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Abstract

Yolk-shell nanostructuréglk-shell nanoparticles are defined as a hybrid structure, a
mixture of core/sheland hollowparticles where a core particle is encapsulated inside the
hollow shell and may move freely inside the shell. Of the various classifications efhallk
nanostructures, a structure with an inorganic core and inorganic shell (inorganicficidigan
been studied widely due to their unique optical, magnetic, electrical, mechanical, and catalytic
properties. Inthe work presented here, among the different inorganic/inorganic-shak
nanostructuresoble metal@silica yolshell nanostructurdsas been chosen as the topic of
interest. Silica sheppossessamany advantages such as chemical inertness, tunable pore sizes,
diverse surface morphologies, increasing suspension stability, no reduction in LSPR properties
of noble metal nanoparticles whased as a coating for such particlsble metal nanoparti-
cles such as AgNPs and AuNs the other hangossess unique structural, optical, catalytic
and quantum properties. Hence yslhell nanostructures with a combination of Ag or Au core
and a #ica shell (Ag@SiQ and Au@SiQ) would open to endless possibilities.

In this studyfour areas were mainly explored: mechanism of silica shell formation over
a given template, the synthetic modifications of Ag@%itd Au@ SiQ yolk-shell nanostruc-
tures,their application as a potential catalyahd devising of a flow type catalytic reactor
Despite the growing number of contributions on the topic of-gbldl nanostructures, partic-
ularly Au@SiQ and Ag@SiQ yolk-shell nanostructures, a potential forpirmvement lies in
all four aforementioned areas.

As an initial study, the effect of different processing conditions as well as the
mechanisnof silica shell formation over reactive block copolymer templatesinvestigated.
An assymmetricPSb-P4VP block opolymerwaschosen as a structure directing component to
deposit silica shellln order to deposit silica shell, R8P4VP micelles with a collapsed PS
core and a swollen P4VP corona was prepared via a solvent exchange mie¢hgcbwth of
silica shell over th®Sb-P4VP micellesrgactive templajewas done using-situ DLS and
TEM. The experimental data obtained revealed the 4 distinct stages involved in the silica shell
formation over the reactive BCRicellar template stang from the accumulation of silica
precursor around the4VP corona followed by a reactive template mediated hydrolymis
densation reaction of the silica precursor which eventually lead to the shell densification and
shell growth around the micellesnAinderstandingf the mechanism of silica shell formation
over reactive templates provides a direct way to encapsulate various active species such as
metal nanoparticles and quantaimisand paves the way for the template mediated synthesis
of hybrid nanatructures such as yeltell nanoparticles. These studies also serve as a plat-
form tofine-tunethe properties of such hybrid nanostructures by varying the reaction parame-
ters during silica shell deposition and reaction time.

The next part of the work émsed mainly on the synthesis, process optimisation and
characterizationf Ag@SiQ and Au@SiQ yolk-shell nanostructureand their potential use
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as a nanocatalysh well-known soft template mediated synthesis ofytbk-shellnanostruc-

ture was adoptefbr the present work. Fahis PSb-P4VP micellevasused as a dual template

for both encapsulation of nanoparticle and the deposition of silica shell. The nanoparticles were
entrapped selectively to the BCP micellar core and silica deposition was dogechyg the
nanoparticldoadedmicelles with an acidic silica sethich lead to the formation of Ag@PS
b-PAVP@SIQ or Au@PSh-PAVP@SIQ particles with respect to the nanoparticle used. In
the case of AQ@RB-P4VP particles, upon silicdeposition,a partal dissolution of AgNPs

was observed whereas AuNPs were stable against dissolution. Hensaglbhkanostructures

with AuNPs were studied further.sfpreparedAu@PSb-P4VP@SIQ particles were then
subjected to pyrolysis to remove the BCP template. The resultingskielk nanostructures
comprised of an AuNP core and a hollow mesoporous silica Ehmh removal of the BCP
template,the Au@SiQ particles fused together and forthiarge aggregates. The catalytic
properties of Au@ Si®yolk-shell nanoparticles were explored using a model reaction of re-
duction of 4nitrophenol and proved to have good catalytic activity and efficient recyclability.

It was observed that catalytic efBocy was hindered by the particle aggregates formed after
pyrolysis by creating an inhomogeneity in the system and inaccessibility of the catalytic surface
for the reactants. Hence synthetic modifications were needed to overcome such drawbacks.

Next partof the work deals with the synthetic modification of Au@Sy@lk-shell
nanoparticles done by embedding them in a porous silica stre®sg) Such structural mor-
phology was attained by gelating the excess silica precursor while synthesising the-Au@PS
PAVP@SIQ particles.The pyrolytic removal of block copolymer results in the formation of
Au@SIiO@PSScatalystand the porous nature of both the shell anddihea structure
providesan easy access for the reactants to the nanocatalyst surface InsmledTihe cata-
lytic properties of Au@Siel@PSSwverestudied using a model reaction of catalytic reduction
of 4-nitrophenol (4NP) and reductive degradation of different dyes. Kinetic studies show that
Au@SIiO@PSS catalyst possesses enhanced catalytidyaeswompared to other analogous
systemgeported in the literature so fdturthermore, catalytic experiments on teductive
degradation of different dyeshow that Au@Si@@PSS catalyst can be considered as a very
promising candidate favastewatetreatment

Another proposed direction of applying the Au@5y0lk-shells is by devising a con-
tinuous flow catalytic system composed of Au@8yolk-shell nanoparticles for the effective
degradation of azo dyes as a promising candidat@dstewatetreatment. This was done by
infiltrating the Au@P &-P4VP@SIQ particles inside a porous glass substritts) and the
subsequenpyrolytic renoval of the BCP template resulting the formation of Au@Si®
yolk-shell nanostructures sintered inside tiitgpbres. The flow catalytic reactor was exploited
in terms of studying its catalytic activity in the degradation of azo dyes-arndphenol and
proved to have a catalytic efficiency of ca. 99% in terms of reagent conversion arldrigas a
term stability under flow. Thus, with a few modifications, these flow type systems can open
the doors to a very promising continuous flow catalytic reactor in the future.
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1 INTRODUCTION



Introduction

1.1 MOTIVATION

Nanoparticles (NPs) are considered as the building blocks for vappigations of
nanotechnology. The ability to tune the size, shape and morphology of nanoparticles help to
develop new and advanced physicochemical properties such asedcstslity, surface area,
optical, magneticand catalytic properties. Nanopaleés have a high surface to volume ratio
and improved functionality compared to their bulk counterparts. The unique structural, optical,
magnetic, catalytic, and quantum properties of metal nanoparticles are used in the fields of
photovoltaics, optoeleanics! water purificatior? catalysis® sensor$, photonics, rechargea-
ble batterie$,biomedicing*® etc. Among different metal nanoparticles, nahbletal nanoparti-
clesand magnetic nanoparticles an@st commonly used in the aforementioned applications.
One of the challenges in using pure noble metal nanoparticles is the poor stability caused by
their high surface energy. Driven by changes in reaction environment, loss ofgcagpints
or at high temeratureshe nanoparticles have a tendency to aggregegkaper sinter during
their use.

In order to overcome the disadvantages of naked metal nanopasdiudes) develop
new propertiefunctionalized polymers, polyelectrolyte brushes, dendrinp@lgmeric mem-
branes, resins or metal oxides, have been used to coat, embed or support nandpgéicles
combine the advantages of both the support and the metal nanoparticle, and to improve the
stability of nanopatrticles, the metal nanoparticles can be enclosed inside the support shell with
a hollow space separating the shell and the nandjacbre. Such systems are known as yolk
shellnanostructures or simply yelhellnanoparticles onanorattles

Yolk-shell nanoparticles were first reported in the late 2862They are defined as a
hybrid structure betweeroreshelland hollow particles where the enclosed core particle may
or may not move freely inside the shell whistgenerally represented as a core@void@shell
or core@shelt These structures must be distinguished from solid nanoparticles (composed of
one or manyelementsbut with a uniform structuréy, Janus particles (two parts of the same
particle have different chemical or physical propertléspllow particles (with an empty inte-
rior),'® core-shell particles (comprising smaller solid particle(s) coated witihélayer of other
element(s)}, andreverse bumpy balls (encapsulated cores attached to thé®sRedijire 11).

The main feature differentiating yehtell nanostructurefrom the aforementioned structures
is the presence of a void between the encapsulated core and the surroundimgeshellow
space can be loaded with one or more partiél@slditionally, the shell can be constituted of
multiple layeré®?*and contain functional grouffor targeting moietie$®

A large number of possible building blocks provideuember of compositions for the
construction of yolkshell nanoparticles. The core is usually made of metal${Ag,?® Cu,?°
Pt Pd?® Ni®) metalloids (Sif° oxides (SiQ* FeOs! SnQ,?° Co04°?) doped oxides
(GkOs:EL*)* or sulphidesAg2S,CdS PbS ZnS, Aging),**where the sHecan be composed
of metal (PP), oxides (SiQ,*° MgSiOs,*® CuSiG;,*” NiSiOs,%’ NiTiO3,%® Ce,?® ZrO,,Y’
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TiO2,%° SNQ,?! Fe0s*%) polymers (P(NIPArcoAAM),2 PMAA,® PANi*Y) or carbor? (C!8
groups?? nitrogendoped carbofY). The properties of the yolghell nanoparticles are largely
dependent otheir chemical composition.

Figure 1.1 TEM images and schematipresentatiorof the common types wanoparticles: (a) Sad,
(b) Hollow; (c) Janusyd) CoreShell; (e) ReverseBumpyBall; and (f) YolkShells or Nanorattle Re-
produced fronRef. 13

Journal (IF, 2014) No.
Nature Nanotechnology|
(34.048) 1
Adv. Mater. (15.409) 27
1 Nano Lett. (13.592) 6
160 4 ACS Nano (12.881) 3
1 J. Am. Chem. Soc. (12.113) 22
= 140 < Angew Chem (11.261) 21
0 - Nature Comm. (11.47) 3
= 120 Adv. Funct. Mater. (11.805) | 17
(1] | Chem. Mater. (8.354) 23
L 1004 Small (8.368) )
3 ChemSusChem (7.657) 3
S 80 1 Chem Comm (6.834) 47
o il Nanoscale (7.394) 34
[ 1 J. Mater Chem. (6.62)2012 52
O 60+ Appl. Catal. B. (7.435) 3
: - Appl. Mater. Interfaces
) 40 (6.723) 23
= i Chem. Eur. J. (5.731) 19
20 ChemCatChem (4.556) Bl
3. Phys. Chem. C (4.772) 17
l Langmuir (4.457) i8
0+ Dalton Trans. (4.197) 2
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2016 [~CrystERgComm (4.034) 9
RSC Adv (3.84) 32
Year J. Phys. Chem. B (3.302) 3
New J. Chem. (3.086) 2
Others 106

Figure 1.2 Publications per year for yolkhell nanoparticle during the period of 2002 to 2015 and list
of published documents in journalReproduced frorRef. 43
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Over the last decade, there isansiderable increase in the quantity and quality of re-
search papers on ye#tell nanoparticles as shownFigure 12.*> Most of the studies on yolk
shell nanoparticles have focused on the improvement of different catalytic applications. In such
systems, the catgic reactions occur on the surface of the nanocatalyst located in the cavity or
attached to the inner wall of the shell. Thus, encapsulated nanocatalyst is exposed to a homo-
geneous environment, which makes them act as nanore¥cttwes encapsulated nanocatalyst
is largely protected from aggregation and mechanieahimg during the reaction and catalyst
recovery. This makes yolhellnanocatalystmore robust as compared to the catalysts on sup-
ports. Furthermore, yolkhell nanocatalysts were found more stable in harsh conditions, and
hence, better suitable foigh-temperatureatalytic reaction$??

