[P(CsHs)3]12Cls  clusters usingaberraibn-corrected scanning transmission electron
microscopy (STEM) combined with simulation of STEM imagfe®8 The lesulsindicated that
the Auss[P(CsHs)3]12Cls samples containeclusters with different crystal structures as well as
clusters containingetween30-60 Au atomsDueto samplepolydispersity andhe uncertain
surface structure of monolayer protected clusters, struatingty relationshig in catalysis
for such clustrscould not bavell explained®® To revealan atomic level understanding of such
arelationship, a model catalyst with monodisperseaali-definedstructure is required-or

fundamental studies on the size effect in catalysis, it is crucial to prapardisperse clusters.

Au(IIn) @\ 9
g e.g.AuCl, Controlled Au(l) O it
¢! . 0°C > aggregation > \ 8 I©
_.-"'J ILL' Reduction S-" Reduction
by thiols (i) R (ii)

A @3 e

Figure 1.2: Schematic representationtbe Brust Shiffrin synthesis oAu clustersReprinted
with permissiorfrom reference4). Copyright2008, American Chemical Society.



1.4. Atom-precise Au clusters

The demand for monodisperse catalysts resultetherdevelopmentof a new class of
materials, known astomprecise clustersAtom-precise clusters can be used as model
catalyss to explore structureactivity relationshig in catalysisbecausethey have awell-
defined structureAtom-precise clustersre highly monodispersestable, structurally well
defined, and generally designated ag. \Mwhere x is the number of metal atoms, and y is the
number of protecting ligands (L) in the cluster composit@rganic ligandsuch aghiols,
acetylene, carbengshosphines, anskelenolateprovide stability tahe Au core under ambient
conditions In recent years, tremendous research has focused on the ability to synthesize
monodisperse, atoqprecise metal cisters by optimizing the synthesis conditions such as
solvent, metal to ligand ratio, temperature, reducing agent, and purification and separation

strategies> >

Thiolate protected clusters anadely studied due to strong sulforetal interactions that
enable good stability in solution, facile syntheaisd controlled cluster composit®as well
as functionalization of stablelustes. In this thesis,| focus on the synthesis of thiolate
protected clusterd.hiolate protected clusteese generally represented by their exact formula
Aun(SR), where n and m are the respective numbemetal atomsnd thiolate ligands (SR).
Suchclustere an be synt he-sapaednddoiwantod psoytnttohndaepi ¢ st r
down approaabs involve the breaking of a bulk material into nanostructures by the use of
physical processuch adithographic technique¥;38 ball milling,*® pulse laser vaporizatidf,
or chemical etching! Chemical etching is the most simple method to synthesize Au clusters
from larger structuresZhou et al. synthesized Ael clusters by breakingpartAu nanorog
under sonication in #D.*! The ttomrup approach involvethereduction ofametal precursor
usingareducing agent followed by nucleation of zerovalent metal clusters. Various modified
BrustSchiffrin methods are representativiethe bottomup synthetic strategyany reports
on the synthesis, characterizatioand applications of atoprecisethiolateprotectedAu
clustes such as Awa(SR)0,*2 Au102 SR s, *® Auzs(SR)R4,** andAuzs(SR)s,*® can be found in

theliterature.

Among these clusterf\us(SR)s clusters havattracted tremendous research attention
because otheir reproduciblesynthesesand high stabilityln 2004, Murray and coworkers
synthesized weltlispersed Au clusteusinga modified Brust procedure and mislabellgds
Auss(SCH.CH:Ph)24.¢ Later, they investigated the structural details of these clusters with the
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use of electron spray ionization mass spectrometry eowectly identified them as
Auzs(SCHCH:PhYs clusters’ The first report for the high vyield synthesis of
phenylethanethiol protected Aiclustersvasdocumented by Jin and coworkers in 26608
atypical procedure, Au (lll) in agueous solutimtransformed into organichase(toluene)
with aid of tetraoctylammoniufT OA) bromide. The solutiors cooled down t® €C, followed
by the addition of phenylethanethidit this point hie colar of the solution turns from orange
to colorless that indicate the reductmiAu (Ill) to Au (I). Thenthe Au:SR (I) intermediatés
reduced byaddition of anice-cold NaBH: solution. It is observed that temperature greatly
affects the kinetics aflustersynthesisSeveral alternativenethods haveeenreported for the
synthesis bAugzs clusters with different types of ligant&! Initially , it was believed that TOA
cations simplyacied as a phase transfer agent that heftal precursor to @nsfer from
agueous to organic phase. Laserglephase synthetistudies show that TOAas a special
role inthestability of the clusters, asacts as a counter ion fihrenegative chargenthe Aws

clusters?
1.5. Characterization of Auzs(SR)s clusters!

Atom-precise metal clusters have unique absorption behavior in the visible region of light,
due totheir discrete electronic structg&®>* As a result,specific clusters show multiple
featuresacross the entire visible range in their optical absorption spdwit are defined by
their core structures, and thus WYAs spectroscopy can be usad a facile technique, or
fingerprint, to follow cluster speciation in solution. Since the positf@bsorption bands var
with cluster size, this technique can be userket@althe structural integrity of clusters. For
example, Aus(SR)s clusters she threedistinctadsorption bands at 400 nm, 450, r@amd 680
nm whichareshown inFigure1.3.>® The peak at 680 nm is attributed to the HOMOMO

transition, which is essentially an nmtrabai
arises from the intraband (spYsp) and inter!l
400nmandc or responds to interband (spVYd) transi:t

! Some of the material has been published in Nanoscalé®Adv.
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Figure 1.3: a) Step like UWVis absorption features of A§{SR)s clusters and b) orbital level
energy diagram for a model compound24&8H).s. Reprintedwith permissiorfrom referece

55. Copyright2008, American Chemical Society.

Mass spectnmetryhas been used in many cases to precisely follow the masses and charges
on clusterslonization methods in mass spect@try such as matrbassisted laser desorption
ionization (MALDI) and electron spray ionization (ESI) haalowed fordetermirations of
the exactormulae of ligandprotected clustergarticularly in the absence of singlgystal X
ray crystallography dat&** 58 In recent years, many structures have been solved by -single
crystal crystallography, and cesbell morphologiesire often seerwherein the Au core has
certain geometrical structures that give unique physicochemical propertiesvtwlbecluster,
and Authiolate staples cap the core structtfr&lurray et al. and Jinet al. independently
reported the crystal structure of A(BR)s clusters, which comprise an icosahedralxaore
which is capped by six dimeric A(8R)} staple motifs anchored on 12 out 20 facets of the
icosahedral core which is shown in Figurd.’%.>® The Auws clusters exhibit stability against
degradation in solution and thiol etchirfgigure 1.4 showsa singlecrystal structure othe
Auzs(SR)s clusters the formation ofa coreshellmorphology can be seamwhich 13 atoms

are in thecentral coravhich iscapped with metathiolate staples



Figure 1.4 Theicosahedral Aw core (left), the core is protected with $Wix(SR) staple
motifs(middle), andhe full structure of Aps(SR)s clusters including TOA (tetraoctylammonium)
counter ion (Au: Yellow, SRed TOA: Blue, C: Black, and H: WhitelReprintedwith permission
from referencé2. Copyright 2008, American Chemical Society.

Extended Xray absorption fine structure (EXAFS) spectroscopy is another valuable tool
that has been used to follow the structure of various supportech@rslipported metal
clusters. Based on the crystal structure, Zhang and coworkers demonstrated an atomic model
of Auzs(SR)s clusters for EXAFS fitting® As shown irFigurel .5, the structure of Ats(SR)s
clusters is dividd into several distinct bonding domains. The first prominent peak at
approximately ~2.3 A islue toAu-S first shell scattering. The first Ahu contribution is
observed at ~2.8 A, is due to the interatomic distance between the central Au atom of
icosahedal core and the 12 surface Au atgrasd some interactions of adjacent surface Au
atoms The second AtAu 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

surfacestaple AuAu interactions.
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Figure 1.5: Simulated FTEXAFS spectraof Auzs(SR)gclusters The simulation was done by

averaging the EXAFSpectrafrom all representative Au sites of Auk: 3i14.5 A k

weighted). The spectrum was phaserected using the A% peakReprinted with permission

from ref58. Copyright 2011, American Chemical Society

1.6. Catalysis by Aws(SR)s clustersand importance of activation process in

catalysis

Auzs(SR)s clustershave beerfound to be areffective catalyst for variousxidation and

reductionreactions such as cyclohexane oxidatgigrene epoxidatiomn y d r oge na-t i on

unsaturated ketones/aldehgdand4-nitrophenol reduction reactiof$Ceriasupported Ags

clusters have shown moderate catalytic activity for carbon monoxide oxidation at room

temperaturé® The influence of thiolate ligandsaround Aus clusterson porous carbon

nanoshesatfor benzyl alcohol oxidatiowas studied by oskamtorret al®! They observed that

thiolate ligands act as a sidocking agent that suppresthe catalytic activity. The catalysts

with thiolate ligands did not exhibit any catalytic activity, while thielatefree Aws clusters

showed 84%onversiorto benzaldehyd@ur group andeverabther groupsiaveobserved that

Au clusters are an effective catalyst for styrene oxidation reafibtGlutathionestabilized

Auzs(SR)1s clusters orhydroxyapatitevere found to be capable of catalyzs®jectivestyrene

to styrene oxide reactismising tertbutyl hydroperoxid¢ TBHP) as an oxidarft® After heating

for 12 hat 80e @h toluene the reaction yielded styrene oxide (92%besmajor productZhu
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et al. showed that Ass(SR)s (in the form offree clustes or supported clustsyis an effective
catalyst br styrene oxidation in the presence of oxygfefihe reaction was performed at-80
100 e Qor 12-24 h producing benzaldehyde as a major product usingttmpreciseAu
clustes as thecatalyst.They observethatthesize of the cluster plays an important iiolstyrene
epoxidation reactigrand found thafuzs(SR)eclusters on ®,are more catalytically active than
Auzg(SR)4 andAu144SR)o clusters on the same suppotien Q is used as the oxidarithis
resultindicateghat Auws(SR)s clusterson silicaare capable for activating oxygen, which is key step
in theoxidation reactiorNie et al.examined the catalytic activity of phenylethanethietditdilized
Auzs(SR)s clusters on different oxide supports for CO oxidation and found that optimal CO
oxidation catalysts were generated using ceria supports andiactatat50e @nder oxygen, as
seen inFigure 1.6.%° Interestingly, pretreated catalysts showed excellent activity for CO oxidation,
asthe CO conversion startsct. 40e @ndreached.00 %conversiorat approximately 8¢ C
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Figure 1.6: Activation of Aws(SR)s 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 witlpermission fronref 60. Copyright 2012, American Chemical Society

Auzs(SR)s catalysts were found to be an active catalyst for the hydrogenationbef
unsaturated ketones tthp-unsaturated alcohols ae0€® Zhu et al.investigated the catalytic
activity of Auzs(SR)s clusters forthe hydrogenation obenzalaceton® The reactionwas
carried out at & Q@ndera hydrogen atmosphere for 3 h and yielded 22% conversion with
100% selectivity towardshe U, -unBaturatedalcohol Yamamotoet al. investigatedthe
catalytic activity of glutathione protectédis clusters for 4nitrophenolreductionand showed
that they hadmuch better catalytic activity thalarger N, N-dimethylformamidgDMF)-

10



stabilizedAu nanocluster§’ Our group studiedthe impactof chain lengthof ligands in the
catalytic activityfor 4-nitrophenol reduction reactiarsing threalifferentAuzs(SR)s clusters
including Auzs(SGsHo)1s, Auzs(SGHi3)is, and Aus(SCiaHzs)1s® The lower rate constant
measured for Auxs(SCioH2s)18 clusterswas explained bythe increasednass transfer issue
associated withHonger chain length of thiol ligandd$n another studycarborsupported
Auzs5(SCGeHo)1s clusterswerefound to becapable of catalyzinthe 4-nitrophenol reduction to
4-aminophenof® Thermal calcinationat 2% e Qed to the removal othiolate ligandsand
resulted in enhancementtime catalytic activityasshown inFigure1.7. However,deactivation

of thecatalystwas observed after higher temperasutee to cluster sintering.
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Figure 1.7: Rate constant for the reduction ofn#rophenol using carbesupported
Auzs(SGsHo)1s catalysts thermally treated at different temperatiRegrinted with permission
from ref68. Copyright 208, American Chemical Society

Severaktudieshaveshown the capping ligandaround the clustersaninfluence the activity
and/or selectivity of ligangrotected metal clusters in catalytieactions Typically, it is
desirable to have partial or complete ligand removal to enhaase transport of reactants to
the surface metal atoms, and thus allow higher catalytic activity. Common procedures entail
immobilization of metal clusters onto sugat materials, followed by removal of ligaswsing
a variety of activatiorstrategies.The method of immobilization and activation must be
carefully chosen to avoid compromise of the unique structure of the synthesized metal clusters.
The challenge i$o minimize clusteraggregation and sintering upon removal of protecting
ligands from clusters loaded on solid supports.
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1.6.1 Thermal approaches

One of the simplest approaches to activate gtoguise 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 casanod 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 thiskatelized atom
precise clusters wasarried outby Jin and cowders, who examined the relative stability of
Au-S binding modes in A4(SR)s (SR = glutathionate) clusters by NMR and optical
spectroscopy® They fownd 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 staglieiolates were removed at temperatures ofd @@hile the rest of
the thiolates were stable until 180CSignificantly, they noted that these changes occurred
even in the absence of any detectable mass lod®hbyogravimetri¢TGA) analysis which
suggested the while the thiolates were removed tteemAu 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 subseqiidntly
TGA analygs of Aws(SCHCH2Ph)s, Ausg(SCHCH:Ph)s, and Aus(SCHCH:Ph)o
clusters®* Theyshowed thaall the cluster samplésegin to lose masst a temperaturer@und
200e @ndall ligands were removed loa. 250e CThe same grouplsostudied the thermal
decomposition of Aw4SR)o clusters with varioushiolate ligands?* TGA results revealed
that Auaasclusters protected by thiolate ligands with longer chaimowed slightly higher
stability,i.e., Au144(SCiHo)so, Au144(SCsH11)60, and Aus4SCsH13)e0 begin to shownasdosses
at 178e (195e (and 205 (respectively.

Nie et al.observed that mild heating in the presence of an oxidative ga$o{lowed by the
calcination under reductive gases (CO o)y & 80e @Qvas more effective for the activation of
Au144{SR)%0/CeQ catalyst$® Tsukuda and coworkers examined the activation ofs(8R)s
clusters on hydroxyapatite supports, and showed that clusters activateg a€80Ial be used for
the selective oxidin of styrene to styrene oxi@At this temperatureall thiolate ligands were
removed from the sample as evidenced by the mass loss in the system. Howevernershghbt
in cluster size (1.4 nm) was noted in the activated catalyst. Aws(SR)1s clusters on
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hydroxyapatitevere found to be an effective catalyst for styrene epoxidation reaétidhe
activated clusters showed 100% conversion and 92% selectivity towards styrene epoxide using
tertbutylhydroperoxide (TBHP) as an oxidant in toluene & &h other workthe same group
synthesizedhydroxyapatitesupported Arclusters (= 10, 18, 25, and 39) and investigated the
selective oxidation of cyclohexane to cyclohexanol and cyclohexdhdine. glutathione
protected Aw clusters were deposited orttee supporand then calcined at 3@ Gor 2 hin
vacua XPS ancelementabnalysis revealed the complete removailatathiondigands from
the catalysts. During the calcination process, there was no significant chahgeersizeas
evidenced byTEM. The optimal cluster size for catalysis was found to be in th&u38tom
range