The size, shape, and surface properties of encapsulatedateysiccan be tuned by
various method$? Yolk-shell particles could be designed such that enclosed nanocatalyst sur-
face is free fronstabilising ligands, which makes them catadglly highly active. In addition
to theligandfree nanoparticlecore surface, thpresencef free space or voids separating the
corefrom the shell is crucial for particular systems to become catalytically détimeyolk-
shell systems, reactants, prodyetsd solvents should be able to pass through the permeable
shell and reach catalytically active sites located inside. Diffusiorcaatde controlled by ad-
justing shell porosity. Pore size and pore density can be tuned by controlling reaction conditions
during shell formation, by incorporation pbroger? or by chemical etchirtf. Hence and not
surprisingly, there is a large interest in the design of novelsiodll type structures for the
cataltic application.



Introductior

1.2 OBJECTIVE OF THESIS

Owing to the beneficial characteristics of yedkell nanstructuressuchasincreased
particle stability, combined properties of shell material and core particles, ease of reactants to
diffuse into the hollow interior, property tuning by altering the shell and core characteristics,
the objective of this thesis is to explore the catalytopprties of yolkshell nanoparticles.

® Reactants
Products
% ®

Reactant
permeable silica
shell

Active
nanoparticle core

Figure 1.3 Schematic showing the yetkell nanoparticle as a hanocatalyst

The main objectives of the work are:

1. Design and synthesis of ye#itell nanoparticles using silica askell material and us-
ing noble metal nanoparticles as a core (Ag, Au) via a sacritibiek copolymer
templatemethod.

2. Studying the mechanism of formation of silica shell around the block copolymer tem-
plate.

3. Studying the catalytic activity of the yetell nanoparticles using various model reac-
tion.

4. Devising the particles to a continuous flow catalyst by entrappingithamappropriate
flow channel template.
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1.3 OUTLINE OF THESIS

The present thesis is divided into four major chapters, which are oudlnietiows:

Chapter 1: A general introductida the topic of yolkshell nanopatrticles is provided,
highlighting the importance of their investigation and their potential application in nanocataly-
sis followed by major goals of the work.

Chapter 2: An extesive theoretical background is provided, covering the topics of block
copolymers, assembly aan@aticlesin block copolymers, and yol&hell nanstructures

Chapter 3: An overview of theharactedationtechniques used and synthetic and ex-
perimental pocedures used for the present work are discussed in detail.

Chapter 4: The results on each part of the work are presented and discussed. A short
motivation is included for each part, as well as additional experimental procedures used. A
summary providinghe conclusions drawn from the results is presented at the end of each part.
The chapter starts from the mechanism of silica shell formation over the block copolymer tem-
plate and later explores the synthesis and synthetic modifications esh@lknanopdicles
and their application as a catalyst using different model reactions.

Chapter 5: This chapter provides a summary and conclusion of the present work as well
as ideas for further exploration.
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Theory And Fundamentals

2.1 BLOCK COPOLYMERS

A copolymer is formed when at least two different monomemspriseto form a single
chain.When the different monomers are arranged as alternating blocks of various lengths in a
polymer chain, they are calles block copolymer&4°

Block Copolymers are always a field of interfestthe molecular engineers, as they can
combine distinct monomers to obtain new polymers with new and superior physical properties.
The distinct blocks in a block copolymer are usually incompatible with one another and hence
they prefer to exist in a dmixed state rather than in a mixed state

2.1.1 Types of Block Copolymers

In block copolymers

the different monomers are ot ..“*.
gansed into distinct segments o
blocks. Depending on the numr
ber of different monomer
blocks, they can be classifie
into diblock, triblock and multt ..“M.“
blocks ordepencbn the arrange- Triblock Copolymer
ment of the blocks, intarfear or (-ABA~) Star

Star Block

star block.copolymersF(gure ..“'.._‘,WQ;, @ -
2.1). The simplest type of block

copolymer isthe diblock copol- Triblock Copolymer

ymers (AB-) which consist of a (-ABC-)

sequential arrangement of twu

different types omonomers which Figure 2.1 Schematic showing the different types of bloc

are covalently linked together. APCIYMers

the name indicates, thlock copol-

ymers (ABC- or -ABA-) consist of three different blocks which are covalently linked with
each other andnultiblock copolymers consist of three or more different monotiiecks.
Based on the chain arrangements, block copolymers are classified into lineardplolgkners
where the blocks are connected end to end. Another type of arrangemhenstisr block co-
polymers,where individual monomer chains are connected viaddrteeir ends at a single
junction. Block copolymers can be synthesized by the living polymerization techniques, such
as Living Anionic or Cationic Polymerization, Atom Transfer Free Radical Polymerization
(ATRP), Reversible Additioffrragmentation ChainrdnsferPolymerization (RAFT), or Group
Transfer Polymerization (GTP), etc., which efficiently enable a control over the chain polydis-
persity (PDI)*"48

Diblock Copolymer
(-AB-)
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2.1.2 SelfAssembly ofBlock Copolymers

Block copolymers are defined as macromolecules aithearor radial arrangement of
two or more different blocks dhevaryingmonomer omposition*® Theyhave been the focus
of interest dung the last 30 years due to the arrangement of chemicalinctiblocksinto
microdomainswhich lead to a micrgphaseseparationSince the different blocks are linked
together by covalent bonds, the microphase separation is spatially limited and results in self
assembled structures including spheres, cylinders, gymamdslamellaeas depicted ifrigure
2.2 (3).5%°1The length scale of these structures generally ranges ftodDDnm.>? Since these
structures are of the sarmeder as the exciton diffusion length or the thickness of tunnelling
barriers, they are uséa variousphysicochemicatievices.

For the formation of such nanostructyresrtain parameters suchthetotal degree of
polymerization, N=N + N, the volume fraction of the constituent blocksandfy (fa+fa=

1pandthe FlonHu ggi ns i nt er ggadre iroportant’&°re prade saparatian

is driven by the degree of incompatibility
parameter. Fodiblock copolymers withnostrongpeci f i ¢ jghignermalgposi-o n s ,

tive and small, follows an inverse dependeoitemperature. The degreé microphase sep-
aration ofthe diblocksi s deter mined by the segregation
between the constituent blocllecrea s e s wi t h d eiocreasmg tenmpgratuseNAt a n d
the same time, the combinatorial entropy increases. With respect to variations in entropy or
incompatibility, the copolymer will undergo orde&rdisorder transition (ODT) and become
disordered ., homogeneouds he temperature at which the ODT occurs is referred to as

50,54 57
Topr.

The ot of the productN vs. the volume fractior, of one of theblocksexpresses the
phase balance betweenrepy and enthalpy of the blockigure 22 (b) shows the phase dia-
gram ofdiblock copolymers predicted by sednsistenmeanfield (SCMF) theory**8With
increasing the volumfaction f,,at a N aboveetile OBT, the ordéo-order transition

(OOT) starts from closely packed spheres, CPS, which separates the disordered state (Dis) and
S phase, passing through the bagytered cubic spheres (S), hexagonally packed cysinder
(C) and bicontinuous gyroids (G), to | amell
inverted morphoVY GYC¥ &M CiP¥v i si)on &igue2(p!l ace.
shows an experimental phase diagram éb-PIS block copolymers reported by Bates and co
workers. Experimentally obtained phase diagram display certain dissimilarities compared to
that of theoretically predicted. Thesdfeliences could be explained by the effect of additional
parameters that are not considered in theoreticalels First, an overall asymmetry is present

in the experimental phase portrait of?PS copolymer with respect to the volume fraction of

Pl blok, f, = %. This arises partially due to the differences in the shape and the size between

the isoprene and styrene monomegsi, ag.a he experimental diagram, in addition to the G
phase, contains a transient structure between C and L phase, a themicdlly unstable
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perforated layer (PLAnother discrepancy between the theoretical and experimental phase di-
agram is the region near the ODT in the phase diagram. In the experimental phase diagram, not
only the disorder el poObflafe=2%)butaksdtlebitect trabsdign® nd ¢

between the disordered phase and the various ordered phases are clearly evident. In contrast,
theoretical phase (SCMifReory) diagram shows the orderder linesconverging to a critical
pointa t ,;?6 = dn0f, =54 This allows only a direct phase transition between the disor-

po
PL |

dered phase and the spherical ordered phases.

(a) A -
Wv

! Cc

G L
A

Disordered
02 34 56 58 1o
A
Figure 2.2 (a) Equilibrium microdomain structuresf ABdiblockcopolymersinbulkS and Sk = bod
centered cubic spheres, C and Ck = hexagandal |y pa
L = lamellae (b) Theoretical phase diagraof AB dblock copolymergredicted by the SCMF theory,
depending on volume fraction (f) of the blocks andsteeg r e gat i onwpharamet s, t OB F

t
Huggins segmers e g me nt i nt er a isthe degree®fpelymgrigatc@. & @and CPSkKk =
closely packed spheree) Experimental phase portrait 8-b-PScopolymers, in whichfrepresents
the volune fraction of polyisprene.PL = perforated lamellaecReproduced fromé. 50and 51.

The various morphologies can be attributed to two major fagthrthe interfacial en-
ergy between two blocks (an enthalpic contribution) @yahain stretching (aantropic con-
tribution). During microphase separation, the two blocks separate from each otin@ntise
interfacial area in order to lower the interfacial energy. Phase separation induces the stretching
away of chains from the coiled polymer conformation thredolume fraction otheconstituent

10
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block being the factor which determines the degree of singtchs inthecaseof highly asym-
metric diblocks, the block with the smaller volume fraction assembles to spherical microdo-
mains whereas the one with higher volume fractosms a matrix This conformation allows

the system to attain tte lowest interfacial area and increased configional entropy which
makes them energetically more stable. Véithincrease in volume fraction at a fixed tempera-
ture, the volume fraction of the block that forms tiegtrix decreases resulting in the formation

of less cuved interfaces which leads to a morphological transition from spheres to cylinders to
lamellae

2.1.3 SelfAssembly of Block Copolymers in Solution

Theself-assembly of block copolymers in solutimmmuch more complex than that in
bulk. Amphiphilic block copotmers have gained much focus in the last 15 years. The structures
formed by amphiphilic block copolymers in solution include spherical micelles, rods, bicontin-
uous structures, lamellae, vesicles, hexagonally packed hollow hoops (HHHSs), large compound
miceles (LCMs), large compound vesicles (LCVSs), tubules, onions, eggshells, baroclinic tu-
bules, pincushions et¢Figure 23).5?

i)

B

L EEEEELE )

Spherical Rads Bicontinuous
micelle Rods HHHs

B

M S 35

Figure 2.3 Schematic diagram showing various morphologies formed by ampbiploitk copolymers
in solution.Reproduced frorRef. 5L.

Simple spherical micelles, usually being the first type of aggregates to form, consist of
a spherical core surrounded by coronal chains and the radius of the core cannot exceed the
longestcoronachan in their planar zigzag configuration. On the other hayd$ (cylindrical
or wormlike micelles) are composed of a cylindrical core and a corona surrounding the core
They are characterized byameters of the same order of magnitude as those of praplaeyes
but can have varying length A threedimensional network of interconnected branched rods

11
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constitutes the bicontinuous rods whereas phase inverted counterparts ofmpdsathe hex-
agonally packed hollowdop. Lamellae (flat or slightly curved bilayer) and vesicles (closed
bilayers) are another two types of structures formetllbgk copolymers in solutiorAn ag-
gregation of inverse micelles, the outer surface of wisisttabilsed in solution by a thin layer

of hydrophilic chaingorm the large compound micelles (LCNRY*

2.1.4 Block Copolymer Micelles

Block copolymerswith different blocks having different affities for solvents which
consist of a polar (hydrophilic) and a npalar (hydrophobic) blockare known aamphiphilic
block copolymers. When an amphiphilic block copolymer is dissalvedsolvent, which is
thermodynamically good for one block and a precipitant for the other, micellar structures wil
be formed withone block on the exterior of the structure forming the corona, and the other
bl ock on the i nt e roivemt formirigphe cote’é®€’t edd from t he s

Theimportant parameters that control theesof micelles are the degree of polymeriza-
tion of the polymer blocks, Nand Ns, and the FlonHu ggi ns i nt er &dhei on par
micellar structure i€haractesed by the core radius JRthe overl radiusof the micelleRm,
and the distance between adjacent blocks at thecooomainterfaceknown as grafting dis-
tance,b(Figure 24). The process of micellization is characterized by the aggregation of a given
number of block copolymer chains, defined as the aggregation nunfiSém,tde case of spher-
ical micelles, the core radiuBc, and the areaccupied by one chain at the ca@ona inter-
face,b? are directly related to the numbsfrpolymers per micelles. Therefothe aggregation
number Z, can be expresséd:

O —— (21)

Na N, - Z,R:, Rn

Figure 24 Schematic representation ofB\diblockcopolymer micelle in a solvent selective for one of
the blocks and the importaoharacteristicoof BCPmicelles.Reproduced froref. 4.

Thefactors that influence the morphology of such micellar aggregates are copolymer
composition, initial copolymer concentration in solutiadded solvent contergnd thenature

12
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of the common solvent. The force balance between the stretching of the clareg semsion
between the core and the outside solvent and the repulsion among the coronahctipnes,

vents the unlimited growth of the micelle into a distinct macroscopic phase, determines the
morphology of the aggregates. Such micellar aggregadésrmedwhen an amphiphilicblock
copolymer is dissolved in a solvent which is seleconly for one of the blocks.hE interaction
between the soluble blocks and solvetabilisesthe micelles in solutiof?3The general clas-
sification of micelles includes regular micelles and inverse micelles. When dispersed in a polar
solvent, the blocks rearrangeftom a regular micelle which has a hydrophobic core and hy-
drophilic coronaOn thecontrary when they are dispersed in an apolar solvent the blocks will
rearrange to form reverse micelles whiclvédna hydrophilic core and hydrophobic corda.
Micelles can be further divided intostarand crewcut micelles depending on the composition

of the block copolymers. When the length of corona forming block is much longer than that of
the core forming ones, star micelles are fornvéden thecoronaformingblockis shorter (thin
corona) than that of the core forming ones (bulky carew-cut micelles are formed

2.1.5 Critical Micelle Concentration (CMC)

The concentration at which the first micelkeformed is calledhe critical micellecon-
centration (CMC)With theincrease itheconcentratiorof block copolymer chains solution,
more micelles are formeahile the concentration of nesssociated chainsnimers remains
constantndis equal to the value of CM his corresponds toraideal system under thermo-
dynamic equilibriumThe critical micelle concentration can be determined, for instance, from
the plots of sudce tension as a function thie logarithm of the concentration. CMC can then
be defined as the concentration at witloh surface tensioreaches atableplateau valu&?%
Surface tension is independafithe concentration abewthe CMC and shows little or no de-
pendency with changes in temperature whereas the critical micelle concentration follows an
inversedependene on temperature. Tsunashing al. studied the micellization of RPI&PB
diblock copolymers in various solvent& They used DLS to measutteehydrodynamiaadius,
in solvents having the same refractive index of either the PS or PB chains. In a solvent selective
for PB bbck, unimerswith collapsed PS segments were observed at low concentration and
micelles were observed at higher concentrations, thus defining the CMC. Fer-PEODb-
PEO triblock copolymer in aqueous solution, CMC varies with the composition of the copoly-
mer® At a constant PPO/PEO ratio, the CMC decreased with increase in total MW of the co-
polymer. Fausgt al.used thdluorescence of a probe (pyrene) in order to determine ENIC.
this technique, the fluorescence intensity ratios of two different bands of pyrene are measured
as a function of copolymer concentration. An increase in this ratio at a given copolymer con-
centration indicates the formation of micelles and thus the CMC.

Micelles can form spontaneously from a balance between the entropy and enthalpy. For
block copolymersin organicselectivesolvents the micellar assembly is driven lepthalpic
forces, as it is entropically unfavourabteform these ordered structuf@d=or block copoly-
mers inan aqueousnedi, such as PEM-PPOb-PEO, the transfer of animerto micelle is

13
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entropy drven®%®4The exchange of block copolymer molecules betwaieellesandsolution

is very slow compared to the éange kinetics observed for low molecular weight surfactant
micelles Moreover the critical micellar concentration is much lower for block copolymers in
comparison with low molecular weight surfac&i#®®Because of the slow excharkjaetics

these structures are often kinetically trapped and this allows the opportunity to vary structural
parameters such as the characteristic shape, size and spacing of the array features. However,
macromolecular chains possess some dissolution problems wiearé¢hgaced im selective
solvent, resulting in a large insoluble block, which is mainly arising due to the presence of
blocks with high . In order to eliminate this probleansually, they are dissolved ia common
goodsolventwhich is then replacedith a selective solved?. The core of the micelle forrde
canserve as a reservoir in whietarious functional speciesuch asmetalor semiconductor
nangarticles quantum dotsgyesor drug moleculesetc.can be incorporated by means of
chemical, physical or electrostatic interactions depending on their physicochemical proper-
ties®’ Thesentensifythe interest in usinBCP micelles as scaffoldsr fabricating nanecon-
tainers or nanoreactorsRecent progress inovel micellar structures atudes three main
categoriesX) amphiphilic micelles which are formed by hydrophobic interacti(@)golyion
complex micelles whichesultfrom electrostatic interactiomnd(3) micelles stemming from

metal complexabn.58:5°

o &y~
D BB

Figure 25 Schematigepresentatiorof chain conformations of (a)inear diblock (b) Cyclic diblock
copdymers (c, d, e) Linear triblock copolymers in a micellar state. Adapted fiReh 6 and 0.

Thediblock copolymers are entropically more favoutedorm micelles compared to
triblock and cyclic ones.df cyclic copolymersthe twoblock junctionsper moleculemust
resideat the corecorona interface while for triblock copolymers a fraction of chains will be
looped(Figure 25).6%"°For alineardiblock copolymer, assuming that the compiasitand N
areconstant, the CMC is significantly lower than for other architectures. Moreover, the associ-
ation number and radius of the micelles formed fabbtock copolymers will be larger com-
pared to copolymers of other architectui®¥:%” On the other hand, cyclic copolymers

14
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experience the highest conformational restriction as both blocks must loop producing a flower
micelle3"

2.1.6 Preparation and Characterization of BCP Micelles

One of the simplest ways to produce block copolymer micelle is the directudiss
of the bulk sample in a selective solvent for one of the blocks. But this works best for low
molecular weight copolymers having shorter insoluble block. Another method isthe
dissolutionof the blocks in a neselectivesolvent whichresults inhe formation of molecularly
dissolved chaindn order to initiate micellization, a selective solvent for one of the blocks and
a precipitate for the other are addeatxtesdo this. Apart from thesen the caseof stimuli-
responsive BCPricellization can also be achieved by varymgernal parameters, such as
pH, temperaturgionic strength, et

Although these methods can result in the formation of polydisperse micelles, there are
several advantages including the exclusion of large aggretiegésmationo f 6acutev mi -
celles -eutd aCrc e Wl feom highly asynmpnetecibkak eodolymers con-
taining very short blocks initially dissolved mon-selective solventswvhich later on addition
of a selective solvents form cresut micelles™

Different instrumental techniques can be usedisoalise block copolymer micelles
among which scanning electron microsgqSEM) and transmission electron microsgop
(TEM) being wickly usecf®’® Direct visualisation of block copolymer micelles can also be
achieved by atomic force microscopy (AFNHowever the shape and size of theécelles can
be affected byip convolutioneffects, by specific interactions between the substrate and some
moieties of the block copolymer, or by relaxation of a loywiicellar core resulting in the
flattening of the micelles on the substrét& The micellar morphology can also be studied
using scattering techniques suchsgatic light scattering (SLS) ard/namic light scattering
technique (DLS). SL&llows the determination of absolute weigiveraged M, Z and R of
the micelles whereas from DliBe hydrodynamic radiu®s, can be measureéd Although the
size of the micelle can be calculated by taking a mean waierea large number of micelles,
this method is model dependent and can vary from the real%aipart from these comonly
used techniquessmall angleX-ray scattering(SAXS),”” small angle neutron scattering
(SANS)/87® analytical ultracentrifugation (AUCY, size exclusia chromatography (SE&)
are also used to analyse micellar structures.

2.1.7 Micellization of Cationic Amphiphilic Block Copolymers

Block copolymer micelles with a polyelectrolyte corona are an impoctass of col-
loidal particlesand are often referred to as polyelectrolyte blogkotymer micelle€® They
combine the structural features of polyelectrolytes, block copolymers and surfactants. As a
result such polymers possess unusual and unique properties which make them fascinating and
challengingsubject for researchers.
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The intrinsic properties of the polyelectrolyte block are strongly influenced by pH, salt
concentration and polar interactions. The free energy of a micelle is mainly determifigd by
the interfacial energy of the cocefona inteface, (2)the energy needed to stretch the block
copolymer chainsand (3) the repulsion among the coronal chalie minimum free energy
corresponds to an equilibrium grafting distand®k, N, G) whi ch depends on
and salt concentratioghvi a ). The aggregation number, Z,
matical expression:

RIRVARY (22)

For nonionic or neutrablock copolymers the grafting distance, b, depends on the sol-

uble blocklenghas®( withb& 1nm. Hence, the aggregation n
a function of M and Ns,

®w OU 0 (2.3

whereZod1l a ra@.8. While for ionic block copolymers the micellization behaviour
is strongly influenced by the polyelectrolyte block. Batronglysegregated amphiphilic sys-
tem such as ionic block copolymers, takingli?B4VP as an example, the aggregation number
can be expressed as:

8 8 (2.4)

®o 0
Thus, a qualitatively differenbehaviouris experimentally observed compared to un-
charged block copolymers. The grafting distance shows a charactéristic) | depend-
ency and an increase in salt concentration lowerséhee of the overall radius, R This
indicates that mutual repulsion of the polyelectrolyte chains leads to st@tching of the
core blocks?