X-ray absorption spectroscopy can be a valuable technique to follow cluster integrity upon
calcination of supportedluster materials. In an early study, Gaaral. synthesizeditania
supportediuss(SCi2Hzs)24 clusters and activatede samples bgalcination at 40@ @Qndera H/He
flow for 1 h’2EXAFS analysis of catalysts before and after calcination gave clear evidence for the
removal of thiols from thé\u surface asa peak due to A5 interatomic distance was observed
around 2.3 A in untreated and dried (¥0@or 1 h) catalystswhile theAu-S contribution was
completelyabsentafter thermal treatmentowever, significant cluster sintering was seen in this
system as the average Au patrticle size increased from 1.7 £ 0.2 nm to 3.9 + (586sequently,
our group reporteda very careful sy of the activation of phenylethanethiotatend
hexanethiolatstabilizedAuzs(SR)s clusterson carbon supporf§ Sampleswere calcined for
1.5 hin air at temperature$125¢ C150e (200e Cand 25(@& @nd analyzed by EXAFS Au
L3 edge analysigtigure1.8 shows the Au kedge EXAFS results for the phenylethanethiolate
system. Rsults showed that tlieiolateligands start tdve removed from the Au surfaael125
e @ndwere nearlycompletely removed from th&u surface at 25@ Omportantly, no mass
loss was seen in the TGA data until E55@During the activation process, psalue to AuS
species just below & slowly disapear,which indicates the removal tfiolateligands This
disappearance of the Asipeaks is accompanied by a growth in the first shelhAypeaks in
the 2.5 to 3.08 region EXAFS modelling shows that the coordination number (CN) of the
Au-Au first shdl contribution increases from 6.3(5) to 10.1(5) as the calcination temperature
increased from 12% Go 250e Cwhich was strong evidence of Au cluster sintering. TEM
images similarly showed that average patrticle sizes increased fram0.1.Bmto 1.9 4.1 nm
Maximum activity for 4nitrophenol reduction with NaBHvas seen for clusters activated at
250e C
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Figure 1.8: Au Lz edge EXAFS spectra in R spacefahs(SR)s clusters on carbon supports
after heating in aifplotted withno phase shiftorrecton). Reprinted with permission from

ref 68. Copyright 208, American Chemical Society

Wu et al subsequently reported the activation ob£8R)s clusters on ceria rods for CO
oxidation* They noted that t he tehdigoeldatsewolridgoa nfdosr wGeC
as they blocked CO adsorptisites on Au while also being important to retain cluster integrity.
Careful IR studies of CO adsorbed to activated cluster surfaces showed that partially cationic
( 0§ Au sites at the Au/ceria interface were likely the major catalytic site fopx@fation, and
only appeared after calcination of the A®R)s clusters on ceria at temperatures of #0
and beyond. They also speculated that thiolatefbdynamic states might be responsible for
catalytic behavior in solution phase studies. Tsulamth coworkers also showed that some
ligand removal was essential for liquid phase aerobic oxidations of benzyl alcohokon Au
clusters supported on carbon nanosheet supfortseey removed thiols by calcination werd
vacuum at temperatures between 40@&nd 500eC, 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 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 gaweich broader distribution of products
(including benz@ acid and benzyl benzoate). The use of higaerperature removal of thiols
under vacuum needs to be investigated with other supgaatthiolateso see if it is a general
route to thiolate removal without significant cluster sintering. A number afpgrtiave 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 ahé&rcaptohexanoic acid protected 24&R)s
clusters on various supports, and found that after céilcmander nitrogen at 30&C, no
significant size growth of the clusters were seen on hydroxyapatite and Degussa P25 titania
suppors, while significant sintering of the clusters was seen on activated carbon, graphene
oxide and silica support&. They postulated that the increased stability in the two systems was
due to stronger interactions of the clusters with the supports in those tbasegh itis not

clear whether this result may be @ty due to theuseof 6-mercaptohexanoic acidgands

used in this system. Garce al. examined the activation of A#§SR)s and Au44SR)so
clusters over titania and silica supports, and found thajs;Alusters were more stable to

sintering than the smaller Asclusters, 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 bessigni
as oxidized ligands may still be present in the system after calcination, and thus can potentially
modify the catalytic behaviour of the system. Zhaetgal. examined the activation of
Auss(SR)4 clusters on alumina and ceria suppantsir and inert atmospherésCationic Au
sites were observed on #lceria samples calcined at 38D by Au Lsedge XAS, whereas
thesesites were absent using analogous alumina supports. They also notedtapwuass
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 ancespectively.
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 aftavaion. In a followup study, Zhangt al.also
observed the ligand migration from &(BR)4 clusters tothe ceria supporafter thermal
treatmens (Figure 1.9).”” Sulfur K-edge XANES analysislearly showed that thiolate
migration not only leads to tliermation of active sites on th#au surface but also leavsslfur
species such atdisulfides, sulfites, and sulfatesn the supportRecent work from the same
group has noted the presence of Sfecies on the surface of the support during reactfdns.
was noted that the presence of these species can potentially limit the role of redox active
supports in catalytic reactionBhat being said, Alkmukhlifet 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, the resulting catalysts are still active oxidation gatal

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 r&¥. Copyright 208, John Wiley and Sons

While most of the above discussion has focused on thistalglized systems, there have
also been significant examples of thermally activated clusters using other ligand sy$iems.
relativestability of Aws(SeGH17)18Vs. Aws(SCsH17)1s clustersduringthermalcalcination was
exploredby Kurashigeet al®® The TGA curve starts teshow mass losses 486 e Gor
selenolate and 166 Gor thiolate ligandswhich indicates selenolate liganglbegin tooxidize
at a lower temperature than those of thielatetected clustersA number ofgroups have
studied the activation of phosphistabilized clusters for catalysissukuda and coworkers
investigated the catalytic performance of triphenylphospipeokcted Awi clusters on
mesoporous silica for benzyl alcohol oxidatfdThe phosphendigands were removed by
calcination at 20@ Gor 2 h before the catalytic studWu et al. showed that &2 clusters
stabilized with six diphenylphoshine ligands ¢A(lL)s) can oxidize CO without any ligand
removal as evidenced by EXAFS and IR adsorption spectro$éoplgey noted that
uncoordinated Au sites in the intact clusters were able to absorb CO and activate \dgmen.
and coworkers synthesized Auwclusters with two different ligands AsfL)2o(PheP) (L =
P h C la@d 3-mehylbenzenethiol) and studied the ligand effect on catafysis. TGA
analysis, the complete removal of thiolate ligands was observed-80P80C, wWRBCE &S
ligands were removed completely at 40CThis result indicates th&tephenylethynyl ligand
is much more stable thatine 3-methylbenzenethiol liganduding the thermal activation
process.Anderson et al. published several papers examining the activation of various
Aun(PPh)y (with n= 8, 9, 11, 101) clusters on titam@anoparticles by low temperature
calcination$48° They found that partial cluster sintering was seear aéimoval of phosphines
at 200e @eating under air. However, washing with toluene atd@yas shown tgemove

some of the phosphines with little to no aggregation of the cludtekayama and coworkers
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similarly synthesized [As(PPh)g](NO3)s clusters and depositedhem onto titania
nanosheat®® The activation of the clusters was achieved by the calcination ag Z0 20
min under high vacuum. In XPS awsils, theP 2ps. peak disappeared aftethe thermal
activation proceswhichindicatel the PPk ligands were removed from the system. However,
tremendous clustesintering as evidenced by atomic force microscomas seen after

phosphingemoval

1.6.2. Chemical approache$

1.6.2.1 Oxidation (using Oz, TBHP, etc)

While oxidative calcinations under air have been noted in the above section, a number of
groups have examined alternative oxidants for cluster activddpone exposure was found
to be an effective method for the removal of stabilizing ligands from, Bi@pported
Au13[PPh]4[S(CHg)11CHs]4 clusters’ Ligand removal was achieved by flowing ozone (0.15%
in oxygen) over the supported Atclusters atrate 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 ¢4@0r 2 h), which ledto the
particle size growth from 0.8 to 2.7 nm, wher#as postozone 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 dileeotreatment, followed by
the removal obxidizedligand by soaking in watéf. This strategy retas Au core sizebut
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 atrongoxidizing agent likeTBHP could be used to generate
activeAu catalyss from silica supported AJ(Ph.P-o-tolyl)s](NO3)2 clustersS® While samples
that were precalcined at 30@ Ghowed 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 te 9 benzyl alcohol in the presenoé the
peroxide, and gradual loss of the phosphine was observed over the first several hours of the
reaction by Au k edge EXAFS. In early studies, several groups reported that unactivated
thiolatestabilized Au clusters were active for the oxidation gfeste with peroxides such as
TBHP and oxygen g&4.%° However, Dreieet al.noted that Ags(SR)s clusters are not stable
in the presencef 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,eftadng

used TBHP to activatenercaptalkanoic acidstabilized Aus(SR)s clusters that were
supported on hydroxyapatites showrin Figure 1.1¢2They noted thanercaptalkanoic acid
thiolates could be removed from the clusters as disulfide and sulfonate species at temperatures
as low as 5@C, while mercaptobenzoic acid ligands were not as easily removed. Significantly,
the activation of the clusters using peroxide oxidédsto 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 &C300

Figure 1.10: Soft oxidative removal of thiolates from Au clusters using peroxide oxidants.
Reprinted with permission form réR. Copyright 2015John Wiley and Sons

1.6.2.2 Reduction (using LiBHs, NaBHa etc)?!

Another possiblenethod to remove thiolagdrom 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 clbstgirs to
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
desorptioreventsare counterbalanced by the presencargfd amounts of free thiol in solution.

Both our group and others have shown that desorption of thiols occurs on purHiboblate
clusters in the presence of large excess Na@Hcentrations. Dasogt al. showed that the

Auri thiolate bond can be comgtely removed by concentrated strong reducing agents such as
sodium borohydride, and the growth rmbnolayefprotectedAu clusters(Au MPCs)canbe
controlledby changing the MPC:reducing agent rdfiGtudiesusing alkanethiolate ligands

with different chain lengthrevealed thathe immersion time for complete removal of thiols
from Au sufacesbecomesshorterwhen the chain length decreased. Ansar and coworkers

demonstrated that removal of thiols from Ahiolatestabilized nanoparticlesould be
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achievedhrough thiote displacement by NaB They analyzed the kinetics of the thaite
removal from theAu surface by timeresolved U\Vis measuremest and found thathiols
could be completely removed using @ NaBH: for 10 min at room temperature. It was
found that the rate of desorption can be accelerated by incréfasoancentration of reducing
agent.

Asefa and coworkers demonstrated that NaBidatmers of Auxs(SCHCH2Ph)s and
Au144SCHCH2Ph)o clusterson mesoporous silica suppoisads to anmprovementin
catalytic activity for styrene oxidation reactmnvhichwasalsoattributedto the removal of
thiolate ligang from the Au surface (Figure 1.11).°°> Our group studied the stability of
Auzs(SR)s and larger AupisdSGHi3)pio Clusters in high concentrations dflaBHs>!
Interestingly,Auzs(SR)s clustersin solutionretained the structural integrity after NaBH
treatmers, whereaghe larger cluster samples grew in size due to thiolate removal. However,
the Aws(SR)s clusters could be used as recyclable catalysts for the reduction of nitrophenol
with NaBH.. In further workwe gudied the advantagesafemical reduction treatments compared
tothermal treatmerfor the activation of Aps(SR)sclusters on alumina suppaffsThiolateligands
wereremoved partially by treating alumina suppoeds(SCsHy)1sclusters withexcesd.iBH 4 or
LiAIH 4 solutiors. It was noted that some thiolate removal was seen bysA&ddge 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 sokisamples calcineat 250e C
for 1.3 h in air, the supported clusters gtevan average size of ~1.8 nwhile in contrastgcluster
growthwas inhibited wherBH4 reducing agents wetesed to remove ligandSimilarly, we have
shown bimetallic AuPd clusters could be activated on alumina supports by tréitinent with

little to no growth of cluster siZ8.
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Figure 1.11: lllustration of enhanced catalytic activitgr selective oxidation reactigrwith
supported organothiolatgrotected Aws(SR)s clusters catalysts by mild chemical stripping of
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their surface ligands. Reprinted with permission fr@in95. Copyright 204, John Wiley and

Sons

1.6.3. Light -induced approache$

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 titamial® A number of groups noted that one could take advantage of the
dyelike HOMO-LUMO transitions in Ais(SR)s clusters to enhance visible light absorption
for solar cell or photocatalytic applicatiof’s®! Yu et al. showed that unactivated
phenylethanethiolatstabilized Aus(SR)s clusters on nanocrystalline titarsan be used for
the photocatalytic degradation of methyl orafity€hey 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 excitedtsebns in the LUMO of the
clusters to form singteoxygen. In the meantime, photogenerated holes in the HOMO can lead
to the formation of hydroxyl radicals in aqueous solutions. Addition of a singlet oxygen
guencher,-histidine, led to a large decreaseaictivity. 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 byiu and coworkers demonstratétat glutathione ligand were
removedfrom ca. 1.5 nmAu clusters supported on Ti®anotubes bgimulatedsolar light
irradiation1%? A 300 W Xe arc lamp with a AM 1.5 cutoff filter and bapda s s | i ght f
>420 nm) was used as the light sourtee complete transformation of Aalusters to Au
nanoparticle was observed after 10df light illumination. Theproposed mechanism for the
transformation of Au clusters téu nanoparticles under visible light irradiatiamvolved
photogenerated electronstime clustersvhich enhancethe reduction of Au(l) on the staple
motifs to the metallic statén addition they noted thadigand removal mabe facilitated byn
situformed active species such as hydroxyl radicals, superoxide radicdlgles during the
irradiation processA similar report of lightinduced cluster aggregation was repoitgd._iu
and Xufor TiO2-supported Aps(SR)1s clusters during the solar light irradiation usags50 W
Xe lamp!'®® The thiolate ligand underwent aroxidation process whichfacilitates the
transformation of Apk clusters tolarger Au nanoparticlesas shown inFigure 1.12. The
average Au nanoparticle sizes grew fromm1.3 nm to 3 nm, 7 nm, 10 nm, and 15 nm after

irradiation for 1, 5, 8and 72 h, respectivel\Both hydroxyl and superoxide radicals were
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detectedby dectronspin resonance analysis under simulated solar light irradiafilus, the
reaction between phajenerated electrons and oxygen/water moledebals to the formation

of active intermediates such as hydroxyl/superoxide radicals which are responsible for the
oxidative attack on théhiolate ligands. XPS studies of the sample before and after light
irradiation gave clear evidence for the removal of thiolate ligaiedthe presence of sulfonate

residues after illumination.

over72 h

Figure 1.12: lllustration of the in situ light-inducedtransformation of Auclusters to Au
nanoparticle®n nanoporous titania nanotube arrdysprinted with permission from r&03
Copyright2016 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 edin@donaterials.
As noted in the last section, sintering can be problematic in many scenarios that involve
activating atorrprecise clusters by using calcination and oxidatiomagaghes, 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 cordrekarried out ahighertemperature§.e.above 600
e ¥ and sce many noble metal cluster and nanoparticle systems skatdlity at such
temperatures, industrial applicationfssuch catalystmay belimited without further sintering
control

Encapsulation withmetal oxide shells is a straightforward way of stabilizing metal

nanoparticlesowards sinteringThis straggy involves the isolation of metal nanoparticles with
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a porous metal oxide shell such as silica, alumina, titan&yrconia.For exampleSomorjai
and coworkers demonstrated tRahanoparticle sintering could be prevented by encapsulating
Pt nanoparticles with silica shells which showed remarkable thermal stability even up to 750
e ¢%Silica shelswith an averagehickness of 17 nm aregrownby sokgel chemistry via the
hydrolysis and condeation of tetraethylorthosilicate (TEOS) on
tetradecyltrimethylammadom bromide protected Ptnanoparticles 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 memsster issue, S¢ith and coworkers
demonstrated another strategy to synthesize teigiperature stable Ananoparticlecatalysts
with a yolk-shell structuré® Au nanoparticlesvere encapsulated with silica shell followed by
a thin layer of zirconia using sgkel chemistry. Finally, a yoikhell structure around Au
nanoparticlesvas created via selective etching of the inner silica layer.

There have only been a few exampleattdmptdo control sintering of atofprecise cluster
by growing shells of metal oxides and other materials around the clfstétSamanta and
coworkers showed th&mbedding arrays of multiple Au clusters (<2 nm) in a silica matrix
could improve the thermal stability, in which clusters were encapsulated by'%ilisfier
calcination at 25@& QGhe size of the particle could be maintained below 3 Ghenet al.
reported an alternative method to improve the thermal stability of Au clusters growing silica shells
overAuzs[SCsHsSi(OCHs)3]1sclusterst®” Au clusters were deposited on a silica core, and further
layers were added by the hydrolysis of TEOS. The resulting materials shoprededsinter
resistance, with average patrticle sizes of 2.0 £ 0.6 nm and 2.2 + 0.5 nm after calcination at 400 and
600e (respectively. A fraction of > 4 nm Au nanoparticlessseen at the higher calcination
temperature as some Au nanoparticles were able to eseapiéidh shells, and as a result the
resulting samples calcined at 69@Showed slightly lower activity for-éitrophenol reduction
than seen for samples calcined at €00

Another method to improve sintering control is to isolate clusters withirdinvensional
mesoporous materials. In an early example, Dai and colleatpoeged that Ass(SR)s and
Au144SR)o clusters could be stabilized towards sintering by incorporating them into mesoporous
silica that was coated with Cu€$Clusters on pure mesoporous silibawed tremendous sintering
after calcination at 30§ Cwhereas those that were deposited onto CuO intermediate layers had
an average size of 71+ 0.2 nm after calcination at the same temperagimilar results were
obtained for CeO4 overlayers on silica. Control studies of clusters deposited on similar oxides

on nonporous silica supports showed poorer sintering resistance; thus while ordered porous
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silica templates themselves cannot mitigate sintering, they can improve the residtance
systems that have a secondary stabilization mechanism; in thiscas&al 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 chjsteltowed by activation. For
example, Dast al.showed that 3nercaptopropyltrimethoxysilane (MPTS) could be anchored
onto mesoporous SBAS5 silica, which allowed for efficient anchors of A{BR)s and
Au144SR)o clusters. This was followed by actii@t of the clusters by partial chemical
removal of thiolates by NaBH® Similarly, Zhenget al. showed that porous silica spheres
decorated with MPTS could capture Au clusters. The resulting materials showed moderate
sinter resistance when samples were activated undambsphere at 359 ¢%°

Xu and coworkers reported a method to improve the photostability of glutathione protected
Au clusters on sita sphersusing branched polyethylenimine for surface modificatiSiThe
structural integrity of Au clusters was preserved after 10 h light irradiation (42Qikety,
becausethe surface modification prevents the gliiane ligands from oxiding. An
additional coating witha titaniashell further improved the photostability of these clusters.
Sintering of glutathione protected clusters could be eliminated to some extent by encapsulation
within a metatorganic framewds, which has been reported by Xiong and cowork&rXu
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 proc&€sHydroxyl radicals could be
created by the interaction of surface hydroxyl groups and photogeneratediiniddsieads to
the decomposition of protecting ligands around the cluster, resulting in clsstéesingto
form Au nanoparticle. It was observed that the replacement of the hydroxyl groups with
fluoride ions enhanakthe photostabilityof the clusters

Physical confinement with metatorganic framework (MOFs)provides a novel strategy
for improving the thermal stabilitgf clusters Zhu and coworkers detailed the synthesis of
Au11(PPh)sCl> and Au1zAgi12(PPh)1Cls clusters insideZIF-8 Z n ( 2 met h yplandmi da z o
MIL -101 CrsF(H,0)%0(1,4benzenedicarboxylatgjemplates!® 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 a¢ IE@®wever moderate sintering
was observed after calcinatiohthe MOF£luster compositeat temperatures of 209 @Gnd
beyond In further work, he same group demonstratadedectrostatic attraction strategy to
incorporatgAu12AgsASR):d* | [Agaa(SR):d* | and [AgCles(SR)d* 'nanoclusters wiih ZIF-8,
ZIF-67, and manganese hexacyanoferrate hyfieateeworks by a cation exchange strat€gy
Similarly, Rosi and coworkers showed that cationigs&®R ). clusters could be incorporated
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into the surface of MOF crystals by cation exchattgelowever, the thermal stability of these
systenswas not analyzeth either of these publicationkuo et al. reported an approach for
improving the thermal stability by embeddiglyathionestabilizedAuzs(SR)1s clusters in a
ZIF-8 metatorganic framework as shown inFigure 1.13.11® Two nanocomposites were
synthesized by incorporating clusters either inside or outside of the frame\ndtusters
were encapsulated into the framework&@aordination assisted seifsemblgor alternatively
decorated on the MOsgurface byimpregnation of clusters emthe surface of the framework.
After calcination at 30@& Gn 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 activityhid-nitrophenol reduction
reaction vasstudied Auzs(SR)1s clusterswithin theMOF showed lesser activity than those on
the surface of the MOF, whicts likely dueto masstransfer issues of the substrate accessing
clusters within the MOF.
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Figure 1.13: lllustration of Aws(SR)s clusterg(a) encapsulated in ar(®) impregnated onto a
ZIF-8 metal organic framework. Reproduced with permis&itg Copyright 2018John Wiley

and Sons.
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1.8. Characterization

1.8.1. Environmental Transmission Electron Microscopy (TEM)

Transmission electron microscop has been widely used toneasure the size of
nanomaterialsvith high magnification and resolutiomriefly, an electron gun at the top
produces highintensity source oélectrors (100-300keV) which pass througan aperturéo
give a parallel beam @iectrons The electron beam is focused into the sampledopndenser
lens and transmitteelectrons are collected adigital cameraAs the attenuation of the beam
depends on the density and the thickrddhe samplethe transmitte@lectrons form a two
dimensional projection of the sample, which is subsequently magnified by the electron optics
to produce the soalled bright field imageA dark field imagecan also bebtained from the

diffracted electron beams, which are slightly afigle from the transmitted beam

Conventional TEM r exftorn within thé spdtimen alambemto ( O
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 obtaiuneder vacuunatambient temperatures. It is
desirable to have a TEM instrument that is capablallowing the observation atattime
changes to catalysts during catalytic experiments. Environmental TEM offertinreal
monitoring of structural change$ samples under the reaction conditions, and thus can lead to
information concerning the mechanism of sintefit{g!® The schematics of an environmental
TEM used in this thesis shown inFigure 1.14 Gener#y, there are two ways to maintain the
gaseous environment vicinity of the sample, i) to mothgentire column with a differential
pumping system or ii) to use a specially designed sample cell that allows a thin gaseous
environment above the sample. dhag 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 heatfling gas is restricted near the specimen
through pressureontrolled apertures, and a differential pumping design can help retain the vacuum
in other parts of the columim the second approach, windows have to be designed for the sample
cell with significant thickness to maintain the gaseous environment aroarghthple; this
often limits the resolution of the image. The sample holder is specially designed to introduce

different gaseous mixtusénto the sample chamber via an injection nozzle.
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Figure 1.14: Schematic®f environmentallEM setup featuring differential pumping,
dedicated apertures, and pole pgebtg sample holder with gas inJetndc) A heating coll
centered onhte SiNx window of the TEM grid.**8

1.8.2. X-ray Absorption Spectroscopy (XAS)

X-ray absorption spedscopy KAS) has becoma fairly commorntechnique to probe the
oxidation state and local structure of matertalXAS involves theexcitation ofanelectron
from its bound state to higher levels wheaa¥s with energyhd pass through a materia.
the energy of an incident photon is higher than the bineimeggy of an electron, absorption
occurs and here is a sharp rise in the absorption coefficient, which is known as the absorption
edge.The edges are named according to the principle quantum nwinther electrorthat is
excited.According to the Beetambert law, the absorption coefficient is related to sample
thickness (t)andthe intensity of incident photonoflandthetransmitted photon dlwhich is

shown inFigure1.15.

a) b) Continuum A
Photo-electron

A

M —.-Q-o-o-o-ooo-.—

L=Iew

Energy

Figure 1.15: X-ray absorption measuremen@) An incident beam of monochromaic
rays of intensityd passes through a sampletloitkness t, and the transmitted beam has
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intensity |, and (b) a diagram showing the ionization of a 1s core elediigure aapted

from reference 119.

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

e = [XE3 (1.1)

XAS measures the energy dependence okthay absorption coefficierst ( &t apnd above
the absorption edge; ¢an be measuread eithertransmissiormodeor fluorescencenode.In
transmissiormode, the absorption coefficient is directly measured by measuring the intensity

of incident and transmitted photons whategiven byEquation 1.2:
e (E) =) og ( (1.2)

X-ray fluorescence is a result thfe relaxation ofcore electrons tca deeper core hole by
emitting anX-ray with definite energy. Sindie fluorescencexX-ray energiesobserved are
characteristic othe specific elementsheycan be used tmlentify the absorbing atom and to
guantify concentratiorAuger processs areanotheiproces®f relaxation, in which an electron
dropsfrom ahigher levelinto a core holandasecond electron is excited to the continutim.
the softX-ray regime (<ZeV), the Auger effect is more dominant for the relaxation of an
electron, while X-ray fluorescence is more likely to occur in the hatday regime.
Fluorescence modean be used to analysamples with low concentratios and/or samples
beinginterrogated at lovenergy edged hus X-ray fluorescence cdmeusedas an alternative

to transmission measurements, using Equation 1.3:
e ( ElgU ( (1.3)

XAS is mainly divided into twaegions X-ray AbsorptionNearEdgeStructure(XANES)
and Extended Xay Absorption Fine Structure (EXAFS). TANES regionincludes the
vicinity of the absorption edge thiatcludesthe pre-edge absorptioredge and all the features
within ~50 eV abovehe absorption edgdhe XANES regiorprovides information about the
chemical state dheelement including oxidation state and local geom&tineEXAFSregion
consists of all the features in the spectheyond~50 eVpasttheabsorptioredge angrovides
information about structural parameters of the local environment of atoms including

interatomic distana coordination number and structural and thermal disordesf
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neighbouring atoma\s EXAFS analyseslo notrequirethe samples to haveng-range order
this technique can be applicable to amorphous san@enplex molecuke solid solutios,

and crystdine materias.
1.8.2.1 X-ray Absorption Near-Edge Structure (XANES)

XANES spectroscopyefers tothe regiorwhich lies vicinity ofthe absorption edgabout
10 eV below the edge arD eV above the edgeXANES spectramainly deal with the
excitation ofanelectron froma bound state thigher unoccupietand. The XANES spectra
consist of three parta preedgeregion anabsorption edgeand a post edgegion The pre
edge region arises due to the electronic excitattonempty bound stasethat are spin
forbidden anatanprovide information about the local geometry around an absorbingaatdm
can be influenced by thexidlation state and bonding characteristitise absorption edgées
sensitive to the oxidation state of the element and is caused by the excitation of electrons to
higher energy levelsn this thesistwo absorption edgesheK and Lz edges, were analyzed.
K edgerepresergthe excitation ofinelectronfrom a 1sstateto (n+1)p orbitalswhile theLs
edge represesithe 2p2Y nd t r aAs she oxidation .state of the elementreasesthe
absorption edgéypically shifts to higher energyThe postedge regin originats due to the
multiple scattering of photoelectremvith low kinetic energyand can providenformation

about interatomic distansandcoordination numbert?°
1.8.2.2 Extended X-ray Absorption Fine Structure (EXAFS)

When an isolated atons irradiated withX-rays of energy & the photoelectron wave
propagates as an undisturbed waA® shown inFigure 1.16, the absorption ofX-rays byan
atomresultsin asharp rise irthe absorption coefficienthe X-ray absorption spectrum shows
anedge 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 illustratedrigure 1.16b. These outgoing and
backscattered waves can interfere constructively destructively which leads to an

oscillating wave known as thime structureThe amount of interference varies with amplitude

and phase of the backscattered wawes oscillation above the edge is knowrtlas Extended
X-ray Absorption Fine Structure FAFS); it can be extend up to 1000 eV beyond the
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absorption edgeAs the oscillation arises from the backscattering by the neighboring atoms, it

provides information about the local structure around the absorbing atom.

The oscill atory E)isa determioedd byt normalizanthegabhsoription (
coef fi citkeeedge stefpB®(E), amd/subtracting the smooth isolai@odm background
functioneo(E), as shown in Equation 1.4:

(E) = [ B)-€o(E)) &(E) (1.4)

Since the photoelectron has wave character, the EXAFS function can be expressed as a
function of wavenumber (k) usirtgquationl.5:

Q= ¢ % % 2 (1.5)
where b is the absorption edge energy (determined by either at the middle of absorption
edge jump or at the first inflection poinkj s t he P aamdnki$mmassobthes t an't
electron.
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Figure 1.16: Absorption of Xrays as a function of phot@mergy Ehg by 8 afree atom and
b) by atoms in a latticélhe Hue circlerepresentshe photoelectron wave arttlegreen circle

represerdbackscattered wave from neighboring atoRigure adapted from reference 119.

The EXAFS ( k )asuwsnioah @mtribwtiasarisirgifrons all the scattering
paths, which can be describesing Equation 1.6:
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Q Y0 Q Q i QY 1 Q 1 0 (1.6)

Here,"Y isamplitude reduction factavhich is caused by the relaxation of all other electron

in the absorbing atom to the core hdlerepresents the coordination number or the degeneracy
of a particular scattering palhand Qrepresents the scattering aityade. The ternQ

is dueto inelasticlossesin the scattering procesthe term_ "Q is the mean free path of the

ejected photoelectron from the absorber atbhetermQ accounts for the k dependent
dampening of the EXAFS wave. THampening othewave occus atahigher k range due to
positional and thermal disorder which is designated by the sy mb ol G
4 EAA QI @ AT1A "Qrepresent the phase shift due to the central atom and the phase shift
due to the neighboring atoms respectively. The interatomic distances thiaderved in the
EXAFS spectrum isypically alittle smallerthan the actual interatomic distance (theorética
value) which is due to the phase shifhis phase shift is caused by the interaction of
photoelectron withhe positively charged nucleus tifeabsorber atom and neighboring atpms
resuling in energy losesandlengtheningits wavelengthThe averageinteratomic distance
between the neighboring atomsimersely proportional to the frequency of the EXAFS
oscillation. The amplitude of each EXAFS wave depends ondbelination numbeand the

backscattering power of neighloog atoms.
1.8.2.3 Single shell fitting

EXAFS is an excellent todio determine interatomic distarscend coordination number

To extract the structur al par ssmét €emaveat png
absorspteiconnt a nor mal i zed EXAFIShEeXAFISI BaQgisans . |
nor maat ztlhlfer cmd gEh#edeedeno §yphoet oeill ectoowmnerted t
wawe ctuosriEnggu at i ®heaxi s afp atcleesdlantudbtyk’ (pa 1 2e,d

3)n orderthe ana@PAPSE ci Isdkitd hwearl TKEkBXAFS si gnal
consoifstssum of all the sinusoidal waves with
di fferent types of neiaghb carbsscoavtfot eetr h € ivagbti saomr cbei
tranafioom -9paddceadnktlrne sepad £tXeA FdShret r i but i ons
di fferent cedhdsnaecboni ghel provides a phot oc¢
function of the radial di stance from the ab
posi ti oncsororfetsgpdoakdse catdo mthamnee t he size of the

tbhceoordi nati on number.

30



As shown in Equation 1.6, the EXAFS equation consists of several variables in which some
variables ' Q'Qh QA QR EPAT Zx Ae calculated theoretically arttie remaining

five variables 8 h K B2 PA T %) need to bemodelled experimentally. The term ;N

provides the number of backscattering atoms at a distgiweki¢h is highly correlated to the

EXAFS signal. The vibrational motisrand static disorder of the scattering atoms cause the
damping ofthe EXAFS signal at higher Kl h e e ftfhdeéssoofder i s account e
G.gR is definedbaswebha @ifter aedhmhdelr arndtfaint
di st BEhetersizEy, is defined asichange in energy from the theoretical data and is used

to align the energy scale thfetheoretical spectrum tmatchthe measured spectruifo extract

the information about the local structure of absorbing atom, the resukspgd® spectra is

fitted with a suitable modeA theoretical spectrumwhichis created from a model is used to

fit the experimental EXAFS signal. All variables such. aB 2 AT % can be extracted

after fitting the amplitude reduction factor that is obtained femeferencecompoundin the
examplebelowin Figure 1.17 the resultof modelling the experimental data using a fcc Au
model resultsn afirst shellAu-Au distance of R=2.851(6) A, a coordination number (CN) of
12.0(4) , a mean s q3=9.0082(9% & anaa sthitt in Ead 4.7(65 eV. The CN
provides information about the average size of nanoparticles. Unlike TEM, it does noeprovid
the particle size of individual particles, rather EXAFSOheasure 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. THecal CN for surface atoms is belo®2 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 tfanm in sizewill be discussed in the

following chapters.
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Figure 1.17: a) Experimental Xray absorption spectra of Au nanoparticl€he freeatom
absorption coefficient (red line) and jump at the edge energy are indmaemactecdEXAFS
signal with a k weighing, c) the Fouriertransformed EXAFS signatl) a first shell fit to the
EXAFS spectra using a fcAu model (data was collected #@he Canadian Light Sourder
Chapterd).

At this point, it is worth to mention the goodness of fit and how the best fit and uncertainties
are determined in the refinemerfthe R factor is often used tgaugehow close the
experimental data to the theoretical mooldrlap,and itis interpreted s a percentage misfit
or, equivalently, as a numerical evaluation of how closely the fitted function overplots the data.
The Rvaluefor agoodfit in which a correct model is used to model the datgpically found
to be below 0.02 (2 %). Reduceli-square is another statistisedto measure the goodness
of fit and it is moe appropriate to compare two fitting resdigainsthe data setlt is auseful
parameteto determine whether a fit is improved by adding additional paths or fit. In principle,
it is highly desirable to have unity for reducgd-square(i.e. lower values are betterAlong
with the reducea@hi-square and R factgrsome othefitting parametersieed to be considered.

The value ofthe amplitude reduction factdi'Y) shouldtypically be between 0.@nd1. The

mean squardisorder (%) should be a positive value and less than GfC4. fit is to be
meaningful The value for3Eo more than 10 eV is not acceptable, as this would typically
involve a shift of the ¥space wae by a period. Finallyhe number of variablagkat can be fit
depends on the quality of the data, and ideally a minimal amount of variables should be

32



modelled such thatlaw correlation between the parametisrebtainedFor an acceptable fit,

thecorrelation betweerso and R, Nand"Y) parameters shoulglpically be less than 85%.
1.8.3. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy whichaiso referred to aElectron Spectroscopy for
Chemical AnalysiESCA), is widely used surface analytical technigi#&€XPS gives direct
information a the oxidation statef the components ofraaterials XPSwide scarspectraof
a materialincludes peaks of various eleme(gxcept H and He). Since the area under these
peaks are related to the amount of each element, XPS is useful to analgtentbatal

composition

XPS is basedn thephotoelectric effectWhen a surfacef materialsis irradiated by X
rays with energyhs, corelevel electrors are excited. The electron is released with a certain
kinetic energyEx, that is directly related to the binding eneEgyThis process is described by
Einsteinequation(1.7).

Ex=h3-Ep-0 @a.7)

Where3i s t he frequency of e x dundtionofghematerdbj at i on
a factor that corrects for the electrostatic environment in whiclelgatron is formed and
measuredandEs is the binding energy. Routinely useeray sources are Mgd{1253.6 eV)
andAl Ky (14866 eV). The ejected photoelectrons alieected tcan electron energy analyzer
through the electron lens and separated based on their kinetic dpgigwing the energy
separation and analysis, photoelectrons are detected by electron multiplier tubes, multichannel

plates or anode electrodes.

In XPS,the numberof photoelectronsf a given energyN(E), is measurd as a function of
their binding energy. In a XPS spectrum, each pea a specific binding energy is
represerdtive of a specifielement present in the materi§ince the mding energy of an
electron is strongly influenced la/screening of the nuclear chayg€S offers information
that enable the identification of atoms of an element in different chemical envirorsment
Figure 1.B shows the XPS spectrum different Pd species?? Two Pd 3dpeaks are seen for
the 3dand 3d.stateslueto the spirorbit coupling.Metallic Pdhas peakat 334.9eV and

3404 eV corresponding to the binding energy of Pgzahd Pd 3g. The spectrum clearly

shows that the binding energy of Pd atom is strongly influenced ksleébonwithdrawing
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nature of the adjacent atom. In PdO, the binding energy of2d 38l s hi f tS5eMInt o
PdCb, the Pd atonis in the next mostlectronwi t hdr awi ng envi r38ndment
evVv.

PdCl, PdO Pd

Intensity (a.u.)

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

Figure 1.18: XPSspectra ofPd 3dand Pd 3¢l.peaks for a) PdGITiO2 b) PAGTIO2 and
Reduced Pdi0.. Reproduced with permissidrom ref122. Copyright2015 Institue of
Physics Science.