The amount of added salt has a strong influence on the conformation and interactions of
polyelectrolyte chains due to the screening of electrostatic interactions between them. Depend-
ing on the salt concentration, two regimes can be lestted for polyelectrolyte block copoly-

me r mi cel |l ar shells namely 6édosmotic brushod a
concentration is |l arger than the internal Co
whereas if the added saltconcentri on i s | ower than the internal
brushoé regi me i s lorshthe osneotic.predsure of the eourier isnsleads c
to strong stretching of the polyelectrolyte chains and is independent of the added salt concen-
trati on. On the other hand, in the o6saht Dbrust

increasen added salt concentration. These two concepts have been used to study the properties
of polyelectrolyte block copolymer micelles.
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In dilute solutions polyelectrolyte block copolymers form regular micelles with a hy-
drophobic core and a polyelectrolyte shell. Block copolymers containing anionic polyelectro-
lyte blocks were studied by Eisenbegal and Tuzaret al in PSb-PAA and PSh-PMAA
systemsregectively®®® They showed that at low pH, theVlAA sequence is in the acidic
form while at higher pH it is partially or totallgnisedi.e., theionisationdegree of these ani-
onic blocks is strongly dependent on $fHdowever, the first systematinvedigation of mi-
celle formation ofcationic polyelectrolyte block copolymers in agueous solution was carried
out by Gallot andselh®1#In their work,SelbandGallot studied the micellization of cationic
PSb-P4QVP and otheguaternizedP2VP and P4VP containing block copolyméisey noted
that most of these polymers when directly dissolvesisovent selective for one of thdocks
(eg. water) exhibit low solubility. As the hydrophobic domains weretlie glassystate, the
thermal energy was insuffent for immediate dissolutiotdence organic cgolvents such as
DMF, dioxane, THF, chloroform etevere used to dissolve these polymé#ren by dialysis to
obtain stable frozen micelles in pure aqueous solufibns

The PSb-P4VP block copolymer is well known for their polyelectrolytic properties due
to the presence of cationic P4VP block. The studies conductédlnyet al.and Khanakt al.
on the micellization of P4VP containing block copolymer systems, have proved that in a solvent
selective for P4VP, PS forms glassy cores and P4VP chaiasdat low pH (>5) owing to
repulsive forces among the protonated 4VP spé&f&g.he addition of the anionic species to
these micelles cancels the positive charges of the 4VP units, resulting in a morphological
change in the P4VP shell from an extended to a shrunken form. Thus, a magathalognge
can be brought to R&P4VP micelles by changing the pH. This property oftFFS4VP mi-
celles can be made use in creatirepeaggregatesvhich can beutilised for the controlled
release of drug&®®

2.1.8 Application of Block Copolymer Micelles in Nanotechnology

Block copolymers are gaingninterest in use as templates for various nanomaterials with
targeted functionalities and properties. Owing to theirassembling behaviour, the block co-
polymers form periodic structures with spherical, cylindrical, lamediad gyroid morpholo-
gies innanometer scale. These saffisembled structures have been widely used as templates
for fabrication of hybrid organic/inorganic nanostructures. Amphiphilic block copolymer mi-
celles can be used in lithography, to generate nanostructured interfaces paitiettmedimen-
sion can be controlled by the saisembly of block copolymer micell&sBlock copolymer
micellescan be functionalized to provide higher target selectivity thereby applying them in
selective drug delivery, especially farthemotherapeutic dgs®® Various otherapplications
includeusing block copolymer micelles feynthessing nanostructuredhembranes, as a tem-
plate for nanoparticle synthe$fsfor synthesiing core/shell particles or yolghell$’ and,as a
sacrificial template to create hollow nanostructifes.

Lately, using block copolymer micelles directlyremnoreactorsr as a template for its
synthesis has gained a great deal of interest. Weberskirch amorkers sed hydrophobic
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segments ofimphiphilic block copolymers immetatcatalyed transformation§®° Experi-
ments conducted by M.ee and JH. Ryu studied the application of PE&HPPRb-PEO mi-
celles amanoreactors aqueous solutioft*2This micellar structure@xhibited supramolecular
properties anavasused for the roortemperature Suzuki coupling between aryl halides and
aryl boronic acid*%?Liang et al. used RB-P4VP block copolymers as reactive templates to
deposit the silica shell via an acid catalyzetigel synthesis®® By varying the solvent selec-
tivity for one of theblocks, they deposited silica shell in the P4VP core or in the P4VP corona
to obtain PSh-P4VP/SiQ coreshell particles.A similar work wasdoneby Cho et al. dealt
with PSb-P4VP micellar templates for tHabrication of various nanobjects’* By varying

the solvent ratios (THF/ethanol and THF/water) they obtained different morphologies such as
cylindrical or spherical micelles, ves or reverse spherical micelles.

2.2 CONTROLLED LOCALI SATION OF NANOPARTICLES IN BLOCK
COPOLYMER DOMAINS

Block copolymers form ordered nanodomain structures whose morphology can be tai-
lored by their molecular weight and compositfé@n the other hand, block copolymers, owing
to their rich diversity of structures at the nanometre scale, are an effective means for patterning
and controlling particle location. Incorporation of nanoparticles into a polymer matrbricey
a significant impact on the material properties such as mechanical strength, conductivity, per-
meability, catalytic activity and optical and magnetic propeffi@The performance of such
systems depends on the precise control of the spatjahsation of the nanoparticle¥ The
selective inclusion of metal nanoparticles in block copolymers can be executed in several way
One involves the incorporation of psgnthesized nanopatrticles in one of the nanodomains of
the block copolymer. Another involves the reduction of metal ions in one of the nanod®mains.
Nevertheless, bametal nanoparticles, due to the high interfacial energy, tend to agglomerate
and disperse poorly in (co)polymer matrices.

Precise control of nanoparticle locationArb-B block copolymers can be achieved by
synthessing or modifying the nanoparticles witdifferent ligandsA or B homopolymersa
mixtureof A and B homopolymers, amr-B random copolymer®. By modifying the nano-
particle surface with ligands, their stability and compatibility can be improved. The chemical
composition, grafting density and molecular weight of the ligands infeiéme location and
dispersion of th@anoparticlesandthus thefinal morphology of the nanocomposites. fye-
tuningthe ligand properties nanopatrticles can be selectively localised in &ithdd domains
or at the A/B interface. For example, in orttelocalise the particles within the Aor B-domain
of an A-B diblockcopolymer, particles need to be coated with either A-typ® homopolymer.

To localise particles at the interfaces between the two blocks, particles have to be coated with
a mixture ofA- and Btype homopolymer§® These approaches are basednimising the
enthalpic interaction of mixing of nanoparticles into block copolymer matrices by muglifyi

the nanoparticle surface with components similar tagbpetive block copolymer domairt.
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2.2.1 Controlled Localisation of Nanoparticles Modified with Polymeric Ligands

Kim et al. controlled the location of gold nanoparticles iRFF2VP block copolymer
thin films by varying the grafting densignd chain length of the polymeric ligands within the
block copolymer domain$?1%|n their experiments, they observed that the final morpholog
of the block copolymer is affected by the location and concentration of gold nanopatrticles. But
when studying théocalisation of nanopatrticles in thin films, the orientation of microdomains
with respect to the used substrate has alsatag&en into acgunt. In a theoretical investigation
done by Balazs et al. they studied #ifectsof neutral and selective nanoparticlegdiblock
copolymer thin filmon the orientation of BCPnicrodomains confined between two hard
platest®’ Their studies showed that, on a substrate that has a low interfacial energy with only
oneof the block,symmetricdiblock copolymer form parallebriented lamellae at equilibrium.
The orientation of the block copolymer changed from parallel to perpendicular upon addition
of neutralnanopatrticle to the thin filmThe neutral nanoparticles wdoeated at the interface
of the selfassembled block copolymers and near the substrate to reduce the entropy loss of the
polymer chains. The addition of neutral nanoparticles to the block copolymer domains that are
parallel to the substrate (hard plategjuced the interfacial tension amelitralsesthe substrate
and hence the orientation of block copolymer changed from parallel to perpendicular. In agree-
ment with the theoretical model proposed by Balazs, experimentally Yoo et al. described a
general metbd for controlling thdocalisationof gold nanoparticles in the microdomains of
PSb-PMMA diblock copolymer thin filmsi® The gold nanoparticles were coated with differ-
ent composions of PS and PMMA which are either neutral for thebFFSMMA domains or
selective for either PS or PMMA. The selective nanoparticles produced a pdoatiginori-
entation whereas the neutrenoparticlenduceda perpendiculadomainorientation(Figure
2.6).

PS-6-PMMA
g S O

B 3E

Selective NPs Neutral NPs

Figure 2.6 Schematishowing the controlled orientation of block copolymer thin films by introducing
seletive and neutral nanoparticleReproduced frorRef. 1(b.
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The studies condited by Kramer et al. in P&PVP/Au thin films, dealt with the con-
trolled localisation of gold nanopdicles within different PS-PVP block copolymer do-
mainsi® They have controlled the location asld nanoparticle in the PS oWP domains by
coating the nanoparticle with the respectnagnopolymerParticles coated with PS homopol-
ymer have selectively segregatedto the PS domainwhereas,ltose coated with\AP, on the
otherhand havesegregatednto the P/P domaing(Figure 27). Therefore, it can be clearly
stated that particles coated with a short homopolymer lower their enthalpy by segregating into
the corresponding domain of the block copolynioreover by corcentrating the particles
near thecente of the compatible domain where the polymer chain ends are located, the chain
can accommodate particles by moving apart rather than stretching.

Figure 2.7 TEM imageof (a) PScoatedparticles segregated to the centre of the PS domains (light
region) in a PSb-PVP lamellardiblock copolymer phaselb) PS/PVP coated particles segregated at
the interface between PS/PVP blocks. ReproducedRedml®.

According to a model proposed Bgalazs anadoworkersthe variation in the size and
volume fraction of particles can be varied to control the particle distribution inside the compo-
site1%® They presented a method t@laulate the morphological and thermodynamic behaviour
of AB diblock copolymer spherical particle mixtures without requiring a prior knowledge of
the equilibrium structure. For small volume fractions of large particles, the A sub chains must
stretch to gt around the dispersed particles, incurring a loss in conformational entropy. As the
local particle volume fraction is increased, stretching of the A segments is reduced by the seg-
regation of the particlesto a central core. This free energy gain far golymers results in the
loss of translational entropy for the particles. On the other hand, for the same W@lctoa
of small particles, the stretching required by the polymers to circumvent the spheres is less
significant. In this case, the transtetal entropy of the particles dominates the behaviour of the
system. As more small particles are added to the system, the spheres are more uniformly dis-
persed and the entropic free energy per A block increases.