1.9. Research Objectives

Our grouphas previouslyocused on theynthesiof atomprecise clusters arghowed that
the complete removal of stabilizing ligands could be achieved by thermal treatfn&nts.
Previousresults indicated that carb@upported Avs(SR)s clusters were subject to sintering
under moderate temperatar@50 e ¥ and that w@bilizing ligands need to be removed for
improving the accesbility of catalytic sites to reaction substrate. The catalytic activity studies
for 4-nitrophenol reductioneactiors over thermally treated catalysts at different temperatures
indicated that activation impros¢he catalytic performancélowever, this activation process

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

A majaor goal of this research work the synthesis of sinter resistaAt and Pd catalysts
andanalysis othethermal stability of thesmaterials by both TEM and EXAFS techniques.
The first research objective was synthesizea coreshell catalysty growing silica shed
aroundthe Auzs clustersusing solgel chemistry.Others have shown thaarboxylic acid
groupson the surface of particlesadily interactwith silica precurs@which can allowthe
formation ofsilica coating aroundnanomaterial$?® Here Aus(MUA) 15 clusters were chosen
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as a starting precursor for the silica encapsulasiep In order to show that there is an
advantage to encaplating the clustersa control catalyst with similar Au loadingas also
synthesized byleposing Aws(MUA) 15 clusters oto silica sphers The thermal stability of
both catalysts was analyzed by TEM and EXAFS before and after theenigierature heat
treatment(650 e Gor 3 h). Styrene epoxidation reactismnd the 4nitrophenol reduction
reactiors wasused asa model reactioato monitor the catalytic activityThe results of this

study are documented @hapter2.

A masstransfer issueassociated withithe silica shellwas noticed in theencapsulated
catalysts Althoughsilica hasa porous naturgit reduces the accessibility of substrate to the
active sites on the Au surfade.Chapter3, our objective was to control tiieickness of the
shell to minimize mass transfer issu&tomic layer depositiois a versatile technique to create
a metal oxide shell with controlled thickneBsevious studies indicate that the nature of ligands
has a significant role in the effectiveness of ALD growths®UA) 18 and Aws(DDT)1s
(DDT T dodecanethiollusters were chosen for alumiAlD coatings, as thearboxylic acid
groups of the Au2s(MUA) 18 clustersareexpected to readily react withe trimethylaluminum
ALD precursor andhus allow the alumina coating over the clustefsie DDT-protected
clusters shouldct as an inhibitor for the ALD coatingnd thusalumina depositiorshould
only occu around the Apk clustersfor this systemTo study the effect of thickness on the
thermal stability, catalysts were synthesized ki/0band 20 cycles of alumina deposition over
Auzs(MUA) 18 clustersBoth TEM and EXAFS were employed to examine the thermal stability
of these catalysts anithe 4-nitrophenol reduction reaction was used asnodel catalytic

reaction.

To design a thermally stable catalyst, it is highly desirable to understantettenism of
the sinteringlt has been reported that bgtéarticle migration and coalesceraed/orOstwald
ripeningmechanisra areresponsible fothe sintering of nanoparticle€ The third part of the
research objente, detailed in Chapter 4npvolves monitoring the mechanism of aggregation
of Au clusters An environmentain situ TEM techniquewas utilized to probe the sintering
behavior of Aus clusters on mesoporous silica (SBA) during thermal treatment up 860
e CA bifunctional ligand (3-mercaptopropyl)trimethoxysilan@MPTS), was employeds a
stabilizing ligandfor the Auzs clustersasit is expected to providir strongemetalsupport

interactiors.
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In thelast two chapters, the resela objectives focuseah thesynthesis oPd based clusters
as Pd is a very common catalytic mefalo different routes to do this weettemptedit is
highly desirable to sythesize ligandree clustershat enabl@neto avoidnecessargctivation
processln Chapter5, the research objective wassynthesizdigand-free clusters via top-
down approachThis studywasafollow 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 aif?® | hypothesized thaPd basedcatalystscould then besynthesizedoy
galvanic replacemenf Pdprecursas with thenakedAg clusterdispersedn thesilica matrix.
The reduction of Pd precursawith Ag clusters in &ilica shell was monitored by Rd edge
XAS analysis athe Canadian Light Sourc@EM, XPS and EXAFSspectroscopyere used
to analyze the morphology and local structure of the casaliise djectives ofChapter 6 was
to synthesiesilica encapsulated REMUA) » clusters using a similar route used for Au clusters
in Chapter 2Herethemethane combustion reactissas chosen as a model reaction to explore

therole of silica coatingin catalytic activity and sintering.

1.10 Organization and Scope

This Ph.D.thesisdescribs the synthesis of sinter resistant Au and Pd based catalysts
divided intoseven chapterd?arts of Qapterl, and Chapter and 3 arebased orarticles
already publisheh different journals with minor formatting changes. Chapter, 4n8 6are
manuscripts to be submitted the near futureThis introductionchapter gives a brief
introduction aboutatomprecise clustersespecially Aus(SR)s clusters.This chapter also
discusses theriportance of activation of clusters in catalysis, methw#sifor activationof
clustersand an overview adhe main characterization technigwsed in this thesi®art of the
first chapter incorporaseparts ofa recentreview thatfocuseson the recenéstablishmenof
severalmethodologiegor the activation of metal clusterépproaches for synthesizing sinter
resistant catalyswre alsadiscussed irthe first chapterChaptes 2, 3, and 4 describe several
strategies including silica encapsulation, atomic layer deposition, and immobilization with
bifunctional ligands for imprang the thermal stability of Au cluster catalysts during the
thermal activation process. Chapter 2 focuses on the synthesigerresistant Au clusters
encapsulated inside silisgphereshatareformed by solgel chemistry The thermal stability
andcatalytic activity of thesilica-encapsulated clusters was compared with-errapsulated
clusters ortop ofssilica particles Chapter 3 focuses on the effect of atomic layer deposition of
alumina overAu clusters. In Chapter 4, an situ TEM technique was used to monitor the
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mechanism of sintering of Asiclusters on a silica support. A bifunctional ligandPTS,
provides a sting metal catalyssupport interaction that minimizes the mobility of clusters on
the catalyst suppartAn environmentalin situ TEM techniquewas utilized to probe the
sintering behavior dhe Auzs clusters on mesoporous silica (SBA) during thermal treatment

up to 650 e CChapter 5 describes the galvanic replacement method for the synthesis of
bimetallic clustersstarting withligand freeAg clustersdispersed ira silica matrix Here we
synthesizd aPd based catalyst from activatlica-encapsulated AglustercatalystsChapter

6 describes thdirectsynthesif thiolatestabilized Pd clusters, and encapsulation of the Pd
clusters in silica, followed by activatiohhethermal stabity and catalytic activityor methane
oxidationof silica-coated etalysts and noitoated catgsts were studiedFinally, in Chapter

7, | summarize all the conclusions of this thesis, and suggest possible avenues of future work

that could be done in thiarea.
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CHAPTER 2

Synthesis of SinterResistant Au@Silica Catalysts

Derived from Auzs Clusters

In this work, the thermal stability sflica-encapsulated Ag(MUA) 15 clusteramade by sal
gel chemistrys discussed. Both TEM and EXAFS studies showed that encapsulation improves
the stability towards sintering during the activation procasso, the activity of the resulting
materials for 4nitrophenol reduction and styrene epoxidation reactizas monitored

This chapter is a neaerbatim copy of work published in Catal. Sci. Tech@6ll7, 2, 272
280. All the experimental work in this article was performednyself. Some preliminary
EXAFS analysis was done with the assistance of Dr. Atal Shividre first draft of the

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

Gold clustersexhibit 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
problematt sintering at temperatures above 258, whi ch makes them uns.t
high-temperature oxidation reactions. Here we report the coatifgug{MUA) 15 clusters
(where MUA=mercaptoundecanoic aritdy silica to produce sinteesistantAu@SiQ
catalysts. The structure of the resulting materials before and after calcination at temperatures
up to 650 eC was f ol | owemmy AbdosptionT Ftnll Stauctude E x t e
Spectroscopy (EXAFS) analyses, ialih showed that the Au@SiCatalysts createdere
much more stabl& sintering compared to control materials; with average particles sizes of
2.2 nm after calcination at 250 eC and just
we explored thactivity of the resulting materials for thenrdtrophenol reduction and styrene
epoxidation reactions; results clearly showed that the Au surfaces are accessible for reactants
and that the kinetics ofditrophenolreductionwas directly related to the ghsrsion of the Au
particles, as measured via the first shellAw coordination numbers by EXAFS. Styrene

epoxidation results show that the Au@ Sitaterials have excellent activity and recyclability.
2.2.Introduction

Gold catalysts, especially below 2 nm in size, have attracted much attention in catalysis
owing to theirwell-understoodstructures and broad catalytic activity Several theoretical
studies have shown that small clustersi¢Auzs, Auzs, Auss, etc.) can dissociateatecular
oxygen by transferring electron charge to* Df dioxygen®’ which is a crucial step in
oxidation reactions. For example, ceria supporteg glusters have shown moderateatyic
activity for carbon monoxide oxidation at room temperafukenumber groups have shown
that Aws(SR)s (in the form offree clusters or supported clusters) are effective catalysts for
oxidation and reduction reactions at moderate temperattftésowever, 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 supportedAu catalysts afteheating at moderate temperatute® For example,
Hartaet al.observed that the Au supportedonJ®©at al yst <cal cined at 50¢C
catalytic activity for CO oxidation than the

clusters at higher calcination temperatdfe¥he melting point of metals decreases with
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paticle size!* and most metals show significant surface mobility and sintering when
approaching their Tammann temperature (half the melting point of a metal }TKgrmal

stability of catalysts is crucial because many industrially important reactions, such as
hydrocrackingt® partial oxidation’ and complete combustihare carried out at higher
temperatures of 300 eC to 600 ecC. Thus due

catalysts inndustryis restricted.

Previously our group studied the thernstbility of Aws(SCsHo)is clusters on carbon
supports by EXAFS and TEM analysis which sho
stabilizers start to decompose and Au clusters begin to $irfee size of the Au clusters
increaseduptol.9nmand2dn after heating at 250 eC and
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 Al(SRmbegi ns to | ose its st abipdseszompletelylai gan d
2 5 0 2°&iaering in nanoparticle catalysts is mainly due to the agglomeration of small
particles owing to theimobility 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}>?® overcoating with metal oxides via atomic vapour deposttian,

spatially isolating them in mesoporous sificar MOF frameworkg®

Nearly all attempts to make core@shell or yolk@shell clusters havlvéavomuch larger
nanoparticles, which have lowsretal surface areas and thus are less practical for catalysis.
Two previous attempts have been made to encapsulate Au clusters with a siliéa®$hell.
Pradeepet al. previously synthesized glutathiopeotected Aws clusters encapsulated with
silica shell, with many clusters embedded in a silica matrix, but did not study the thermal
stability of the resulting materiaté Nandiniet al.synthesized silica colloids containing many
ca.1.5 nm Au tusters stabilized bgnercaptoalkylammoniurohloride stabilizers® However,
while the resulting particles were catalytically active 3O, oxidation of a peroxidase
Ssubstrate, the Au clusters were found to ul

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

In this paper, we synthesized A{MUA) 1 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@ Si©atalysts revealed that majority of the particles are still less
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than 2 nm in size after calcination at 650 e
to 224 nm in size which is due to agglomeration of multiplesfUA) 1s clusters in single

silica particles. In order to show that the Au clusters are much more sasistant in the silica

matrix, we coated Ai(MUA) s clusters onto silica spheres and calcined at two different
temperatures (250 eC and 65 O0iroataytic aatinitg with o mp a r e
Auxs@SiQy catalysts. Theravere dramatic differences in the catalytic activity of silica
encapsulated vs. the nencapsulated clusters, which was due to the tremendous sintering seen

for nonencapsulated clusters. For encapsaaiusters, only a small reduction of the catalytic

activity for 4nitrophenol reduction reaction over A@SIQ catalysts was seen upon
increased calcination temperature, which correlates well with the slight increase in EXAFS

first shell AuAu coordinaton numbers. Styrene epoxidation reactions usings@S$iQ
particles show that material s calcined at
recyclability, whil e mat eri al s cal cined at

encapsulated counterparts

2.3. Materials and Methods
2.3.1 Materials

Hydrogen tetrachloroaurate (ll) trinydrate (HAuUGH:0, 99.9% on metal basis, Aldrich),
11-mercatptoundecanoic acid (MUA, 95%, Sigildrich), tetraoctylammonium bromide
(TOAB, 98%, Aldrich), sodium borohydride (NaBH98%, EMD), tetraethylorthosilicate
(TEOS, 98%, Aldrich), 4nitrophenol (PNP, 99%, Alfa Aes), tertbutyl hydroperoxide
(TBHP, 70 wt% in HO, SigmaAldrich), acetonitrile (CHCN, 99.9% Fischer Scientific), and
styrene (99%, SigmAldrich) were used as received. Ammonia (30%), tetrahydrofuran (THF,
high purity) and ethanol (100%) were purchadeom EMD, Fischer Scientific and
Commercial Alcohol respectively. MitQ water was used for synthesis

2.3.2. Synthesis of Ass(MUA) 18 Clusters

The synthetic procedure for AMUA) 15 clusters has been documented previously by our
group?®In a typicalsynthesis, TOAB (333.5 mg, 1.2 eq) was added to HABB4O solution
(200.0 mg) in 20 ml THF in eound bottom flask. The solution was stirred until it turned from
yellow to orangeaed. 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 bah followed by the addition of iceold NaBH: (75.66 mg, 4 eq. in 2 mL water) dropwise
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and the solution was monitored using W6 spectroscopy. The addition of NaBMas
continued until the characteristic absorption peaks e§(MUA) 15 clusters were sedyy 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(MUA) 15 cluster solution in

THF was then cooled in an ice bath and additional Na@H8.38 mg, 1.%2q in 2 mL water)

was added dropwise until a brown precipitate was obtained. The residue was centrifuged and
washed with THF twice, followed by -dissolution in water. Ats(MUA)1s clusters were
precipitated out with a few drops of dilute acetic acid vathapproximate pH of 3. The
precipitate was washed with water twice and redissolved in THF. One drop ofsNtaBtq

in 2 mL water) was added to the THF solution, whichmecipitated out Axs(MUA) 15 clusters.

The precipitate was then collected usingta@rgation and washed with THF. 10 mg of dried
Auzs(SR)g clusters were dispersed in Millipore water (6 mL) and diluted with 2%thanol

2.3.3. Synthesis of silica encapsulated AdIMUA) 1s clusters

The silica encapsulation strategy is depictedSocheme 2.1In order to mininge the
formation ofmultiple clusters in a single silica shell, 1.0 ml of the abovg(MUA) 18 cluster
solution was diluted with 10 mL ethanol. Then the diluteds®UA) 15 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
Auxs@SiQ in this manuscript for brevitythe Aws@SiOG matrials were dried at 104 and
then calcined at different temperaturés@ e C, 350 e (a,n d4 5605 Oe G, C 5f 500r

stream of air, to give the resulting Au@ SiDaterials.

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

12 h stirriTg g
N

TEOS in ethanol 2% Au

{ W

Scheme 2.1General scheme for the synthesis of siénaapsulated A&g(MUA) 15 clusters.
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2.3.4. Synthesis of Ass(MUA) 1sclusters onsilica spheres (control samples)

Synthesis of silicapheresTo synthesize silica spheres, we followed the same procedure as
above, without Ags(MUA) 15 clustersln atypical synthesis, 6 mL water is diluted with 25 mL
ethanol, and then 1 mL of a water/ethanol mixture is added intoahend the whole mixture
was diluted with 10 mL ethanol. Then this very diluted water/ethanol mixture and ammonia (1
mL) was addd 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 Aus(MUA) 1s clusters orsilica spheresl.0 ml of the aqueous As§{MUA) 18
cluster solution was added to the dried silica sphere sample and stirred. After 2 h stirring, the
solventwas evaporated using a rotary evaporator followed by drying on a Schlenk line
apparatus. The metmading was maintaineas2.0wt% Au. Auxs(MUA) 18 clusters supported
on silica spheres were dried at JdDand then calcined at two different temperatute92 e C
and 650 eC for 3 h Hencapsaulatedtcatatystarhave beenalabeled asT h e
Auzs/SiOs.

2.3.5. Characterization

UV-Vis absorption spectra of the A(MUA) 15 clusters were anatgd using a Varian Cary
50 Bio UV-Vis Spectrometer. The morphology of the-@SiO materialswasanalyzed by
a HT7700TEM operating at 100 kV. The size of 200 particdes measured for each sample
using ImageJ software to calculate average particle sizes and standard deviations and create
size distribution histogram®. Extended Xray Absorption Fine Structure (EXAFS)
spectroscopic analysis was performed at HXMA beamline @61&nergy range-30 keV,
resolution 1x1¢ qp #E) at the Canadian Light Source. The storage ring electron energy and
ring currentwere 2.9 GeV and 250mA, respectively. All data was collected in transmission
mode. The energy for the Aws edge (11919 eV) was selected by using a Si (111) double
crystal monochromator withRh-coated100 nm long KB mirror. Higher harmonics were
removed by detuning the double crystal monochromator. Data fitting was carried out using the
Demeter software packagdeln 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 datal Meta
loadings of Aus@SiQ and Aus/SiO, were analyed by a Varian Spectra AA 55 Atomic

Absorption Spectroscope. Nitrogen adsorption/desorption isotherms were collected by using a

56



Micromeritics ASAP2020 system (Norcross GA). The BET model was used to calthdat

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

2.0 mL of 0.10 mM 4nitrophenol and 1.0 mg As@SiC: were mixed in a quartz cuvette
and the UWVis spectraverecollected. After adding ice cold 0.5 niL1 M NaBH: 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 inGatadidic

results were reproduced several times fahesample, 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 eL styrene,
5.0 mL acetonitrileash t hen kept f or #The substraedo Ati male rafict h
is 3920:1. Products were analysed by a gas chromatograph (7890A, Agilent Technologies)
equipped with a Hf column using a flame ionization detector. For recyclabilitisiabe
catalyst was removed from the catalytic mixture by centrifugation, washed with acetone, and

driedat® eC before reuse.
2.4. Results and discussion

UV-Vis absorption studies of thassyntheszed Auxs(MUA) 1 clusters in water/ethanol
mixtures show three peaks at 680 nm, 446 nm, and 398 nm which are attributed toiHOMO
LUMO transitions as shown iRigure 2.13* The UV-Vis spectra give clear evidence for the
formation of Aus clusters. Previously we have also used MAINDS analysis to further
strengthen this assignméfitThe clusters were copiously purified by taking advantage of the
poor solubility of the carboxylateerminated lusters in THF in basic conditions as well as
poor solubility in water under acidic conditions. TEM images of Aligs(MUA) 1 clusters

show cluster cores with a size of ca. 1 nm in agreement with previous fésults.

57



2.0

- -
o (5
1 1

Absorbance

-
o
1

0.0 v T v T ? T y T v
300 400 500 600 700 800
Wavelength (nm)

Figure 2.1 UV-Vis spectra of Aps(MUA) 15 clusters

The Auzs(MUA) 15 clusters were then coated with silica via-gel synthesis using Ndas a
catalyst. Aus cluster solutions were significantly diluted before silica coating to minimize the
number of clusters per silica sphere in the final materials and control thengtell loading.

Figure 2.2showsTEM images of the asynthesized silica coate%lizs(MUA) 15 clusters The

TEM images suggest that the clusters are encapsulated in the silica matrix, stronger evidence
for encapsulation comes from comparisons of calcinatbescapsulated clusters vs. control
samples shown below. It should be noted that many sfibares contain multiple clusters,
although some particles seem to have only a singlgMUWA) 15 cluster. From TEM analysis,

the average silica sphere diamega4® nm and clusters aza 1.1 + 0.3 nm in size (the slightly

larger sizes are likely an #ect 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) 15 clusters decorated on the surface of silica spheres, as shévguia 2.3a.
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Figure 2.2 a) & b) TEM images odssynthesized Ass(MUA) 1s clusterginsetof b); enlarged

image)

Figure 2.3 TEM images of Ag/SiO; catalystsaass y nt hesi zed,

c al

Ci

ned

at

650

e C

b) cal

cin

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
250
higher temperatures needed to completely oxidize the disulphide biprétTiotsvestigate

at

the sinterresistaice of the Aus@SiQ, catalysts, they were calcined at temperatures up to 650

e C

| east

foll owed

temperatures
seen( 2. 2 N
high population of <2 nm sized particles even after calcination at higher temperaigues (

1.

0

e C

bFigureT2Ed¥lowa TEMIimages of the samples upon sintering at
250 eC
e Fartickesize his®grams showed 0

bet ween

ar e

nm at

needed

250

tuster sudaces, with eveh i

and 650 ef;

2.539. As shown irFigures 2.3b and 2.3control samples consisty of Aws(MUA) 15 clusters

ol

ver
nm

on the surface of silica spheres showed a much greater degree of sintering, with average particle
0O eC and 15.

the nonencapsulated control samplgsshownin Figure2.5b, and is quite distinct from the

si zes

of

3.

2

N

1.7

nm at 25

5

Au@SIiQ; histogram inFigure 2.3, with a number of particles > 6 nm in size even after

cal

Ci

nat.i

on

at

250

eC,

and

nearly

N

(

<

]

alThus,partic

59



it is quite evident that the encapsulation of thesAlusters in silica greatly promotes their
stability to sintering at higher temperatures.

Figure 2.4 TEM images of Als@SiG;c al ci ned at a) 250 eC, b) 35
e) and f) 650 eC (inset; enlarged i mage).
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Figure 2.5 Histogram of Au@Si@catalysts calcined at different temperatures.

The Aws@SiQ materials were also examined by nitrogen adsorption/desorption isotherms.
The BET surface area of the catalyst increased from?&tm70m?/g after calcination at 250
eC; we believe the r etharénovaloigsoneofthe MUAagell was ¢ a
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 calcinatiogefgel
EXAFS analysis was carried out in transmission mode on the Haay Xicroanalysis
beamline (HXMA) at the Canadian Light Source (CLBgure 2.6shows the Au bk edge
EXAFS kspace and phasmrrected Rspace spectra of the -agnthesized
Auzs(MUA) 1s@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) 18 clusters. Others have previously collecteeray crystallographic data of
Auzs(SR)s clusters which have shown that they consist obreshell morphology, in which
the core is composed of an Aucosahedron, in which the central atom is surrounded by 12
Au atoms while the shell consists of skA8-S-Au-S staple motif$® 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 cofemultishell fitting approach which has previously
been documented by Zhan gSandtlgee &ucontsilusonsios e d t o
the clusters® In order to fit the data, we first fit the A® contribution byusing AuS model
data obtained from the standard&&R)s structure®®3’ After fitting the parameters for Au
S contribution, we fixed those values followed by fitting all first sheltAAucoordination
modes (there are three A first shell interactions: the first two involve Au atoms in core

and the third involves Au stapktoms). Coordination number (CN) values for all-Au

61



contributions were fixed based on the crystal structure of the clusters. The final EXAFS fitting
parameters are shown Trable 2.1.The AuS bond length was found to be 2.31(1) A which
matches well witrcrystallographic data of Asl 1s clusters in which L=phenylethanethl.

For the Au first shell fit the AWAu (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 icosalcedeoand some short

bonds between adjacent surface Au atoi@scond AvAu contribution is observeat 2.91(6)

A thatis dueto the bond distance between the 12 surface Au atoms of the icosahedron (Au
Au(surf)). The last AvAu bond length, 3&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 clusterst® and thus, the EXAFS data fitting clearly shows that the basic core structure of

Auzs(MUA) 1gclusters are similar to that of Agclusters using other thiolate ligands.
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Figure 2.6: Au Lz edge EXAFS fitting in a) k space and b) phaserected R spacef as
synthesized At(MUA) 1s@SiO clusters

Table 2.1 EXAFS fitting parameters of aynthesized®uzs(MUA) 1s@SiO; clusters

Type CN | R/A G2/AZ | ¢ Shi R (%)
Au-S 1.3 | 2.31(1) | 0.0011) 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 Aws@SiO materials calcined at different temperatures were also analyzed by EXAFS
spectroscopy at the Awledge. Phaseorrected Rspace EXAFS spectra are showrrigure
2.7,while fitted data are found ihable 2.2Individual k and phaseorrected R space spex
of Aus@SiQ calcined at different temperatures are showRigure 2.8 Au-S contributions
are seen around 2.3 A, while A contributions are present between 2.8 A and 3.2 A. An fcc
Au model was used for fitting the single shell-Au fit, assome growth in cluster sizes was
seen which prevented the use of the previousmo del . After cal cd nati o
S contribution was not observed in the data, which suggests that thiol stabilizers are completely
removed from the gold surface, wh is consistent with previous work using other thiolate
ligands’®®Af t er cal cination at 250 e CtheAuhugNaf i r st s
au) contribution is 9.6(7) which suggest that the average number of atoms per particle is ~300,
which works out to @a. 2.1 nm average particle si#?eAs 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 eC. As t heamshidghttyi nati o
increases andtheaNauo f catalysts calEZhhegCataddb06®C, e @
10.0(7), 10.2(7), and 10.5(6), respectivethich suggestthat the average number of atoms
in the Au patrticles 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@ats 0 e C.

1.0 As-synthesized
_ - Au,@SiO, at 250°C
0.8 Au, @SiO, at 350°C
: Au,@SiO, at 450°C
4~ 0.6 Au, @SiO, at 550°C
oL
= 1 Au, @SiO, at 650°C
€ 04
=
0.2
0.0

3,
R (A)

Figure 2.7: Au-Lz edge EXAFS data in phaserrected Rspace ofAuxs@SiQ catalysts

calcined at different temperatures.
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Table 2.2: EXAFS fitting parameters diuz2s@SiQC; clusters calcined at different

temperatures.

Catalyst CN R/ A 02 /A2 [ S| R (%)
(Au-Au) (eV)
Aus@SiC; calcined at 25@ C| 9.6(7) | 2.84(1) | 0.010(2) | 6.1(8) 1.8
Aus@SiC: calcined at 35@ C| 9.8(7) | 2.843(8)| 0.010(1) | 5.7(7) 1.3
Aus@SiQG calcined at 45@ C|  10.0(7) | 2.851(7)| 0.009(1) | 5.6(7) 1.7
Auzs@SiC: calcined at 55@ C| 10.2(7) | 2.860(8)| 0.009(1) | 6.7(7) 1.8
Auzs@SiC: calcined at 65@ C| 10.5(6) | 2.856(6)] 0.009(1) | 6.5(5 1.5

One of the major concerns upon coating clusters or nanoparticles with silica overlayers is
whether or nothe metal surfaces are still catalytically accessible. To probe whether the Au
clusters could be accessed prior to and after sintering th81Q materials, the materials
were probed as catalysts for the reduction-oitrdbphenol. The catalytic actiyi for the 4
nitrophenol reduction reaction is an excellent gauge of the catalytically accessible surface area
of metallic catalysté® A typical UV-Vis spectra reaction profile is shown Figure 2.9 the
original solution has a peak at 317 nm which correspondsnitrabhenol*! After adding
NaBHs to the solution, the peak shifted to 400 nm which indicates the deprotonatien of 4
nitrophenol tadorm nitrophenolate. The intensity of peak due{atfophenolate decreased as
a function of time and a new peak appeared at 300 nm, which has been previously attributed to
the formation of 4aminophenof? In the absence of As@SIC: catalysts, no activity for
nitrophenol reduction was seemhable 2.3shows the rate constants fom#rophenolate
reduction reactions, which are calculated using psdéiusteorde kinetics*>#* All materials
showed a | inear relationship betweehigulen|[ Ct ]/
2.9f. As the calcination temperature increases, the rate constants famithegphenol reduction
reaction was slightly reduced from 1.1 x@intat 250 e C?miotal. 8% 0l eL(
which is likely due to the small increase in Au patrticle size, had tlecrease in catalytically
available surface are&igure 2.10shows the correlation of reaction rate constant with the
coordination number of Au as determined by EXAFS at eatthination temperature; a strong
relationship was seen betweldn,.au and the rate constant fémitrophenol reduction. There
is a drop in activity beyond calcination temperatures of gbfhat cannot be explained by
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coordination number changes alone; this may be due to partial condensation of the silica matrix

which lead to massransfer issues.

a) —— 4-Nitrophenol b) ———4-Nitrophenol
Omin Time interval:2min Omin ,| — Time interval:2min
24 24
3 3
= &
g 2
21 %1 |
] £ ')
2 e
2
2 e
0 : - : : 04 . : : <
200 300 400 500 600 700 209 300 400 500 600 700
Wavelength(nm) Wavelength(nm)
c) min 4-Nitrophenol d) . | =4-Nitrophenol
l —— Time interval:2min | 24 Omin Time interval:2min
24
3
&
H
=
=
£ 14
2
]
<
0 . 2 : - T T T T
200 300 400 500 600 700 200 300 400 500 600 700
Wavelength(nm) Wavelength(nm)
e) Omin ‘ ——4-Nitrophenol f)O-D- —e
| = Time interval:2min
-0.2 ’
B
3 o) A Au,@Si0, at 250°'C
g T Au,,@SiO, at 350°C
£ £ = Au,@SiO, at 450°C
£ o8 = Au,@SiO, at 550'C
é » Au,@SiO, at 650'C
1.0 ® Au,/SiO, at 250'C
® Au,/SiO, at 650'C
- e = T T T T T T y
500 600 700 o 2« ik 8§ 100 12

Wavelength(nm)

Figure 2.9: Catalytic activity for 4nitrophenol reduction reaction over Au@ Si€lcined at
a) 250 eCc) bH)xIB S5HCENAe @ ),an8 ROl cetC of I n[ Ct ] /[ C
function of reaction time imin.

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

Catalyst k (min1)
Auzs@SiQy calcined at 25@ C | 1.1x10!
Auzs@SiQ calcined at 35@ C | 1.0x10*
Auzs@SiQ calcined at 45@ C | 3.75x107
Auzs@SiQ calcined at 55@ C | 2.80x10°

Auzs@SiQ calcined at 65@ C | 1.78x107
Auzs/SiO; calcined at 25@ C | 1.75x10

Auzs/SiO; calcined at 65@ C | 4.82x10*
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for 4-nitrophenol reduction reaction and calcination temperature.

Control samples in which silica spheres were decorated witf(MUA) 1g clusters on the
surface, followed bg al ci nati on at 25 Oexagi@edBkiguck 218)5The e C we
encapsulated clusters.g. Auxs@SiQ) showed a slightly lower activity than the ABiO;
control samples upon calcination at 250 eC;
the silica shelf> The rate constant for the control samplastfaitrophenol reduction dropped
from 1.75 x 10" min for samples treated at 28D to 4.82 x 1@ min'! for samples treated at
650 eC, which was due Aucxlustelrsen thersieface of thiica s s i n't
support as shown earlier by TEM. The6@SiG:s ampl e cal ci ned at 65
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 ofdiglersed, supported
Au catalysts that can withstand high temperature operating and/or calcination conditions. We
do note that for mild catalytic reactions such as CO oxidatiops @usters can be activated
under mild thermal conditions without significaatverse sintering of the Au cluster

catalysts'
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Figure 2.11: Catalytic activity ford-nitrophenol reduction reaction over Au/Si€alcined at
a) 28ndew)C,6.50¢eC

Results for styrene epoxidation reactions ovess@5iQ and Aus/SiO, catalysts calcined
at two different temper at uiTale 2.4.Phe Aws@E» and 6
catal yst calcined at 250 eC ~catalyst showe
selectivity towards styrene oxide (SO) of 92.3% (the otradymt is benzaldehyde (BA)). This
is higher than selectivities seen for larger Au partitidsit in line with that reported for Asl
clusters supported on hydroxyapatite (HAP) by othera.f t er cal ci nati on
conversion was slightly reduced to 62.3% with similar selectivity for SO, which is cansiste
with the drop in catalytic activity seen in thendrophenol reduction reactions above due to
the slightly lower surface area of catalysts calcined at higher temperatures. Recyclability of
Aus@Sixc at al ysts cal ci ned a tfivezy®lls the Catalysashiowedn v e s t
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 c§tkss@SiQ
catalysts cal ci neadaverdge tArsoler fieeqlienaies TOBshoD116+Th h
and 103+10 #, respectively. These catalysts also show excellent catalytic activity for the
styrene epoxidation reaction, in line with the best results in the liter&i8.For example,
Tsukadaet al.reported that As/HAP had an average TOF of 114.H Wu et al.demonstrated
that silica supported Au nanoparticles with average particle size 6.4 nanreactrage TOF
of 99.4h™.32 Non-encapsulated catalysts (ABi0;) c al ci ne d aslghtly Bighér e C h e
conversion of styrene, with very slightly higher selectivity for styrene oxide (>93%); however,
conversions dropped to 15.1% upon calcination of the control sampleatée C. These r
are also consistent with-@itrophenol reduction results, such that femcapsulated catalgst
show slightly higher activities at moderate calcination temperatures due to the absence of mass

transfer issues, while higher calcinatioomfeeratures 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; samplescalned at 650 eC showed higher
Aus@Sixc al ci ned at 25 Ototlge@moval bf disulphua yroduets frdnu e

the catalyst at higher temperatures

Table 2.4: Conversion (%) and TONsr styrene epoxidatioreactions over 24.

Catalyst Conversion Selectivity TON
% SO(%) | BA(%)
Auxs@SiG calcined at 25@ C 70.0 92.3 7.6 2800
Aus@SiO calcined at 65@ C 62.3 91.8 8.3 2500
Au5/SiO; calcined at 45@ C 75.6 93.7 6.3 3000
Auos/SiOp calcined at 55@ C 15.1 93.4 6.6 600

TON= Moles of reactant converted / moles of Au

25. Conclusions

Herein we have synthesized silica encapsuladeds(MUA)1s clusters, followed by
calcination to give active catalysts which have minimal sintering of the Au clusters. To the best
of our knowledge, sinteresistantAuzs(MUA) 1g clusters encapsulated with silica shells have
not been documented elsewhdfgen aftera | c i n at i ahemaotity & theOpargcles
are below 2 nm. Catalytic studies forn#rophenolate reduction reaction and styrene
epoxidation reactions over the catalysts show that the active sites on the gold surface are
accessible to the reactanfAs 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 largetgzarti
Finally, Aws@SiQO; catalysts calcined at 2568C showed remarkable catalytic activity,

selectivity and recyclability for styrene epoxidation reactions.
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CHAPTER 3

Thermal Stability of Alumina -Overcoated Aws
Clusters for Catalysis

In this work, the effect ofthin layers of alumina over Ag(MUA)1s and Aws(DDT)1s
clusters using Atomic Layer Deposition (AL discussedResults on aluminavercoated
Auzs(MUA) 18 and Aus(DDT)1s clusters show that the carboxylic acid groups at the surface of
the clusters are necessary for complete AboBting of the clusters. Fughmore, EXAFS and
TEM analysis clearly showed that &fcle-coated Aus(MUA) 1g clusters are much more sinter
resistant than th&0-cyclecoated clusters.