It is describedhatby coating the nanopacles with a mixture of PS andVP homo-
polymers the gold nanoparticles weéoealised at the interface between two block8 This
interfacial adsorption was not sérved for pure PS or PVP coated patrticles. This selective
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segregation could be explained basetherinerfacial energies of the HSPVP diblock (2, ),
the nanopartic’S ¢, and the nanoparticleVP interfacesy(, ). They also explainethat

the adsrption energy of nanoparticles at an interface is givemby “i | p @& i —
where r is the radius of the particle sddl © 3 rgr .19109Fgr particles coated
with both the homopolymers, the total interfacial energy) {s much less than the arfacial
energies of the RB-PVP diblock (9sv). As a resultéi - p and the adsorptioanergy 6

“i I . Therefore, in this case it is expected that the particles are bound toh&RBterface

if the values of cod is small1% Thus, in ordeto selectivelylocalizeparticles within the A

or B- block of the A-B diblock copolymer, particles are either coated withoA B-type homo-
polymer respectively. To localize particles at the interfaces between the lpacksles are
coated with a mixture of Aand Btype homopolymers. With this approach, particles can be
localized completely within one copolymer domain or the othrethey can be arranged at the
interfaces between the blocks

2.2.2 Controlled Localisation of Nanoparticles in Colloidal Block Copolymer Self
Assembly

In solution, the solverpolymer interaction dictates the ability to form wedfined
structures. Amphiphilic block copolymers can saemble into variousanostructures such
as sphericalgylindrical micelles or vesicles depending on the block ratio, solubility of the
blocks in the solvents, solvent composition, and immiscibility of the solvents and temperature
/ pH of the solutions. The micellar aggregates are extremely stablecridforming block is
in a glassystate®? As a resultthey are the most studied example of-ssl§embling structures
in selective solvents. Eapsulation of nanoparticles into BCP micellar aggregates can have the
following advantages:1j Improving the stability of nanoparticlesthe stability of nanoparti-
cles is highly dependent on the ligand structureitiaund to the nanoparticle surédd® But
over a long period oftime, these ligands can dissociate undegh-temperatureor chemical
cleaving agent$t! Encgaulating nanoparticles in BChicellar aggregates provide a suitable
environment for thetabilisationof nanopatrticle. Additionally, aftercrosslinkingthe micelles,
nanoparticles will be stable against heat and other environmental con#ifi¢2)sReducing
toxicity: - theassynthesizechanoparticles are normally coated with surfactant molecules, for
example AuNPsstabilised with cetyltrimettylammoniumbromide (CTAB)!!® Hence, the bi-
ological applications of these nanoparticles are limited due to the cytotoxicity of CIT#eB.
potential toxicity can be reduced bncapsulatingjgand-free nanoparticles ifiocompatible
BCP micelles;assuch micellar structures provide an environment for stabilising the nanopar-
ticles!'#(3) Easy to bemulti-functionalizd - multifunctionality can be inducebly the simul-
taneous incorporation of different NPs within a single micellar cafigd) Templates dr
functional cavity formation: the encapsulated nanoparticles can act as a sacrifiied
templatefor hollow polymer capda formation bycrosslinkingthe resulting polymer shell and
by the removal of the nanoparticle tempfife.
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However, to control the location of nanoparticles in collogfFassemblieof am-
phiphilic block copolymerds challenging when comparedtt@t in BCP bulk othin films. On
the other hand, colloidal sedissembly of amphiphiliblock copolymersand inorganic nano-
particles create versatile functional materials with unique chemical and mechanical properties
for various applications such as nanoreactors, drug delivery afidahienaging. As mentioned
above, the distribution of nanoparticles can determine the final properties of the block copoly-
mer structures; controlled arrangement of nanoparticles in such colloidal polymer assemblies
is important. By varying the types thie nanopatrticlethe properties of such colloidal structures
can be varied. Micelles containing a single nanoparticldeaineed ass c her r y>*%¥i cel | es
whereasnicelles containing multiplslPsa r e 6 r a s p b°HachBCPmiicellarladgre-s 6 .
gate contains three different domains, namely, the core, corona, and the interface, which allows
the selectivéocalisationof nanoparticles amongst these domafrig312°

Encapsulation ohanoparticlesn the micellar core improves the stability of the nano-
particle and preserves its characteristic properBesides, the encapsulated particle will be
protected uniformly by the corona on all sides. This might be usefutéiaréa of labelling or
catalysis Locating the nanopatrticle in the core and the corona facilitates the encapsulation of
different types oparticles with a tailored spacing. The arrangement of separated eldotron
and electroracceptor in different domains with controlled spacing is used in optical applica-
tions. For example, an asseiyn with QDs in the core and APs in the corona with an
interparticlespacing of 20hm facilitated an enhancement of QD PL emission relative to the
QD emissions from micelles withoutuNPs!?!

The controlled ladingof nanoparticles in micellar aggregates can be achieved via the
in-situ synthesis of nanoparticles within the mieear by incorporating preformed nanoparti-
cles into the netellar assemblyThe latter approach offers an effectmearsto precisely con-
trol the location and size of nanoparticles in BCP micelles. Depending on the required
properties and application, ngrasticles can be either located in the cooepna and interface
of the micelle. Kramer et akynthessed novel coreshell nanoparticles with a hydroxylated
ligand modified gold core and a PS outer sHélThe nanoparticles werinctionalzed using
thiol-terminated®Sb-PI diblock copolymer ligandsThe double bonds of Pl blocks were then
hydroxylated which resulted in a muléiyeredcore shellassembly with a gold core, inner hy-
droxylated block and an outer PS shell.

Luo et al.alsodemonstrated a method to control the location of gold nanopaiiicles
colloidal polymer assemblies by tuning the nature of the nanoparticle stffoey controlled
the arrangement of nanoparticledigb-PAA polymer micelles, from the micellar core to the
A/B polymer interface using mixed nanoparticle ligands as showigure 28. By varyingthe
ratio between hydrophilic and hydrophobic surface ligands the nanoparticles were selectively
localized at the interface between PS and PAA block or aggregatedcienteof the assem-
bly.
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50 nm

Figure 2.8 Schematic representation of selectivealisation of gold nanoparticlen the core of the
micelles (a) Afree-standing (b) Attached to the inner walls of the corg) At the interface between
PSb-PAAdiblockcopolymer andhe corresponding TEM images. Reproduced frah &.

Encapsulation of preformed inorganic nanoparticles into micellar aggregates can be at-
tained by various stragies. Some of the widely studiegethods are described below.

Co-precipitation methodPrdormed inorganic nanoparticles can be encapsulated into BCP mi-
cellar core through the emssembly of NPs and amphiphilic BCPsiselective solvent. Eisen-

berg and ceworkers conducted experiments withe controlled incorporation of gold
nanoparticles imtthe centre of the micelles by coating the particles with diblogBolymers
(PSb-PAA) of the same or similar compositiéf Taton ancco-workershave synthesed na-
nopatrticle loaded polymer micelles where alkyl terminated nanoparticles were uniformly em-
bedded in the hydrophobic polymer céféIn another work by Taton et athe authors
demonstrated selective encapsulation of dodecanétimotionalzed gold nanoparticle to the
micellar core of PS in (RB-PAA) diblock copolymert!®In a typical procedure, homogeneous
solutions of P$h-PAA and dodecanethiol functionzéid AUNPs were first prepared in a good
solvent such as N\-dimethylformamide. A solvent selective for the PAA block (&Gter)
simultaneously desolvated the PS blocks and NPs, leading to the aggregation of the NPs with
the PS blocks, forming micellar cores, which were protected by the hydrogiritina. This
approach can be used to prepare multifunctional particles possessing different properties in a
single hybrid micelle with various morphologies. Using this method NPs can either be dispersed
uniformly in the micellar aggregates or can be lizedal in the core of the micelles. Another
method followed by Park et al. allowed the radial distribution of nanopatrticles in the BCP mi-
celle by simply changing the copolymers to nanopartitie.'?3

Interfacial instabilities of emulsion dropletAnother method to encapsulate nanoparticles into
the micellar aggregates is through the interfaagdisted assembbf the emulsion droplets.
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Instead of dissolving the copolymenirmatermisciblesolvent Zhu and Haywardised a water
immiscible organic solvent which is a good solvent for both the blocks of the!CRe
polymer solution was then dispersed as an emulsion in a continuous aqueous phase with a sta-
biliser followed by the removal of solvent from the droplets by diffusion through the aqueous
phase and evaporati. An increasef theBCP concentration within the droplets resulted in the
selfassembly of the polymer through a series of interfacial instabilities. This gave rise to an
increase in surface area of the droplets and ejected micellar assemblies teethes qapase.

An advantage of this approach is the ability to produce either spherical orlikerhybrid
micelles, where the micellar morphology depends on the composition of the copolymer. This
method can be applied to a wide range of block copolymérdifiterent hydrophobic blocks.

In addition, this method can be wéd in the production of multifunctional micelles by simul-
taneous encapsulation of different type of nanopatrticles.

Heatingcooling methodin the heatingcooling method, hybrid micellesre generated using
longer hydrophilic chains and short hydrophobic segments. Chen et al. employeeéttiosl

to encapsulate single AllPs in hairy micelles of RB-PGA and P$h-PAA BCPs with a narrow
polydispersity:?® In a typical synthesis, a mixture of BCP andiitophobically functionalized
AuNP solution was heated to 110°C and then slowly cooled down to induce thessatibly

of the BCPs. Homogeneous micelles were formed as the CMC of the polymigradaveased

with temperatureAn advantage of this route is the use of BCPs with longer hydrophilic chains
to prepare stable micellar aggregates without elinksg them. Itaids not only the encapsu-
lation of single nanoparticles per micelles but also avoids the mixing of two solution phases
which could induce regional inhomogeneity and aggregation. Moreover, the micelles resulting
from this method possesses a thick hydrophiieisvhich enables the attachmefbmomole-

cules. Two or three AWPs of the same or of different kinds can also be encapsulated using this
method?!26:127

Other approaches for the encapsulation of NPs into the micelles include supramolecular
assembly/disassembly route, via electrostatic interactions, film rehydnaginoflash precip-
itation, microfluidic processing, hydgen bonding of the NPs with the host BCRsni-
emulsionpolymerization and thiotend functionalization.

Factors that govern the precisecalisation of NP in micellesTo optimise the optical, mag-

netic, and mechanical properties it is importartutee the position of NPs within the micelles.

But it is difficult due to the strong enthalpy incompatibiliBtHnpe-polyme) Of the NP witha
polymer, long distance van der Waals attractions between the®@®s-©-nr), and the confor-
mational entropy losef the polymer £Syoymer) resulted from polymer chain deformation in-
duced by the insertion of NPs. The nanopatrticle aggregation in polymer micelles can be avoided
by reducing the NP attraction and employing favourable interactions between NPs and the
host polymers. By changing the surface chemistry, size, and shape of the NPs one can control
thar position within the micellar aggregates. For a stable incorporation of NPs within the BCP
matrix, the compatibility of NPs with BCP microstructures is thefetor. The compatibility
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of nanopatrticlegan in turn,be controlled by considering the symmetry of both the NPs and
the BCP matrix. A general method used is to modify NPs with polymeric ligands that favoura-
bly interactwith the polymer host aneducea the NRNP attractive interactions. As stated be-
fore, Eisenberg and emorkersincorporated ANPs coated with R8-PAA selectively to the
central portion ofhe BCPas shown irFigure 29.118

NN
NN AN
NN A
Self-assembly
+ Rod
in solution
TE-Png-b-PAA15 AuNPs j
Micelle

Figure 2.9 Schematidllustrations of the selective incorporation of REBPAA (PSred and PAAblue)
coated AuNPs into the central portion of the BCP micelles or Regroduced fromd®. 118