This chapter is a neaerbatim copy of work published BCS Appl. NandVater. 2018, 1,
69046911 All the experimental work in this article was performednyself. Atomic Layer
Deposition work was done in th&boratoryof Xueliang Surat Western Univesity andcarried
outby Dr. Andrew LushingtonThe first draft of the manuscript was written toyselfand 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 involvorgi@layer deposition
(ALD) of alumina overlayers onto supportgmld clusters which greatly alleviates high
temperature sinteringControl over both the number of cycles (5, 40d 20) of alumina
deposition over Ags clusters and the surface chemistry of the clusters themselves were found
to be important for optimal stabilization. TEM and EXAFS analyses showed thatlasters
using 1tmercaptoundecanoic acid stabilizers with 20 cycles of aluoweecoating via ALD
showed remarkable thermal stability, with particle sizes growing only slightt.t®.5 nm
after calcination at 656 C . However, such stabilization doc
temperatures 10 cycle alumicaated catalysts showed better catalditivity for 4
nitrophenol reduction reaction than 20 cycle alurtgnated catalysts which is likely due to
increased mass transfer resistance associated with the protective shell.

3.2. Introduction

Gold catalysts supported on reducible and-remucible metal oxides have been studied for
many reactions, including lotemperature CO oxidatiopartial oxidation of hydrocarbons,
and reduction of nitrogen oxid&$.0One important conclusion that has arisen from previous
studies with Au catalysts is that Au nanoparticles have remarkableegiemndent catalytic
activity, with Au particles below 4 nm having strong catalytic activity and pestgreater than
6 nm being nearly inactivk® Thiol stabilized gold clusters with sizes in the 1 nm range (such
as [Aws(SR)g]) have been shown to be model catalysts for many oxidation and reduction
reactions at moderate temperaturéslowever, Au clusters/nanopartisleapidlysinterunder
reaction conditions and/or thermal activation treatment and form larger paitidies.to this
limitation, the commercialization of supportegbld @atalysts has been restricted to {ow

temperature applications.

Several methods, such as chemical vapour deposition (EMPRfting of amines onto
nanoparticles? dendrimer encapsulatiddand encapsulation by the sptl method**° have
been reported to help alleviate sintering of metal clusters and nanopaRigg®usly, we
documented that silica encapsulatedsfMUA) 15 clusters showed significant sintegsistance

up to 650eC, and that the resulting catalys
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styrene epoxidation reactioffsHowever mass transfer issues associated with the protective
silica shell were phglematic. ChemicaVapourdeposition (CVD) is a thin film deposition
involving the reaction of gas phase precursors at or near the vicinity of the sul§#tataic

layer deposition (ALD) is a selimiting, multi-step gas phase CVD technique which provides

a unique method for depositing uHitain films on surfaces. Ithe ALD process, growth
progresses layer by layer by sequential alternating pulse of gas precursors. During each half
cycle,thegas precursor is pulsed into reaction chamber for certain time to allow the precursor
to react with the substrate, which allows thbrication of thin films with precise thickness
control, high uniformityand excellent conformality/:?2 In contrast to other methods, ALD is

a nonline of sight technique, capablé aoating high surface area materials in a conformal
mannert® For example, Maet al. reported that silica overcoating by ALD over Au (=5
nm)/TiO, catalysts could enhance the thermal stability of the nanopadicg&maller Au
particles were successly coated by ALD of silica whereas larger particles were-cmated

or incompletely coated. Fergj al.reported that 16 cycles of alumina overcoating (one cycle
consisting of trimethylaluminum exposure followed by water exposure) on Pd nanoparticles
(2-2 nm) by ALD prevented the sintering of the Pd particles after heatingte ®0 f or 6 h
argon flow?* In addition, they observed théiet catalytic activity for methanol decomposition
dropped when over 16 cycles of ALD alumina coatings were used, presumably due-to mass
transfer issues. Stagt al. observed that 45 cycles of alumina deposition over B@¥Avere
required to maintain theze of Pd nanoparticles at 2.8 + 0.46 nm at high temperatures and long
reactiontimes 678 C f or 700 mi n) .

In this work, the ALD technique was utilized to create protective overlayers of alumina over
supporteeAuzs clusters.To probe the critical role of carboxyl groups on the surface of
mercaptoundecanoic acid (MUA) ligandsthe ALD process, the thermal stabiltiyalumina
overcoateddodcanethiolatstabilized Aus clusterswere compared with that of alumina
overcoatedAuzs(MUA) 1gclusters. Results showed thiegmendous sintering was obsenstd
650 °C in the absence of carboxylic acid groups, while thes(MUA) s system showed
dramatically improved stability. Aé structure of the resulting materials before and after
calcination at temperatures up to @@ asanalyzedy TEM and extended-Xay absorption
fine structure (EXAFS) spectroscopy analyses, which showed that the aloveirtaated
Auzs(MUA) 18 clusters were much more stable to sintering compared to control materials. The
catalytic activity of the clsters was examined via a model nitrophenolate reduction reaction.

Catalysts with 20 cycles of alumin&ercoating were found to effectively mitigate the sintering
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of clusters, albeit while introducing mild matsansfer concerns at moderate calcination

temperatures.

3.3. Materials and Methods

3.3.1. Materials

Hydrogentetrachloroaura(@dl) trinydrate (HAuCL.3H20, 99.9% on metal basis, Aldrich),
11-mercatptoundecanoarid (MUA, 95%, Sigma Aldrich)Jodecanethio{DDT, 98%, Sigma
Aldrich), tetraoctylammoniunbromide (TOAB, 98%, Aldrich), sodium borohydride (NaBH
98%, EMD), 4nitrophenol (PNP, 99%, Alfa Aesaslumina (Al.Os, pore size 58 A, Sigma
Aldrich ) and timethylaluminum, (TMA, 98%, Stremyere used aeceived. Tetrahydrofuran
(THF, high purity) was purchased from EMD. Mi{l} water was used for ALD synthesis.

3.3.2. Synthesis of As(MUA) 15 clusters

Auzxs(MUA) 18 clusters were synthesized by using an existing procethatehas been
published by ougroup?® Briefly, HAUCI+3H,0 (200 mg) and TOAB (1.2 equiv.) were added
to 20 ml THF. The solution kept for stirring until it turned from yellow to orarggke After the
addition of MUA (5 equiv. in 5 mL THF), the solution was stirred until it becaolerless
The solution was thecooled using an ice bath followed by the additioncefcoldNaBH; (4
equiv. in 2 mL water) dropwise and the solution was monitored usiny/ig\épectroscopy.
The aldition of NaBH was continued until the characteristic W& absorption peaks of
Auxs(MUA)1g clusters were observed. Larger nanoparticles were then removed by
centrifugation at 10,000 rpm for 2 min. A(MUA)1s clusters were precipitated out with
further NaBH (1.5 equiv. in 2 mL water) addition. The residue was then centrifuged and
washed wit THF twice, followed by dissolution in water. A(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.

Auzs(MUA) 15 clusters were deposited on alumina by the following procedure: 200 mg of
alumina was added to the A(MUA)is solution and stirred for 2 h. After stirring,

Auzs(MUA) 1¢/Al 203 catalysts were dried by solvent evaporation.

3.3.3. Synthesis of At(DDT):s clusters
To the solution of HAUGI3H.O (500 mg) in THF (50 mL), TOAB (1.2 equiyvand t
dodecanethiol (5 equiv.) were addédhe resulting solution was stirred until it became clear

followed by the addition ate-cold NaBHs (10 equiv. in 10 ml BKO). 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
aluminasupported Aps(DDT)1s clusters were synthesized in a similar way as the procedure
using Aws(MUA) 15 clusters above.

3.3.4. Atomic Layer Deposition of Alumina over Aus(MUA) 1g/Al>Os and
Au2s5(DDT)18/Al203

Atomic layer deposition was carried out by sequential exposure of trimethylaluminum
(TMA) and deionized water at room temperaturdLD films were deposited using a
commercialcross flowtype hotwall ALD reactor (Arradiance Gemst&8) using TMA and
deionizd Milli-Q water. All precursors were evaporated with an external resémeidirat
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 chanlvesishpmumped
down to ~50 mTorr. All depositions were conducted ag 8Dsing a 50 ms pulse of TMA and
50 ms pulse of water separatgda 60 s purge of argon at a flow rate ofs2@m Alumina
overcoated samples were prepared using 5, 10, and 20 cycles of T™MARAdr brevity,
catalysts prepared by different cycles (5, 10, and 20) of ALD coating are designated as 5c
Al20s/Au(MUA)/AI 203,  10cAl203/Au(MUA)/AI 203, and  20€Al 20s/Au(MUA)/AI 203,
respectively, whereas the sample prior to ALD deposition is designated as Au(ML@)/Al
The 10eAl>03/Auxs(DDT)18/Al03 catalysts were prepared using 10 cycles of alumina
deposition on Aps(DDT)18/Al203. All samples were then dried at 1@0C .  Faalcirtatiomsr
were carried out at two different temperatures® e C and 650 eC) for 3 |

3.3.5. Characterization

A Varian Cary 50 Bio UWis Spectrometer was used to collect-Wis absorption spectra
of the Aws(MUA) 1s clusters. Thanorphology of the ALBcoated Aus/Al.O3 materialswas
analysedoy a HT7700TEM operating at 100 kV. ImageJ software was used to measure the
size of 200 particles for particle size distribution histogr&hixtended Xray Absorption
Spectra Fine Structure (EXAFS) spectroscopic analysis was performed on the HXMA
beamline 061EL (energy range-30 keV, resolution 1xIOpE/ E) at t he Canad
Source. The storage ring electron energy and cmgentwere 2.9 GeV and 250 mA,
respectively. All data was collected in fluorescence mode using a 32 element detector. The
energy for the AtLz edge (11919 eV) was selected by using a Si (111) double crystal
monochromator with &h-coated100 nm long KB mirror. Higherharmonics were removed

79



by detuning the double crystal monochromator. Data analysis and EXAFS fitting was carried
out using the Demeter software pack3y&.An amplitude reduction factor of 0.86 was
obtained from fitting of the Au foil. The coordinatiommber 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 4nitrophenol and 2.0 mg ALoated Aus/Al>Os were mixed in a
qguartz cuvette. After adding 0.5 mL of iceld 0.10 M NaBH in water to the cuvette, the
sample was analyzed by WVis spectroscopy immediately, to get the initial concentration of

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

3.4. Results and Discussion

Auzs(SCioH20COO0H )8 (Au2s(MUA) 18) clusters and Aag(SCioHos)18 (Au2s(DDT)1g) clusters
were synthesized according to aforementioned procedtieshe formation of Aus clusters
was verified by UWVis spectra which showed three peaks at 399 nm, 446 nm, anth680
which are characteristic of the HOMIQJMO transitions of the Ags clusters?>3 Previously
we analyzed the MALDITOF spectra of Ats(MUA) 15 clusters which gave clear evidence for
the formation of Aws(MUA)1s) clusters® TEM images of the assynthesized
Auzs(MUA) 14/Al .03 and Auzs(DDT)18/Al 203 materialsbefore and after ALD deposition are
shown in Figure 3.1. The average particle size of the AWMUA)1g/AI20z and
Auzs(DDT)18/Al.03 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 phistiees
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 ofssynthesized aluzs(MUA) 18/Al203, b) Aws(DDT)18/Al 203, €)
10c-Al203/Auzs(MUA) 1g/Al 203, and d)10€Al 203/Au2s(DDT)1g/Al 20s.

Overlayers of alumina were grown onto thazs(MUA) 18/Al20z and Auzs(DDT)18/Al 203
materials by ALD using sequential pulses of trimethylaluminum (TMA) ap@.Hhe Au
particle sizes of aluminavercoated samples of A(MUA)1s clusters with 5, 10and 20
alumina ALD cycles, followed by calcination, were examined by TEM analysis; results are
shown inFigure 3.2Previous work by our group and others has shown that the thiolate ligands
in such clusters are not removed until temperaturas0f25 eC, and typically completely
removed by 250 ¢ G3 The Au(MUA)/AIOs, 5c¢Al0s/Au(MUA)/AIOs, 10c
Al203/Au(MUA)/AI 203, and 20€Al0s/Au(MUA)/AI 203 catalysts calcined at 2%0 Ghowed
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 oktklusters via sintering already occurred at this stage,
albeit sintering was mitigated with more cycles of alumina deposition. The Au(MUGYAI
5¢-Al,03/Au(MUA)/AI 203, 10cAl20s/Au(MUA)/AI 203, and 20€Al.03/Au(MUA)/AI 203
samples calcined at 680 Ghowed 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 literatiggests that the coatings
would only be 1.1 nm and 2.2 nm thick for 10 and 20 cycle alumina ALD codfilige.note
that were not able to repducibly 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 tlesaampl
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shown in Figure 3.3.The 10eAl203/Au(MUA)/AI O3 and 20€Al0s/Au(MUA)/AI 203

catalysts exhibited tremendous sinter resistance upon calcination in air upetd®50

Figure 3.2: TEM images ofAuzs(MUA) 15 samples on AlDscalcined at ap50e (b)650e C
5¢-Al203/Au(MUA)/AI 203 calcined at c¢) 25@ C, d g C1@cBAIe0z/Au(MUA)/AI O3
calcined at €) 250, f) 650 C ; 2Gc-AlgDz/Au(MUA)/Al ;03 calcined atg) 256 C, R)C.650
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Figure 3.3 Histograms of a) Au(MUA)/AIOs, b) 5c¢Al20Os/Au(MUA)/AI Oz, c) 10e
Al203/Au(MUA)/AI 203, and d) 20eAl0z/Au(MUA)/AI 203 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 enined the thermal stability of 10c
Al>0s/Au25(DDT)18/Al 203 materials; TEM images of the resulting materials after calcination
at 250e @nd 650 @re shown irFigure 34. The average particle size increased to 2.0 £ 0.8
nm after calcination at 25¢ Cand to 5.2 £ 2.1 nm upon calcination at @5CThese values
are higher than the values seen for comparabie(lMWA) 13 samples above (1.9 + 0.8 nm and
2.7 £ 1.6 nm for sampt calcined at 256 Gind 650e Crespectively), particularly for the
sample calcined at higher temperature. This implies that that insufficient alumina deposition
over Aws(DDT)1g clusters occurs, likely due to the lack of functional groups available for
anchoring TMA on the dodecanethiol ligarfdsShe moderate stability of the AgDDT)1s
system at 25@& Gnay be explained as alumina growth happens around the clusters, thus
preventing mild sintering at lower temperatures and partially mitigating sintatihggher
temperatures (as compared to uncoated samples). In tB@MAIA) 18 system, on the other
hand, the carboxyl groups on the surface of the clusters can allow for anchoring of an alumina
overlayer, as shown i8cheme 3.lindeed, there is precedenicethe literature for growing

metal oxide films on the surface of carboxylic at#dninated selhssembled monolayets.
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35 First the TMA can react with surface carboxylic acid group to form @MOCH3)2* and

CHa. Next HO is introduced into the reaction chamber which reacts\i{(CH)3)2to form
-Al(OH)2* and CH;. This process is then regted in the next cycle. It is not clear whether this
overlayer on Aes(MUA) 15 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 the Aws(MUA) 18 system compared to the A(DDT)1s System.

Figure 3.4 TEM images ofLOcAl>03/Auxs(DDT)18/Al20s3 calcined at a) 25@ C, and b))
e C.
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Scheme3.1: Schematic illustration of alumina deposition o¥ers(MUA) 18/Al203. Colour
scheme: red circlesnethyl groups, light blueAl, dark purple O, and dark blueH.

To further understand the effects of 10 and 20 cycles coating agamtsting, he
Auzs(MUA) 18 samples were also examined #u Ls-edge EXAFS spectroscopy in
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fluorecence mode on the Hardpdy Microanalysis beamline (HXMA) at the Canadian Light
Source (CLS)Figure 3.55hows the Au bk-edge kspace and individual-Bpace pectra of the
assynthesized\uzs(MUA) 18 samples coated with 20 layers of alunmymir to calcinationX-

ray crystallographic data of A¢fSR)sclusters has shown thati>s(SR)sclusters have a core
shell morphology, in which the core is composed ofag icosahedron, in which the central
atom is surrounded by 12 Au atoms while the shell consists of&ixSAu-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 was used to fit the /Aiand three AWAu contributions of theclusters in the as
synthesized materiaf$.3’ After fitting the parameters for A8 contribution, we fixed those
values followed by fitting all three first shell Awu coordination modes. Coordination number
(CN) values for all AvAu first shellcontributions were fixed based on the crystal structure of
the clusters. The final EXAFS fitting parameters are showiable 3.1The AuS bond length

was found to be 2.32(1) A which matches well with crystallographic dataiek 1sclusters
(L=phenylethanethiol)The R-value at 2.82(3) A represents the distainem central Au atom

to the surface Au atom of the icosahedron comd also some short bosthetween adjacent
surface Au atomsThe second AtAu interaction at3.03(4) A is the bond distance between
the 12 surface Au atoms of the icosahedron (Au(surf)). The last AvtAu 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 thug\ie EX
data fitting clearly shows that the basic core structukug§(MUA) 15 clustersis retained in

the ALD-coated samples prior to calcination.
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Figure 3.5 Au Lz edge EXAFS fitting data in-kand R-space of asynthesized20c
Al203/Au/Al 20s.

85



Table 3.1 EXAFS fitting parameters of ag/nthesized 20&I,03/Au/Al O3,

Type CN R/A G2/A2 | Shi R (%)
Au-S 1.3 | 2.32(1) | 0.001(1) 8.52)
Au-Au(core) | 1.44 | 2.82(3) | 0.003(2) 8.52) 1.8

Au-Au(surf) | 1.92 | 3.03(4) | 0.004(4) 8.52)
Au-Au(staple) | 2.88 | 3.31(9) | 0.02(1) 8.52)

The Fouriestransformed Rspace spectra for th€0cAlOz/Au(MUA)/AI 20z, and 20e
Al2Os/AU(MUA)/AI2O3s ampl es after cal ci nasetshoemin Figure 250 ¢
3.6. Individual k- and R-space spectra 0ofl10cAl.Oz/Au(MUA)/AI2O3 and 20e
Al>0s/Au(MUA)/Al 203 samples calcined at two different temperatufg2C, a@ @Gre650
shown inFigure 3.6 and 3.7espectively. The A6 contribution was not observed at 2.3 A in
calcined samples whicsuggest that the thiolate ligand is removed coralétom theAu
surface by 25@C, which is in agreement with previous findings by our group and otHers.