The uniform dispersion afanopatrticles in polymer micelles is also determined by the
wettability of the polymeric ligands by the host polymer. In addition, the molecular weight,
different grafting densityandcomposition of the polymer that is attached to the nanoparticles
can afect the distribution antbcalisationof nanoparticles in the micellar aggregates. The size
of the nanoparticles can also affect their spatial distribution in the polymer matrix. Smaller
particles disperse freely within the polymer matrix as the strajaiffect required by the block
phase to circumvent the particles is less significant for smaller particles than fesilarde
particles. In order to study the effect of particle size on the number of encapsulated patrticles,
Taton and cavorkersencapsulied AUNPs ofasizelarger than 1@im into a PS-PAA micelle
where they obtained single N®s in the PS core per each micélfeFor particleswith 4 nm
diameter, multiple particles were present within each micellar core, even at a very low-particle
polymer ratio'?® On the other hand, Cheet al. encapsulated single MBs with 5nm diameter
per each hairy micelle following a heatiogoling method?® Thus, apart from nanoparticles
surface modifications and size, the encapsulation method also plays a role in determining the
assembly of particles in a micelgtill another parameter that affethelocalisation of nano-
particles in micelless the nanoparticle shape. Anisotropic particles display remarkable proper-
ties than spherical particlé® For example, ilegularly shaped particles shgM as moni ¢ i
s p ot sigh-cuevaturehcorners, which may exhibit strong plasmonic coupling between the
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particles. On the other hand, anisotropic particles posslditionalchallenge in directed as-
semblies compared to isotropic particles, as their anisotropy in shap@ssibepchemical
compositiorhasto be takennto account during directed assemblies. Nanoparticles with differ-
ent shapes, such aanorod{NR), have various facets and different curvature on their surfaces
whichin turnallows the polymeric ligands to attagiore easily tocurvedsurfaces°Li etal.
demonstrated a method to disperse and orient NR within cylindrical micelles by tethering
brushes of same homopolymershwitifferent lengthontothe NR surfacé®! The additional

void space created on the NR surface due to the mismatch of different polymes prasiues
sufficient conformational freedom for the matrix polymers close to the NR surface. This im-
proves the wettability of the brushes and polymer matianoparticles with other shapes, such

as nanoplatelef$? nanowire$®, andnanodumbbell$34 can also be encapsulated into BCP
micellesand producematerials vith novel and complex properties. Nanoplatelets can stand
vertically or pack horizontally on the polymer scaffold, which brings anisotropic properties.
Nanowires, when encapsulated in block copolymer miceties; form circular springlike

coils. The mechaism of transformation from straight wires to circular rings results from the
contraction of encapsulating polymer shells and energy minimizatitmeodombined NW
polymer system3313°0n the other hand, whermnodumbbellsare incorporated into the kyo

mer micelles, they form spherical clusters whose internal distribution is defined by packing of
the dumbbellike shape.

2.2.3 Applications of Nanopatrticle encapsulated Bock Copolymer SelfAssembly

Biomedical applicationBiological applications of hybrid melles mainly depend on the prop-
erties of the NPs encapsulated in BCP micelles. The hydrophobic core of the micelle acts as an
ideal nanocarrier compartment for hydrophobic agents and the shell consists of a protective
corona that stabdes the NPs. Fonstance, QDs can be usedprformin vivo or in vitro

imaging due to their unique optical properties, including wideband excitation, narrow emission,
phenomenaphotostability and high quantum yief#®13”

SERS pobes:SurfaceEnhancedRkamanScattering (SERS) is a surfasensitive technique that
enhancefRamanscattering by molecules adsorbed on rough metal surfaces. The principle of
SERS is based on two major enhanceméfjshe longrange electromagretenharement

and @) shortrange chemical enhancement. Thessilt in an increase in the Raman scattering
crosssection of the adsorbed molecules. s are widely used as SERS substrates. Biomol-
ecules, polymers, or inorganic layers have been used to coatNRst&d improve the stability

of the nanoprobes. Hybrid micelles wéoaded with AINPs and Raman reporters, where the
polymer shells can protect the encapsulated nanoptéb&darge variety of reporters ctul

be incorporated into the polymer micelles by different encapsulation methods feati@alof
multiplexed detection of target molecules.

Catalysis:One of the promising application for inorganic/polymer hybrid colloids is to develop
catalysts withspecial catalysing behaviour in reactivity, stability and selectivity. Ther-
moresponsive polymer micelles can be used to enclose metal nanoparticle catalyst to prepare

26



Theory And Fundament:

responsive catalysts. The temperature responsiveness of the polymer corona chainsexhn be
to adjust the catalytic activity?® For example, Zang etal. synthessed AUNPs inside the core

of thermoresponsive micelles of PNIPAd®-P4VPL8 Temperature responsive solubility of
the PNPAM corona chairwasused to adjust the catalytic activity. Below the LCST, the ex-
tended hydroplic PNIPAM chains expose the AllPs to the hydiphilic reggentsand acceler-

ate the reaction. On the other hand, above LCST, the solubility of tiRARNthains decreases
and the ANPs were covered by the collapsed PNIPAM chaing;hwtiecelerated the reaction.
Also, Hock copolymer micelles can be usesla reactive template to create nanoreactors to be
used as higiperformance catalysts® The authors used RSP4VP micelles as a sacrificial
templae, to encapsulate cacally active ANPs and ANPs into the micellar core in order

to prepare Au@Si@yolk-shell catalyst.

2.3 YOLK -SHELL NANO STRUCTURES

For the past fewdecadesscientists have been exploring the advantages of structurally
different NPs, rather than those of simple spherical particles, such as anisotropit*&Hape,
hollow,42147 coreshell (CS):481%0 yolk-shell (YS)18144.147.15L152 Janys particlest®>1%4
composits,'>® doped®® 18 etc. Yolk shell nanostructures/ yolhell nanoparticleéYS NS /

YS NPs)are defined as a hyid structure, a mixture of core/shell and hollow, where a core
particle is encapsulated inside the hollow shell and may move freely inside the Stodi-

shell nanoparticles have been first reported in 2002 bydfah and Kamataet al.}>12In their

work, Kim etal. fabricated hollow carbon and polymer capsules containing gold nanoparticles
by using spherical silica templat&kamataetal. synthesised spherical hollow colloids of poly
benzyl metherylate with movable cores of gold nanopartidte$hey have stated that such
structures can be tailored to have different shell/core materials to impart different properties.
Theyare generally represented as a core/void/s¥elk-shellnanostructures are also termed

as movable core/shell or rattigpe nangarticles These structures are distinguished from solid

nanoparticles;*>1%%161 Janus particle® 12 hollow particles:®'%* and coreshell parti-
Cles3,l7,l59

In order to represent such structures, different terminologies suthremprattles(as
the core particles were encapsulated inside the hollow skef®)movable core/shell (as the
entrapped core was movable when dispersed in a liquid and stick on the wall surfac¥ in air),
(3) yolk-shell (since the core partidieehave like a movable yolk inside the hollow shtéfy.e*
and @) core/shell with hollow interior§’ have been used so far. Generally, ysitiell nanopar-
ticles are denoted a@sre@she]lfor exampleAu@MgSiGs,*6 Au@HSNS8, They can alsod
represented as core@void@sHeli>%such as Si@void@€ or Pt@wid@Ti0..1%7 In the
presence of multiple shells, they are represented as core@shell?@%héti the present
work, we adopted theolk-shell nanoparticles YS NP9 as a general terminology and
core@shell as the representation to describgdheshell nanostructures under study
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2.3.1 How are They Different from Core/Shells?

The properties of the core/shell nanoparticles mainly depentdeosequence of core
and shell, the size of both the core and the shell, and the type of material. On the other hand,
yolk-shell nanopatrticles are hybrid structures with a movable core inside the hollow shell of the
same or different materials. And theyndae derived from the core/shell structure via selective
etching of the core and or the sha&lblk-shell nanostructuredeing a hybrid of hollow and
core/shell structure, enable them to possess thentadyes of both the structurekhere are
certain speific advantages of yolshellnanostructuresver core/shell structures.)§olk-shell
nanostructuresan besynthessedfrom a single material tenhance specific surface afé3!’®
(2) the core surface is unblocked compdtettie core/shell nanoparticles providing more active
sites and higher surface aréd!®* (3) the void space is suitable to accomntedéie guest
molecules??185188 (4) the shell layer provides more active inner anter surface$91°t and
(5) the voidprovides space for the expansion of core nanoparticles in many applicétibfis.

2.3.2 Type of Yolk-Shell Nanostructures

Yolk-shell nanostructureare broadly
classified into spherical anabnsphericabe-
pending on their core and shell morphologie
irrespective of their material properties. Ir
sphericaktructures both the core and the shel
are spherical in shapehereasin the caseof
nonspherical structuresat leastone of the
structureshould be nofspherical By varying
the synthetic procedure, core or shell compos
tions and depending on the end apgtiion one
could synthesise different yolihell particles.

The nonspherical yolk-shell
nanctructuresare further classified into two
types based on their geometty ¢omplete non Figure 2.10 Different yolkshell structures: (e
spherical shapand (2) partially naxspherical YS NPs with a singlece; (b) YS NPs with m
yolk-shell nanostructuresvhere either the coreliP€ €ores:(c) ¥S NPs with multiple shelld)

. YS NPs with a raspbentike core. Reproduct

or the shell of thgolk-shellhas a norspherical fom Ref. 15.
shape.The sphericalyolk-shell nanostructures
can further be classified into different categories such as (1) single lcolle@ shell(Figure
2.10a)2°(2) multiple cores@singhell(Figure 210b),*%1(3) single core@mulkshell(Figure
2.10 ¢),1%6 (4) multi core@multishell®” and (5)yolk-shell structures with a rasplgrcore
(Figure 210 d).}*118"Depending on thenduseand by varying the shell composition a yolk
shell structure with mukiayered shells can be obtained while ylodk-shell structures with a
raspberry core can be created using different type and compositionnairtparticle
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Single core@hollow shell nanoparticles are the simplest and the most studied structures
among all the otheyolk-shell nanastructures They are made of either the same or different
materials, one as the core and the other as the Bleglending on the type of core and shell
materials, they can be further classified iritpiforganic/inorganig(2) inorganic/polymer, and
(3) polymer/polymer. Among th@bovementionedclassifications, the inorganic/inorganic
combinations of different matials have been studied the most. They possess unique optical,
magnetic, electricaphotoelectrochemicaélectrochemical, mechanical, therpaald catalytic
properties of different inorganic materiafBy fine-tuning the shell andf core properties and
characteristics they can be devisedhigh-performancepplications. Among the inorganic/in-
organic yolk-shell nanostructres noble metal@silicayolk-shell nanoparticles are studied
widely.

Noble Metal@SilicaYolk-Shell Nanoparticles Among the various inorganic materials, silica
is the most studied materiaécause of its wide range of applications in the field of bioomssli
chemistry and electronicsSilica shellposseses many advantages such 4% gimplicity of the
sokgel reaction teynthesse silica, (2) chemically inert and netoxic nature which is suitable

for biological and chemical applicatigh¥ (3) coating on noble metal cores does not affect the
LSPR properties of noble metallic nanoparticles (because of the reduction of electromagnetic
coupling betwen metallic nanoparticlesy® (4) optical transparency towards electromagnetic
radiation of the wavelength range 3800 nm*°° (5) transparency towards a magnetic fj&ldi

(6) versatility inthe desigrof diverse surface morphologiaad functionalization via surface
modification for improved biocompatibilif}?®1°° (7) acting as a catalyst support dézg to

high catalytic activity’®! (8) increase in the suspension stability of core particles by reducing
the bulk conductivit}?® and increasing the steric repulsidh(9) acting as a sacrificial layer

for creating a YS structuyé’-292(10) tunable pore diameter leadsth@ high specifc surface
areg?? and (11) sinter stable nature or tolerance of high temperaffif@® Due to these ad-
vantages, thgolk-shell nanoparticlesvith a silica shell are used in different fields such as
catalysist®1184203.20&enaratiorf® sensors®® biomedicaf° and microwave absorptiaf’’

To obtain the combined advantages of both silica and metal nanopatgidets de-
velop new properties, yolghell nanostructuresf these combinations have been studied exten-
sively. Noble metal nanoparticles provitie unique structural, optical, magnetic, catalytic, and
guantum properties to the ye#iell nanoparticles. Most of the studies were carried out in ex-
ploiting the SPR and catalytic properties of noble metal@syttie-shell nanoparticlesThe
optical poperties ofthe noblemetal (Au, Ag) NPs are described in terms of SR is the
resonant, collective oscillation of valence electrons in a solid stimulated by incident light
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Figure 211 shows the
interaction between the electri  tiecic field
field of incident light and the '
free electrons of a metal sphei
whose size is smaller than th /
wavelength of light® Theelec-
tric field of incident light dis-
places electrons fromr
equilibrium in one direction,
creating a dipole that can switc
direction with the change ir
electric field. Generated restor
ing force tends to recombine charges, thus resulting in oscillatorgmatielectrons. When
the frequency of the dipole oscillation approaches that of an incident light, a resonance condi-
tion is reached. This leads to constructive interference and the strongest signal for the plasmon.
Such a condition is referred as surfat@smon resonance (SPHS.

Figure 2.11 Schematic illustration of a localised surface plasmon
a metal sphere. Reproduced frétaf.209.

In the case of confined surfaces, as in nanoparticles, this phenomenon is termed as
localisedsurface plasmon resonance (LSPRpccurs within metallic NPs @sizecomparable
to or smaller than thevavelength of light used to excite plasmon. The resonant frequency of
LSPR strongly depends on the composition, size, geometry, dielectric environment, and parti-
cle-particle separation distance of N¥%In the case of noble metals like Au and Ag, due to
theenergy levels of dl transitions, LSPR is exhibited in the visible range of the spectfum.
Although Ag exhibits the strongest plasmon among all noble metals, Au is preferred for bio-
logical applications mainly due to its inert nature and biocompatiBifityloreover, AUNPs
have better compatibility with thiol compods whichhelpthe easymmobilisationof biomol-
ecules to themAlso, noble metal nanoparticleshow SurfaceEnhancedRaman Scattering
(SERS)?*3

As statedabove, the SPR properties of s are highly dependent on its size, shape,
and the dielectric constant of the surrounding medium. As a result, the agglomeration of NPs
in the application mad significantly changes SPR properties. The aggregation of NPs also
leads to the coupling of LSPR resulting in a new excitation band with a lower embigyn
turn, affects the intensity of SERS signal. The agglomeration of nanoparticles can leel omitt
by using capping agents stabilisethe nanoparticles. But these capping agents tend to undergo
chemical degradation, reaction with the metal, or affected by surrounding environment, with
time. This results imestabilsing the particles whicleadto particle agglomeration after some
time 1°°24The problem of agglomeration can be solved on a large scale by enclosing the na-
noparticles irtheporots silica shel[?2184.199

Apart from the optical properties, most of the studies on noble metak®8liGshell
nanopartiles are focused on improwvg the catalytic applications. Noble metal nanoparticles
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exhibit high catalytic activity for different chemical reactions due to their high surface to vol-
umeratioand a large fraction of active sites on the surface. Bare nanopatrticles and nanopatrticles
stabilised with capping agentsuffervarious limitations such as agglomeration, low catalytic
activity, and instabilityin solution phase in presence of target molecudlgs to thelegradation

of capping agents etc. Core/shell particles, on the other blaog,improved catalytic activity

when compared to pristine nanoparticles. But in such structures, core surface is blocked by the
protecting shell thereby reducing the available contact area between the metal surface and the
reactant moleculéhis, in tum, reduces the reaction rate. On the contrary,-gbidl nanopar-

ticles show catalytic properties superior to core/shell nanoparticles. Due to the hollow space
present between the core and the shell, the core surface is available to the reactant molecule
without any masking effect from the surrounding shell.

Wanget al. demonstrated the catalytic activity of yedkell nanoparticles containing a
single Au core and a hollow mesoposailica microsphere (Au@HMSMF{gure 214) using
a model reaction with-#itrophenol as the reactant molectfieThey demonstrated that the
catalytic activity can be contiled by varying the core siz&nother workwasdoneby Priebe
etal. dealt with the synthesis of Ag@ Si@olk-shell nanoparticleand studying their catalytic
activity.26 They proved that these structures can be ustiteidegradation of Methylendu®.
They also stated that the shell thickness can be controlled by varying the precursor used for
shdl formation. Lee andco-workersstudied the effect ofuning the shell porosity and core
surface functionality of Au@Sigyolk-shell nanoparticleis their catalytic activity?? The shell
porosity was tuned by varying the molar ratigpofogen(octadecyltrimethoxysilan&€:sTMS)
to the silica precursor. It was observed that the diffusion coefficient and turnover frequency
increased significantly for the catalytic reduction reactbo-nitroaniline beause of the pres-
ence of poresThe functionalization othe gold core with 3mercaptoprojonic acid (3MPA)
enhancedhe catalyticactivity of Au@SiQ in the reduction of @nitroaniline. Thus, the ¢a-
lytic activity of noble metal@iO- yolk-shell nanoparticlesan be varied byine-tuning the
shell porosity? and thicknes$!® core sizé*® and core surface functionality The porosity of
the silica shell an also be tuned by changing the reaction temperature during the synthesis.
Besides, A84217Ag,218 Pd?19 Pt and Ci° are also used as core materials. Porous silicates
are also usedsshell materials with mat cores which show a periodisize controllable pore
system and high surface arddese types oyolk-shell nanoparticlebave beersynthessed
mostly from hard*3142and soft!4”151.196.215.2285crificial template methogdand galvanic re-
placement reactiorfg? 223

2.3.3 Routesfor Synthesis of YolkShell Nanodructures

In yolk-shell nanstructuresthe core is encapsulatedarshell inorder to provide pro-
tection for the core so that its functionalities are not diminished and do not vanish upon aggre-
gation and sintering or through interaction wille suroundingenvironment. Besides, these
structures benefit both from core and shell functigiesliThe shell functionalities include the
presence of reactive sites, such B$l> groups, for the attachment of targeting molecules for
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drug delivery or sites fahe alsorption of target molecules, such as groups aimed at the extrac-
tion of organic targets However, synthesis routes play an important role in determthiag
properties of these structures thereby precise tuning ofuhigla possible application§ome

of the common synthesis routes include selective etching or hard templating method,
10.30,143,147.184 oft templating®?'°and templatdree methods$%1°!

Hard Template MethodSelective etching or hard templating method is the most common
method for the synthesaf hollow spheres andanorattles As depicted irFigure 212, in a

typical process, the core (egetal nanopartick!’ oxides,?® polymerf?% is coated with one or

a few layers of either the template material or the shell material or both. This coating can be
done via the hydrolysis and caemsation of silicd? seeded distillatioqrecipitation polymer-
ization*? or a hydrothermal reactioh.Subsequently, the core or the template or the middle
layer (shell) is selectively removed by dissolving them in a suitable s&i¥enwia calcina-

tion?2® leading tothe formation ofyolk-shell nanostructureJhis approach can be usedre-

move the core or the shell partially from the eshell nanoparticles or carry out a surface
protective etching where the shell surface is protected and the inner layer of the shell or the
outer layer of the core is remov&d

Etching core
. ——

Core-shell particle Etching shell

with single shell

) Etching the
middle layer

Core-shell particle
with double shells

Figure 2.12 Selective etching strategg for the preparation of yolkhell nanoparticlesReproduced
from Ref. 18

Using the hard template method, Wu et al. demonstratechuttesteppreparation of
FeO4 inside mesoporous silica sphefé3hey coated hematite nanoparticless@ with sil-
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ica precursors (TEOS andd4TMS) and then the void between the core and the shell was ob-
tained via ammonia etching of intermediate silica layer. Similarly, Linley et al. used silica as
an intermediate layer in the synthesis of@@TiO; yolk-shell nanostructure®’ The inter-
mediate silica shell was later removed by hydrothermal treatment at 180°C. In another work
done by Lee et al. thesynthessed Au@ SiC; yolk-shellnanostructures via selective etching of

the silica shell from Au/Si@coreshellparticles(Figure 213).184

The main advantages of the hard templating method are the tunability of the compart-
ment and the scaling up of the synthesis. The size of the core, thamithe wall thickness
can be tuned by varying the synthesis parameters. Despite the fact that hard templating can be
used to fabricate yolkhell nanoparticles with controllable structures, sizes and compositions,
this method has some inherent limitasas it involves long reaction time and multiple tedious
steps, which often pose problems in thegescaleproduction of yolkshell nanostructures.
Moreover, with thismethod it is quite tedious to encapsulate the hollow interior with guest
molecules gzecially in biological applications.

silica

{:natlng Etchmg : .
Au Au@SiO,
particles core-shell

particles

Figure 2.13 Synthetic procedure and corresponding TEM micrographs (scale bar 100nm) of AU@SIO
yolk-shell nanoparticle. Reproduced frorefRL84

Soft Template MethodSoft templating has been widely used for the preparation of fine homo-
geneous inorganic hollow nanomaterials. It includes the use of microemulsions, surfectants,
templatesand polymers aemplate materialto assemble inorganic nanomaterials. These ma-
terials mayorganse spontaneously into wetlefined assemblies such as normal and reverse
micelles, emulsions, vesicles, or liquid crystal phases, which restrict the noble metal nanopar-
ticles as the core anldd direct growth of metal oxide around the noble metal ®&/&?Among

the different soft templating methods mentioned above, polymers constitute an important means
of the softtemplate that can be used to prepaamorattleswith organic¢inorganicshells. Li et

al. used block copolymer as a soft template to construct Au@bi®-shellnanostuctures??°
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In a typical synthetic procedure, gold nanoparticles with peh{2l pyridine)-block-poly(eth-
ylene oxide) (PVH-PEO) block copolymer shells were prepared by ultraviolet irradiation of
asolution of PVPb-PEO/HAUCkL complexes. Titania shell is deposited from thegslreac-

tion of titaniumtetrasopropoxideonthe surface of the Au@BCP ceskell. The polymer tem-
plate was later removed by UV treatment to obtain Au@ Viilk-shellnanostuctures

In another work done by Wang et al. dealt with the synthesis ohgaloparticldoaded
hollow mesoporous silica microspheres (Au@HMSWigure 214).2*° The synthéc proce-
dure deals with the encapsulation of-py@thesized gold nanoparticle into-B4VP mi-
celles. The silica shell was then deposiatbthese micelles via sagel reaction. The polymer
sacrificial template was removed by the calcination of Au@BERISM coreshellparticles
at 550 °C for 4 hours, which leads to the formation of Au@HM®IK-shell nanostructures.
Softtemplatingis useful for the synthesis of ye#itiell nanostructuresith a porous shell but
it is limited by the challenges in choogiappropriate template materials and the preparation of
such macromolecular architectures.