38 A fcc Au model was for used for singdell fitting of the calcined sampléSFitted EXAFS
parameters of all the samples are showable 3.2.In the case 0of25 0 -teafed 10¢
Al203z/Au(MUA)/AI 203 catalysts the first shell coordination number for the-Au (Nau-au)
contribution was found to be 10.4(5) which increased to 11.6(5) after calcinatiob & e 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 atotm&in average particle size of

10 nm3%%2 As this is significantly larger than the average size seen by TEM, it suggests there
aresome much larger Au particles in the sample which local TEM analyses do not capture.
The first shell coordination number for the -Aw (Nauw-au) contribution of 20¢
Al203/Au/Al Oz catalysts calcined ab20 aedd3 0 wer€ found to be 10.2(5) and 10.5(3)
respectively. An average @odination number of 10.5(3) implies an average particle size of
about 2.5 to 3 nm (containing ~1600 atori¥s¥. This value is in reasonable agreement with
TEM data; both TEM and EXAFS studies indicate that catalysts 2@thycles of alumina

deposition showed better sinter resistance than those Witiicles of alumina coating.
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Table 3.2 EXAFS fitting parameters of 10&l1,0s/Au/Al20s and 20€Al>0s/Au/Al>Os

materials calcined at two different temperatures.

Catalyst CN R/A 02 /A2 [ St R (%)
(eV)

10c-Al203/Au/Al 203 10.4(5)| 2.851(6) | 0.0092(9), 4.7(6) 11
calcinedat2 5 0 e C
10c-Al203/Au/Al 203 11.6(5)| 2.852(6) | 0.0092(7), 3.4(5) 1.0
calcinedat6 5 0 e C
20c-Al203/Au/Al 203 10.2(5)| 2.838(7) | 0.010(1) | 3.6(6) 1.0
calcinedat2 5 0 e C
20¢-Al203/Au/Al 203 10.5(3)| 2.847(4)| 0.0081(6)] 4.1(4) 12
calcinedat6 5 0 e C

Previously, we reported that A{YMUA) 15 clusters coated with 40 nm silica spheres using

solgel chemistry also enhanced the thermal stability o§(Ad-MUA) 1sclusters and showed

similar average coordination number 10.5(6) upon calcination 520 6 e C, wher e

Auzs(MUA) 15 clusters on silica sphes are not thermally stable and the average particle size
increased to 5.% 3.2 nm after calcination at 659 ¢° Similarly, Chenet al. found that
Auzs[SCsHeSi(OCHg)3] 18 clusters embedded in a thick silica matrix were found to undergo
moderate sintering & 0 0 anglt@ecluster size increased to 2.5 nm?* The ALD results

here show that similar stabilization can be gained with much thinner alumina ALD overlayers.
Nakayamaet al. investigated the thermal stability of Awclusters on ALD fabricated
amorphous titanialt was found that the height distribution (AFM image) foroAulusters
increased from 1.7 N 0.6 nm to 2.9 N 1.6 n
4 mbar) for 20 mirf? 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-ritrophenol reduction reactions ové&u(MUA)/AI 203, 10¢
Al203/Au(MUA)/AI 203 and 20¢-Al20z/Au(MUA)/Al 205 catalysts calcined att20 e C.- The
nitrophenol reduction resulare shown irFigure 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 NaBH reducting agent, the-4
nitrophenol solution showed a peak at 400 nm which corresponds to the nitrophenolaté anion.

48 The intensity of this peak decreases as atfom of time and a new peak appeared at 300
nm which corresponds to the formation of thardinophenol produdf In the absence of Au

cluster catalysts, no activity forritrophenol reduction was observed. The rate constant for
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the reaction was calculated using pseficst order kinetics; fits for each of the plots are shown

in Figure 3.8dand values are shown Fable 3.3%%! Several samples showed small delay

times beforecatalytic reactions began, which is likely due to the presence of small amounts of
oxygen in the systert.10c-Al ,0s/Au(MUA)/Al 203 and20¢-Al ,0s/Au(MUA)/Al .03 catalysts

calcined at 2502 Chave rate constants for nitrophenol reduction1d®5x102 min and

5.71x10° min?, respectively, for nitrophenol reduction. The 20 ALD cycle catalyst showed

lower activity, though still slightly higher than the uncoated cataB:310¢103 mint). This

drop in catalytic activity from 10 to 20 cycles of ALD overcoating is not duthé¢osize
differences of the particles, but rather is likely due to mass transfer resistance related to the

alumina overlayef* Previous quartz crystal microbalance studies demonstrated that ~1 A

alumina deposition occurs per cyélé® thus based on these studies, the -20c
Al2Os/Au(MUA)/AI 203 catalysts have a 1 nm greater alumitiackness than 10c
Al>0Os/Au(MUA)/AI 20Oz catalysts. The rate constants 4emitrophenolreduction reaction over

Au(MUA)/Al 203, 10¢Al20s/Au(MUA)/AI 203, and 20c-Al20z/Au(MUA)/AI 203 catalysts
calcined at 5 0 veel@ 7.19x108 min?, 4.49x10* mint and 3.32x03 min?, respectively
(Figure 3.9. It is clear that 20&l0s/Au(MUA)/AIl 203 catalysts calcined at 6%0 @re 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 3.9 4-Nitrophenol reduction reaction over catalyst calcined at @5C a)
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Table 3.3 Rate constant k (mif) for 4-nitrophenol reduction reaction

Catalyst k (min?t)* R2
value
Au(MUA)/Al 2Oz calcinedal 5 0 e C 3.70x10°+ 0.0003| 0.99

10cAl05/Au(MUA)/AIl ;03 calcined aR 5 0 ¢ 1.25¢10%+ 0.001 | 0.99
20¢-Al,035/Au(MUA)/AI .05 calcined a2 5 0 ¢ 5.71x10%+ 0.0004 | 0.98
Au(MUA)/Al 203 calcinedab 5 0 e C 7.19x10* + 0.0001| 0.95
10c-Al,0s/Au(MUA)/Al 203 calcined a6 5 0 ¢ 4.49x10* + 0.0001| 0.85
20¢-Al,035/Au(MUA)/AI .05 calcined a6 5 0 ¢ 3.32x10°+ 0.0003| 0.92

3.5. Conclusions

ALD aluminaovercoatedAuzs(MUA) 18/Al 203 sampleswvere synthesized using 5, 10, and
20 cycles otrimethylaluminum/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 gnter resistance of the Au clusters at high temperatures. 10-a@yectena ALD coatings
of analogous Aw(DDT)1sclusters were less stable to sintering at higher temperatures, likely
because alumina coatings could only form around such clusters, whilealcoatings could
form on top of the Aes(MUA) samples. ANitrophenolreduction reactions carried out over

noncoated, and Xdand 20 cycleovercoated catalysts showed that the highest rate constants
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for samples with 10 cycles of alumina deposition caldiat 250 Chowever, samples with

20 cycles of alumina deposition were much more effective catalysts afterataitat650e C
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CHAPTER 4
Probing the Thermal Stability of (3-

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

Microscopy

This chapter investigatesthe synthesis and the thermal stability of (3-
mercaptopropyl)trimethoxysilaneprotected Auzs clusters on SBALS5 supports An
environmentaln situ TEM techniquewas utilized to probe the sintering behavior of2Au
clusters on mesoporous silica (SBA) during thermal treatment up860e (t was observed
thatthe particlemigrationand coalescence mechanism is more dominant at high tempsgrature

andis responsible for particle sintering

This chapter is amanuscriptthat is in preparatiorfor publication The first draft of the
manuscript was written by myseih situ TEM analy®s weredone with the assistance of Dr.

Charles Soong and Dr. StAsgel at Hitachi
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4.1.Abstract

High-surfaceareagold catalysts are promising catalysts for a number of selective oxidation
and reduction reactionbuttypically suffercatalyst deactivatioat higher temperature$he
major reason fotcatalyst 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 Ags clustersstabilizedwith 3-mercaptopropyltrimethoxysilar®PTS) ligands.
The sintering ofAuxs(MPTS)s clusterson mesoporous silica (SBA5) was monitored by
using a environmentaln situ TEM technique Results showethat 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 ladleviated by fabricating overlayers of silica around
the clusters. The resulting materials showed tremendous sinter resistance at temperatures up to
650e @s shown byn situ TEM and EXAFS analysis.

4.2. Introduction

Goldwas considered@hemically 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 lowtemperature CO oxidatior?: There is a growing interest in utilizing Au
clusters, especially As(SR)s clusters, as ideal model cataly$#su clusters show remarkable
catalytic activity for lowtemperature catalytic CO oxidation reactffi oxidation of
styrene’’ hydrogenation of unsaturated hydrocarb®hand reduction of 4itrophenof®!?
However, Auclusters are subject to sintering under Higimperature reaction conditioffs.
Immobilization of clusters ometal oxide supports such as silica, alumina, and titania can help
to minimize sintering to some exteBince nany industrial reactions such as catalytic methane
combustion, reforming of hydrocarbons, and automobile exhaust control exceeg 600

industrial applications of Au as a catalyst is restricted.

Catalyst sintering is mainly ascribed to two mechanisdswald ripening and particle
migration and coalescen&&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 atomsric ato
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 AtiPd!® and Pt® particdarly 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 aflggarti
suppresses Ostwald ripenititf® Wettergrenet al. reported thathe driving force for the
Ostwald ripening mechanism can be eliminated through the size selection of éfusters.
Monodispersed Pt clusters are found to be more stable than the clusters with two different sizes.
In the particle migration and coalescemeechanism, 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 Tanmt@mperature, which is the
temperature where the sack atoms become mobffeParticle migration and coalescence
mechanisms can often be eliminated by physical confinement of clusters in a metal oxide or

metalorganic framework sheff

Several methods have been reportedawatrol the particle aggregation and sintering upon
calcination. Physical confinement in a metal oxide shell is an efficientgtriteninimize the
mobility of metal nanoparticles/clusters amdsuls in enhanced thermal stabilify?®
Previously our group reportedaha silica shell with 40 nm thickness enhances the thermal
stability of mercaptoundecanoic acid protectedsAulusters?’ Similarly, we achieved large
improvements in thermal stability of Ag{MUA) 1s clusters with 10 and 20 cycles of alumina
coating via atomic layer depositiétiHowever, a mass transfer issue associated with the silica
and/or alumina shell was observed iottb cases, which is problematic for heterogeneous
catalysis. Others have similarly shown thudtysical confinement with a metatorganic
framework offers improved thermal stabilitgr Au clusters, but have also noted that this

typically comes with a masgansport cost®

Another approach for reducinge sintering behavior of catalysts is improvement of metal
support interactions. Strong megalpport interactions at mild temperatures can be achieved
by functionalization of the catalyst support with bifunctional ligands with thiolate or amine
terminal goupswhich have been reported by several groliféSeveral studies showed that
3 mercaptopr op YMRTS)icaneattds @ XNinker,in lwhichethe thiol group
strongly adheres to the surface of metal particles and the silane group anchors to silica support
through SiO-Si linkages’*3® An alternative method for facilitating the megalpport
interaction isthe impregnation of MPTS stabilized clusters on the catalyst support. MPTS
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ligands on the Agt clusterscan allow the fabrication dfilica coating around the clusters via

hydrolysis and condensation wittraethylorthosilicat€TEQS)?%24

Here we report a direct method for the synthesis o Alusters withVIPTS 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 Mpi&ected Auxs clusters via ligand exchange of
polydisperse AtLm clusters (where L is glutathione/ triphenylphosphftié§ The mobility of
Au clusters on mesoporous silica supports under heat treatment was monitored by
environmentalin 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 nder hightemperature heat treatments. The mobilityAabs(MPTS)s clusters
was lowered by fabricating overlayers of silica via secondary TEOS treatments. The resulting
materials showed tremendosisiterresistance, which was confirmed by EXAFS anditu
TEM analysis. However, at high temperatures, some growth in particle size was still observed,

which is likelydue to slow movement of particles on the support

4.3. Materials and Methods
4.3.1 Materials

Hydrogen tetrachloroaurate(Itijihydrate (HAuCi-3H20; 99.9% on metal basis, Aldrich),
(3-mercaptopropyl)trimethoxysilaPTS, 95%, SigmaAldrich), tetraoctylammonium
bromide (TOAB; 98%, Aldrich), sodium borohydride (NaBH 98%, EMD),
tetraethylorthosilicate (TEOS, 98%, Aldrich)triblock copolymer Pluronic P123
(PEGoPPQGPEQ), and hydrochloric acidHCI; 36% EMD) were used as received.
Tetrahydrofuran (THF; high purity) and ethanol (100%) were purchased from EMD-Milli
water (HO) was used for synthesis

4.3.2. Synthesis oAu25(MPTS)1s clusters

100 mg ofHAuUCls-3H20 and 0.1649 g of TOAB (1.€quiv.) were added to 20 nacy THF.
This was followed by the addition of MPT340 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 NaBHs (10 equiv) in ethanol (10 mL) was added dropwi3ée solution was stirred at

room temperature fof days. Thaesidue wasemoved by centrifugation amlizs(MPTS)s
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clusters remained in the supernatant THF solutfanrs(MPTS)s clusters in THF solution

were used for impregnation on SEA.
4.3.3. Synthesis of SBAS5

SBA-15was synthesized by the sp¢l and hydrothermal methd8iin 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 ag3&The obtained gel was transferred
into an autoclave and then kept in an cae80e @r 12 h. The solid residue was washed with
water several times and dried at @Finally, the Pluronic 128mplate was removed by
calcination at 55@ @r 3 hunder air 10.0 mg oAuxs(MPTS)s clusteran THF solutionwere
deposited on 200.0 mg of SBES by wet impregnatior-or brevity, we refer to this catalyst
asAuxs(MPTS)1¢/SBA-15. After immobilization, the catalyst was washed with water and THF
several times. The resulting material was calcined ae26050e Cand 6502 Gor 3 h.

4.3.4. Synthesis of thin overlayer on Ai(MPTS)1s clusters on SBA15.

The SBA15 supportedu2s(MPTS)s clusters (100 mgyere dispersed in 50 mL ethanol in
a roundbottom flask, followed by the addition of 100 ul of TEOS. After this, air saturated with
moisture was bubbled through the solution for a 12 h period whilagthe flask at 600 rpm,
as shown irschemet.1.3” The air flow was maintained as 50 mL/min by mass flow controller.
The solid was then collected by cefuigation and washed wittthanolandH>O several times.
For brevity, we refer to this catalyst &8 OSAus(MPTS18/SBA-15. The resulting material
was calcined at 25@ C450e Cand 650 Gor 3 h. For EXAFS analysis, materials were also
calcined at 35@ @nd 55Ce C

A A

Air

[00) @
12 h stirring

e S S —

Scheme 4.1: Schematic representation of experimental sétumtroduce moisture to the

ethanolicTEOS solution for silica coating.
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4.3.5. Characterization

UV-Vis absorption spectra of the A(MPTS)1s 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 dispersedniol etfore
drop-casting on a Cu TEM grid coated with carbon film. ImageJ softwaseusedo calculate
average particle sizes and standard deviations and create size distribution hitograrsisitering
behavior of the catalysts at various temperatures was monitored by a field emission HF3300 TEM
instrument operating at 300 kYAn electron transparent silicaitride grid was used for TEM
analysis TheAu clustersample was dispersed in ethanol and a thin film of the sample was deposited
on the gridAn external heating deviegas attached to a heating coil in the middle of silicon nitride
chip. The heating rate fothe samplewas 10e s. The oxygen pressure was maintained at 1 Pa
during TEM measurements. The gas was restricted near the specimen throughqoessilesl
apertures, and a differential pumping design helped retain the vacuureripartis of the column.
Extended Xray AbsorptionFine Structure (EXAFS) spectroscopic analysis was performed at
HXMA beamline 061B1 (energy rangei30 keV, resolution 1 x 16qE/E) at the Canadian Light
Source. All data erecollected in transmission mode. The energy for thé-Aedge (11919 eV)
was selected by usingSi(111) double crystal monochromator witRh-coated 100 nm long KB
mirror. Higher harmonics were removed byutiéng the double crystal monochromator. Data fitting
was carried out using the Demeter software packageit the data, the amplitude reduction factor
for Au data was fixed at 84, which was the value obtained from fitting of the Au foil dBtawder
X-Ray diffraction data was collected usinRigaku Ultima IV XRay diffractometeequipped

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

Aus(MPTS)1s clustersin THF showed three distinct absorption peaks at 680 nm, 440 nm, and
400 nm, as shown irigure 4.1aThese absorption bands in the-W\g region are due to HOMO
LUMO transitions and are similar to those seen iss(@R) s clusters protected withther ligands
such as phenylethanethiol, mercaptoundecanoic acid, and dodecaH&tfiothis UV-Vis
spectrum is also in good agreement with the specaefMPTS)s clusterghat were formed by
a ligand exchanged method by Pradeep and cowdekeigure 4.1kshows the TEM image tifie
Auxs(MPT9)1g clusters, and the average diameter of clusters was found to be 0.8 £ 0.2 nm, which is
comparable to that of As(SR)1s clusters protected with other ligands and near the expected size for
Auzs(SR)1sclusters

102



a) 1.0 .

0.8

e
=2
1

Absorbance
o
>
1

o
()
1

0.0 —t — T T
300 400 500 600 700 800 900
Wavelength (nm)

Figure 4.1:a) UV-Vis spectraand b) TEM image ofus(MPTS)1s clusters.

Au Lz edge EXAFS analysis was further used to evaluate the basic structur@wi(MPTS)1s
clusters, and this analysis was performed in transmission mode on the HXMA beamline at the
Canadian Light Sourcedrigure 4.2 shows theAu Ls-edgek-spaceand R-space spectra of
theTEOStreated Auxs(MPTS19SBA-15 clusters before calcination. Previous-ra§y
crystallographic studies have shown thats(SR)1s clusters have a coighell morphology: the
core consists of a 1&tom icosahedron, in which one central #aom is surrounded by 12 Au
atoms?® 4445 Twelve out of twent facesof the icosahedron are covered by six staple motifs;
each staple motif hasAu-S-Au-S unit in which each S atom is directly attached to Au atoms.

A multi-shell pealfitting approach that was documented by the Zhang group was used to fit
the datan which there are one A8 and three AWAu contributions*® Previously, our group

used a similar multishell approach for the fitting of >Awclusters protected with
mercaptoundecanoic acid, hexanethiol, ahdnylethanethid” 4 The AuS model that was
derived from standarAu>s(SR)s clusters was used to fit the Aicontribution. After fitting

the parameters for A8 scattering, those values were fixed, followed by fitting the first shell
coordination of all three Au contribiions. Based on the crystsiructure ofclusters, the
coordination number of these three-Au contributions was fixedTable 4.1shows the
EXAFS fitting parameters. The interatomic distance between Au and S atoms was 2.30(1) A,
which is consistent with he crystallographic data of otheku.s(SR)s clusters (SR=
phenylethanethioli® The first AuAu contribution which appeared at&3(1) A, is due to the
distance fromcentral Au atonto 12 surface atoms of the icosahedron cared also some
interactionsbetween adjacent surface Au atorike second AAu contribution appeared at
3.0909) A and involves adjacent Au atoms on the surface of the icosahedron, while the third

103



contributionat 337(8)A is due to surfacstaple Au interactiom This fitting result was in good

agreement with thaif Auzs(SRys clusters with other ligands.
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Figure 4.2: Au Lz edge EXAFSTitting in a)k-space and biR-spaceof assynthesizedTEOS
treatedAuzs(MPTS)isclusters on SBALS.

Table 4.1: EXAFS fitting parameters assynthesized EOStreatedAu.s(MPTS)1sclusters
on SBA15.

Bond CN | R/A 82/A2 | ¢ Shift(eV) R (%)
Au-S 1.3 | 2.30(1) | 0.0004(4) 8.4(9)
Au-Au(core) | 144 | 283(1) | 0.01(2) 8.4(9) 2.0

Au-Au(surf) | 1.92 | 3.0909) | 0.00(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 clusfér§his 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®can lead to an increase in tigdrolysis rate,
resulting in the formation of silica sphef@shus, water wa slowly brought into the system
in the gas phase (as shownSaheme 4.Jito 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 tikca overlayers by TEM, which is likely due to the lack of
contrast between SBA5 and silica overlayer. However, calcination results shown below show

the tremendous impact of such overlayers on sintering behaviaigNibicantchange was
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seen in theserage particle size duzs(MPTS)1s clusters on SBALS before and after TEOS

treatment, as they were measured t0.8et 0.3 nm and 1.0 £ 0.3 nm respectively.

To probe the thermal stabilit3us(MPTS)1s clusterson SBA15 before and after TEOS
treatment were calcined 260e C450e Cand650e @or 3 h in airand analyzed by TEM, as
shown inFigure 4.3Considerable sintering was observed in SBEAsupportedAuzs(MPTS)1s
clusters in the absence of any silica overlayers, with Au particle sizes increasing to 3.9 + 2.3
nm at 250e C10.5 + 3.3 nmat450e Cand 100.0 £ 27.4 nm &60 e (respectively These
results are consistent with work by Das and coworkers who found the{&R)sclusters are
not sufficiently stabilized by incorporating them into tdionensional mesoporous silica
templates alon&. In contrast, TEOSreated catalysts shodeegligible size changes after
heattreatment at 25@ Cas shown ifrigure 4.4 The average particle size for 280@reated,
450¢ @reated and 656 @reated TEORu25(MPTS)1¢/SBA-15 samples were measured to be
1.4 +0.4nm, 2.1 £ 0.8 nm and 3.2 + 0.9 rempectively Even after higtemperature heat
treatment, particles with 0.8 nm in size wsti#t observed. It is clear that TE@feated clusters
showedmuch improvedstability toward sintering. These results indicate the formation of
additional silicaovelayers during TEOS treatment under a moisture atmosphere that provided
significant thermal stability to the clusters.

Figure 4.3: TEM images ofAuxs(MPTS)18/SBA-15, a) assynthesized, byalcined aR50e ()
450e (and d)650e @or 3 h.

105



Figure 4.4: TEM images ofTEOSAus(MPTS)1/SBA-15, a) assynthesized, jalcined a250
e (X)450e Cand d)650e @or 3 h.

Figure 4.5shows the Xray diffraction patterns cAuxs(MPTS)1gclusters on SBAL5calcined
at different temperatures. FAuxs(MPTS)1s clusters on SBALS, asmall broad peak due to fcc
Au was seen after calcination &@: Cand this peak becamnsbarpemlt 460e @s other peaks
due to fcc Au also emergéd.The average size of Au particles was calculated usiag
Scherer equation and found to be 4.0 nm at 25@nd 13.3 nm at 45@ Gvhich is consistent
with TEM images aboveDue to the presence of small Au clusters;systhesized
TEOSAuUs(MPTS)1d/SBA-15systems did not show any characteristicay diffraction pattern
for the cluster$>®® A broad peak was observed af 2&ich is due to the Xay diffraction
pattern of amorphous siliG4After calcination at 20e (ho significant change was observed
Further calcination a#50 ¢ Qesulted in the appearance of a broad peak at 38° which is
characteristic of th¢111) peak of fcc Aw® The 650e @reated sample showed a number of
peaks consistent with fcc Au albeit with significant broadeniidch implies the presence of
very small crystallite$® Scherrer particle size analysis showed that the Au nanoparticles were
an average size of 2.2 nm at 45@nd 6.5 nm at 65@ C
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Figure 4.5 XRD spectra of afuxs(MPTS1/SBA, andb) TEOSAuUs(MPTS)1g/SBA.

To further follow the thermal stability oRuxs(MPTS)1s clusters, AdlLs edge EXAFS
analysis was also carried out after calcination of the cludteysre 4.6a and 4.68how the
Au-L3 edge Rspace of theuntreated andlTEOStreated Aus(MPTS)19/SBA-15 samples
calcined at different temperatures, while fitted data are siwable 4.2. Figures 4shows
the AuLs edgek-space and Bpace EXAFS spectra and fits of untreaegs(MPTS)1g/SBA-

15 materials calcined at P2 @nd650 e CIn all cases, the EXAFS results well agree with
TEM particle size measurements. The EXAFS results stromgyipport that the
TEOSAuUs(MPTS)19/SBA-15 systemshowsexcellent sinteresistance upon calcination up to
550 e Cwhich is likely due to the formiain of a silica coating around the clusters during the
TEOS treatment. A major change in particle size was observed durirg55%0 @hermal
treatment which is like due to the deformation of pore walls. Rahlal. reported that
disruption of ordered pore structure of SBA occurred under #He-thermal treatments at
600 e Qesulted in sintering of Au nanoparticdsAfter calcination at 26 ¢ Cthe AuS
contribution of TEOSreatedAuxs(MPTS)1s clusters on SBALS 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 surf&oee the isolation of all three Au

Au contributions was not possibl&ée use of the previous Admodel for fitting was not done.
Thus, AuS and AuAu shells from AuS and Au fcc structuramodels were used for data
fitting. The first shell coordination number for Arand AuAu contributions were found to

be 1.3(2) and 3.5(7), respectively. In contrast, greater removal of thiolate ligands was observed
for untreatedAuxs(MPTS)1s clusters that were calcined at 280C At this temperature
Aus(MPTS)19/SBA-15 catalysts had a signitntly lower AuS CN, 0.7(2), while the Aéu
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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 Tee@ted clusters are

much more stable to calcinati than the untreated system. Previous work has shown that
ligands such as phenylethanethiol, mercaptoundecanoic acid, and hexanethiol begin to be lost
at 19 e @nd are completely removed from Au surfaces in Au clusters g 254" 8 Unlike

other thiol ligands, the complete removal of MPTS ligands did not oc@80a Cwhichis

likely due to the strong anchoring of the clusters to the -3BAupporf! The additional

stability ofthe MPTS ligand that was observed in the THQSAMPTS)19/SBA-15 system

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

. 1.4
ek a) Au/SBA@250°C b) As-synthesized
1.2 AuSBA@ES0C| 4 5 —— TEOS/AU/SBA@250°C
) ) —— TEOS/Au/SBA@350°C
1.0- 1.0 TEOS/Au/SBA@450°C
: ¢ TEOS/Au/SBA@550°C
~081 Zos] —— TEOS/AU/SBA@650°C
OS/ :
€ 0.6 % 0.6-
= =
0.4 0.4
0.2- 0.2-
0.0 T T T T T T 0.0
0 1 3. 4 5 6 0 1 3. 4 5 6
R (A) R (A)

Figure 4.6: Au Lz-edge EXAFS fitting in phaseorrectedR-spaceof a) Auzs(MPTS)19SBA-15
calcined aP50 e @nd650 e @nd b)TEOSAuU25(MPTS)18/ SBA-15 materialsalcinedat
temperaturebetween 26e @nd6S0e C
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Figure 4.7: Au Ls-edge EXAFSitting in phasecorrecteck- (left) space andr- (right) space of

Auxs(MPTS)e/SBA calcinedata) & b)250 e Cand c) & d)650e C
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Table 4.2 EXAFS fitting parameters afintreated andEOStreatedAuxs(MPTS)1g/SBA-15

materials calcined at different temperatures.

Sample Calcination | Type CN R/A 02 /A2 [ R (%)
Tl Shift(eV)

AU/SBA-15 25e C | Au-S | 0.7(2) | 2.28(1) | 0.001(2)| 4.8(8) 17
Au-Au | 7.0(9) | 2.856(7)| 0.008(1)

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

TEOS/IAUISBA- |  250e C | AUS | 1.3(2) | 2.293(1)] 0.002(1)| 5(2) 18
15 AU-AU | 3.5(7) | 2.79(3) | 0.013(5)

3%e C | Au-Au | 7.0(1) | 2.81296) 0.010(2)| 3.4(5) 1.9

4%0e C | Au-Au | 9.7(5) | 2.838(5)| 0.009(1)| 4.0(5) 1.0

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

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

Figure 4.8 shows the fitted Atz edge kspace andR-spaceEXAFS spectra of TEOS
treatedAuzs(MPT916/SBA-15 materials calcined at temperatures fron® 285G 650 ¢ CThe
Au-S contribution was not observed in tAEOSAuUx(MPTS18/SBA-15 sample after
calcination at 38e CThe absence of an ABcontribution indicates that the complete removal
of thiol ligands from the goldurface occurred after thermal treatment &e5%The first shell
coordination for AdAu contribution was measured to be 7.0(1), which suggests the Au clusters
wi t h 2 V8@ Masinkavicgpa.r t i c | e
theoretically calculated the average CN of cuboctahedron core of Au clusters that were 1.41

have growntm anoparticl es an
nm in diameter and found that the first shell CN is close t6'F8rther calcination a450 ¢ C
and550 e (&d to a slight increase in the averageAwCN, which wasfound to be 9.7(5) and
9.9(5), respectively. First shell coordination numbersaoB.7 imply an average particle size

of approximately 1.2.4 nm and an average CN 9.9 suggests that the size of the particles is in
the range of 2-£.8 nm®!In the @se of 60e @reated catalysts, the average first shell CN was
foundto be 10.8(5), which indicates an average particle size of al®6tr8n®! Thus EXAFS

results indicate that some growth in particle size occurred &g Greatment which is in

good agreement with TEM results. In contrast, the average first shell coordination number of
the uncoated Al3(MPTS)1/SBA-15system aftecalcination at 60e @as measured to be ~12,
indicating the formation of bulk Au particles.
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Figure 4.8: Au Lszedge EXAFS fitting in phaseorrecteck- (left) and R-space(right) of
TEOSAuUxs(MPTS)16/SBA catalystcalcined at a) & b50 e () & d)350e () & f) 450e C
g) & h) 550 e Cand i) & |) 650 e C(The black line representthe 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 wer@lsi#ateda
field emission TEM under a 1 Pa oxygen environment. This allowed for monitoring the structural
and morphological changes that occurred dunsgu heating. Samples were mounted on a silicon
nitride window and heatedupto660CT he tr aj ect ory of Au particl
was tracked by I maged softwar-en ws o*HWea anroet ded i t
t hat tdhwee sthral hbxsuzs e e udff oAdnuonta spedsysi bl e t o f ol
transformations at | ower temperatures, but
sintered parti cl eFguredi9 showsgeieiritM ehnepaet ri anbH0 ri ensa.g e !
e hwhicha 3.5 nm particle became ndé Fligweddd t h a
showsthes equenoe BBMuheat i ndusMART®gelsu sothe rtsh-4 5 SB A
S up p BbOte Ga & function of timeAn example of Brownian motion of nanoparticle is
indicated by the blue arrow iRigure 4.10.Increasing the temperature 80 ¢ Jead to an
enhancement in the Brownian motion anddhe er age vel ocity of a trze
with a di ameasr mebasd@r 8d m\imof rlmect 1 0h mm/ ss.mal | e
showed significant mobility on the silica s
However, the growth of | arger i mmobile parti
i i gurealdsdOdpccurred at hi gher temperatures
par t,actihhes ghl laghtged wplb rnbormt o 19 . #Zemowidtsh iwhmi c
is |'i kely due to thdhdisf fiusisereansf itchltas snisimard $ t
and coalesce into |l arger particles, foll owed

ri pening.
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Figure 4.9 Asequenceaf n BE M uheat i nAus(MRMN&ygede su satfer-E@aton SBA
550e @very8sT hter aj e€t ongi vi duasl iAwdipcaartteidc I[beys bl ue
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Figure 4.10 Asequencedof n BE M uh e at i ntghla4MPTIRLSBAELS sample
were collected a850e @very2sT he trapkctma@yparctiecl e in a bl

indicated by blue Iine, and the growth of a

The sintering of clusters on the catalyst supp@rttypically due to two mass transport
mechanisms, Particle Migration and Coalesee(PMC) and Ostwald Ripenif®R)" % The
PMC mechanism involves the Brownian motion of particles on the catalyst support, followed by
coalescencénat leads to the growth in the size of the particles, whéreaR 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 supgmwdumh the gas phaderevious
studies show that the PMC mechanism plays an important role when the size of the particles is
less than 4 nrf® Pan et al. demonstrated that PMC is responsible for sintering of
monodisperse2 nm Pt nanoparticles omlumina, whereashe OR mechanismbecomes
dominant when thre is a discrepancy in the particle siZ&maller particlesypically have
higher mobility than larger oné2.Baker et al. reported that the OR mechanism is more
dominant in the case of larger particles duewedr mobility®®

Cargnellcet al.performed amn situ TEM technique to differentiate the contributiohPMC
and OR mechanisms to the sintering of Pt nanoparticles £ Aking monodispersed and

polydispersed samplégSamples with narrow size distributions (either 2.2 + 0.4 nm or 4.4 +
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0.2 nm) were foundo be more stable than mixed samples. They suggested that the OR

mechanism can be eliminated via selection of particles with sameHareparticle growth

due to OR should be ruled out when the particles are monodisperse, and thus PMC is most

possible rechanism 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 sheav evidence foPMC and Ostwald

Ripening procesafter some sintering has already occurred i TEEM | magi ng 1 ndi cz¢

particle migratioroccurs for somemaller particles, while the growth of larger partidesms

to occur due to the mass transport from smaller particles via the Ostwald ripening process.
Figurehdwhéd seqiuenitEeM ohfeat i n JEOSAuaBRTS) o f

SBA-15samples hr oughout a rang@€ 660k CNempegat ir ean( 5

in particl e si zB0ewahs velochyfthe Aueldsterswast fourid toSe

negligible until550 e (However,650¢ @reated samples showed mirsimtering which is due

to the particle migration and coalescence, perhaps triggered by the collapse of the silica pore

structure at this temperatit€®’ Fi gur. dszhewnsi TEM heating i mag

TEOSAuUs(MPTS)e/SBA-15samples a50¢ CThe velocity of the tracked particle was found to

be much slower (0.1 nm/s) than that was seen foomercoatedhuzs(MPTS)yg/SBA-15samples

at550 e @Gnd &0 e Cand it can be seen that two particles come together to form a larger

particle Theesul t i ndicates that the mobility of

fabricati onBoke¢ gelpiocd eldayédrag. pore size and p

mat er isalSBA&s have a sitgheei hi eannhgr of €2Alw@nanop

not edphtylsd tc a | cbnpane mMmB8HBA swiDt ot e sdtimwuideur e

mi gration of Au eglardiilcil ®ea ngliom fthasmee rext@fr npart i

mi ni mi zed by strengthening thdahtehgrc&iniess of

nanoparticles to thlbaembeemnaé¢d sanibpreheat| &8

i ncorporeattiDe phBed h PMC naencdh a@iResrnres f ound t o

responsi bl e sfimrtiema moye at hie ctBhBeERpea kead o rarhni al tee d

fonranoparticles .trapped in 1D pores
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Figure 4.11 The sequence of n BEM uheat i n g E OM&BIRTS)1s/SBA-15
samples at &H0e () 250e (r )50683 3 ) 50 Ce) H0e Cand )650e C

Figure 4.12 A sequence of n BE M uh eTaBE 0AutgMPTS)1g/SBA-15 at 650 ¢ G
every 8 s (image-&fter 88 3.
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