Ay,
'\ Caﬂa'ti'on ﬂé Q’g
s 0
sl‘:u::oﬁ

PS-co-4VP AU/PS-co-4VP  Au/PS-co-4VP@HMSM Au@HMSM

Figure 2.14 Stepwisesynthess of Au@HMSMyolk-shell nanostructuressia a softtemplate method.
Reproduced frorRef. 215.

The other commonly used synthetic procedum®lve the templatefree synthesis
methodssuchas Shipin-bottle method?822°the Ostwald ripening methdd’-2*°Kirkendall
diffusion methocf**®*and the Galvanic replacement metR®éf2223

The Ship-in-Bottle Method: Through the shiin-bottle methodyolk-shell nanostructuresith

large cores can be formed via chemical reactions ciassé#mbly. Lowet al. were the first to
prepareyolk-shell nanostructurethrough this methoé® They prepared silicgolk-shell
nanostructuregunctionalzed with multiple Au /Pt NPs. Shi and cavorkers synthessed
FeOs@SiQ: and FeOs@C yolk-shell nanostructures using thaip-in-bottle method?® At

first, the iron nitrate solution was introduced into the hollow mesoporous silica spheres. The
iron nitrate solution was transformed into hematite particles of the core via calcination resulting
in FeO:@SiG yolk-shell nanostructuredVith the furtheintroduction of furfuryl alcohol into

the mesoporous channels of the shell, polymerizatiarbonsation of poly furfuryl alcohol,

the reduction of hematite into magnetite particles and the removal of silica template results in
the formation of F€4@ C yolk-shellnanostuctures
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Ostwald Ripening Mthod:It is a physical phenomenon which involves recrystallization pro-
cess in solution. Liu and ZesgnthessedZnSyolk-shellnanostructures by symmetric Ostwald
ripening method!” They first assembled tiny Zn®@nocrystallitesnto solid spheres. Then, the
loosely packed crystallites on the outer surface of the particles act as seeds for the recrystalli-
zation process. With the consumption of the crystallites from the inner layers and the
recrystallzationof shell creates a vadiinside. Adopting the symmetric and asymmedstwat

ripening method more complex internal structures can be achieved.

KirkendallDiffusion Method:Kirkendallmethod involves the mechanism of void formation at
the interface between different materidige to differentnterdiffusionrates in a bulk diffusion
couple. Yinetal. were the first to employ thi€irkendallmethodto create hollow compound
nanocrystals of cobalt oxide and chalcogenides (CoSCar8 with a size between 120
r",n.164

Galvanic Replacementéthod:lt is generally employed to fabricate metal nanostructures with
controllable hollow interiors and porous wait822 The important step involves the replace-

ment reaction between a suspension of nanoscale metal templates and a salt of a less active
metal. This method can hesed in fabricating goltdased hollow nanostructures with a wide

range of morphologies including cubic nanocages, aumboxes triangulamanoring sin-
gle-walled nanotubes, prisshapedcanoboxes and multiplewalled nanoshells or nanotubes.
Huang ¢ al. synthessed hydrophobicyolk-shellnanostructurewith an alloy core of less than

20nm in an organic solvent through tixvanic reaction between Au@Ngs and HAUGL?23

The net flow of mass in one direction is balanced by a flux of vacancies which may coalesce
into voids at the interface.

2.3.4 Characterization of Yolk-Shell Nancstructures

The @mpositionof the YolkShell Nanoparticles There are several methodsdioaractese
yolk-shell nanoparticleBy their composition. Thieestsuitedmethod depends on the nature of
the yolkshell properties, such asystallinity, magnetism, or luminescence. The presence of
noble metal, such as Al§and Au'®®23'can be detected by UVis due to their surface plas-
mon resonance. The content of the metallic core irydhieshell nanoparticlesan be deter-
mined by inductively coupled plasropticalemissiorspectroscopy (ICES).The crystalline
composition of yolk-shell nanoparticlesis normally determined by Xay diffraction
(XRD),>1%0 energydispersive Xray spectroscopy (EDS or EDX)and wide-angle XRD?*!

But it is difficult to detecta few metal nanoparticles with XRD. In this case, the presence of
metal nanoparticle can only be detected by-W¥ spectroscopy.

In the case oyolk-shell nanoparticlesontaining organic residues, their content can be
determined using various thermal analysis namely thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA¥:*°Fouriertransforminfrared spectroscopy (FTIR) is gener-
ally used to detect functional groups that are present or attached to the surface of the
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core*185232However, ths technique cannot detect if they are present in a small amount. In the
case ofa core material containingiNH> as a functional group, Kaiser as¥apr a
fluorenylmethyloxylcarbony{FMOC?? quantification protocotan be usetb determine their
content. Rarely, some powerful methods such asRaxhan spectroscop§? 1°C crosspolari-
zation magic angle spinning (€®AS),%*3 Nuclear MagneticResonance (NMR) spectros-
copyl®®and?°Si CRMAS NMR spectroscogycan also be used.

In the case ofmagneticyolk-shell nanoparticlegthose with FeOs, FeOs),31185 a
magnetsation hysteresis loop is frequently measurede presence of fluorescent d§&and
folic acicP® can be detected by UVis spectroscopy whereas FFi€and luminescent particles
such as GgDs* are measured by photoluminescence spectroscopy. The surface chaege of t
particlesdepend on thepresenceof functional group® and coatings* on them. This influ-
ences t he zpoterdal) pm the stabilityaof thelflkeshell nanoparticledn order
t 0 me a s-poterdial, dymamic dight scattering (DL8)frequently used*2

Proof d Core EncapsulationTransmission electron microscopy (TEM) is the most commonly
used method to confirm the ye#ibiell morphology?1°2232As electrons transmit through the
specimen, it is possible to distinguish between regions of varying electron density. It is well
established that regions with higher electron density appear darker compared td khose o
electron density>® In the case of Ag@ Sidolk-shell nanoparticlgst iscomposed of a darker
core and a brighter shélIn situ TEM is used to study the progress of reactions by Liu?t al.
They successfully usetEM to show the electrochemical lithiation of Si@@lk-shell nano-
particlesand for monitoring the size expansion of the core.

Scanning electron microscopy (SEM) is usually used to study the morpholgglk-of
shell nanoparticles Although, under normaloltage the core is normally invisible.|&vated
acceleration voltages (5K%, 10k\2% may enableisualisationof the coreln contrast to TEM,
in SEMthe more electron dense elements appear kaighiess electron dense elements appear
dark.EDS coupled with SEM or TEM is used to do elemental mapping (chemical composition)
of yolk-shell nanoparticlesX-ray phobelectron spectroscopy (XPS) allows the characteriza-
tion of surface composition with a detection depth limit of approximatetyni. ¢!

Surface Area and étosity: Nitrogen alsorptiondesorption isotherms allow the determination

of the specific surface area (SSA) of the yshiell nanoparticlewhereaghe pore distribution

can be estimated by the BaréttynerHalenda (BJH) method. Theecific surface area is usu-

ally related to the size of the pore volume. This largely depends on the presence of molecules
attached to ordsorbed on the surface. Latal. encapsulated magnetic iron oxide in mesopo-
rous silica>! The specific surface area of the yslkell nanoparticles was measured to be 494.5
m?g* which decreased tb20.3 ntg? after attachment of PEG and folic acid (FA) tmates.
Similarly, Kang et alshowed a gradual decrease in pore volume, suai@aeand pore diam-

eter as a result of stepise loading of hollow mesoporous silica spheres with a thermorespon-
sive polymer(GD.0s: Eu*®) core, andsubsequently with a drui
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2.3.5 Application of Yolk-Shell Nanodructures

Coreshell particles exhibit a strong electron transfer interaction between the core and
the shell due to themaximisedinterfacial area of the nanopatrticle core and the shell. Meanwhile,
the yolk-shell structurecomprisa a nanoparticle core inside a hollow shell which allow the
complete exposure of all active sites to be in contact with the reactant, whereas strang inter
tions between the metal core and the shell are maintained through physical or chemical contacts
in the structuré® Various combinations of the coaed shell provide opportunities to tune not
only the shelmorphologybut also chemical and physical properties of the system as a whole.
Recently,yolk-shell structuresare gaining a lot of interest as promising candidates for cataly-
sis°1204230ithium ion batteries?>®%°2 and in biomedicing®1°1:238

One of the major applications gblk-shell structures is thir use as an anode material
in lithium-ion batteries. Liu et alhave developed golk-shell structure which comprises the
commercially available silica nanoparticles enclosed in a hollow carbon shell and proved that
such an assembly can be usesdn ande material with high capacity and long cycle ffe.
Moreover, the void between the shell and the core allowed the silica particles td &egin
without breaking the shell therelsyabilising the solid electrolyte interface on the shell sur-
face?® Similarly, Sn@C yolk-shellstructureshave beenintegrated inta 3D nanofibrous con-
ducting structures to use themfease-standing materialfor gektype lithiumion batterie$>°
Recently, Li et al. developed AI®O: yolk shells with tunable interspace and uhigh ca-
pacity and long charging/discharging cycle fife.

Specially designeyolk-shellstructures can be used as intelligent drug delivery vehicles
due to their stability, controllable size, large hollow space, and good biocompatibility. Besides,
both core and shell can kenctionalzed with desired functional groups to achieve controlled
drug delivery and releas¥olk-shellstructures with magnetic cores §Pa or FeOs nanopar-
ticles) have been shown to have a very high drug loading capacity and tested as a model system
to deliver ibuproferf®® Such structures possess enhanded) loading capacities as well as
significant magnetsation strength (>20 emu g?). Xu et al. stidied the cytotoxicity of
FePt@CoS yolk shells and observed to have a higkidity against HeLa cell&® In a similar
study conducted by Y. Zhu et al. dealt with the cytotoxic effects gD#&@SiC loaded with
Doxorubicin Hydrochloride (DOX) on HelLa celf? They found that thedrugloaded
FesO4@SiOG exhibited relatively greatesell cytotoxicity than thareeof DOX. As said earlier,
with a combination of shell and the optical and/or the magnetic properties of thgalkre,
shellstructures can serve both as an imaging agent as well as an anticané&r’@tétf2+2

The yolk-shell partides can be considered as naractors when used for cataly-
sis3:184.203243The presence of the shell provides tlagoparticlavith a homogeneous environ-
ment arond and prevents their agglomeration amdesing. For example, Priebe &t have
shown the use of Ag8IO: yolk shells as an effective catalyst for the degradatidviethylene
Blue using sodium borohydridé.Similarly, Au@SiO; yolk-shell structures were used as a
model catalyst for the reduction dfnitrophenol in presence of sodium borohydrgfeThe
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shell protects the catalyst cdrem leaching out. At the santene, the porous nature of the
shell allows the reactants to com#& contact with the catalyst. In general, catalytic nanoreac-
tors should possesasdt diffusion of reactants and products, a structure suitable to protect the
enclosectatalystandlong-termstability. Moreover, the yolshell catalysts may possess cata-
lyst selectivity. Ballauf andoworkersshowed that Au@PNIPANolk-shell nanostructures
possess catalytic selectivity for borohydride assistedeductionof nitroareneg*

The rate of diffusion can be controlled by tuning the shell porosity. Pore size and pore
density can be altered by controlling reaction conditions during shell formation, by incorpora-
tion of porogeror by chemical etching. Lee et.al, demonstrated that precise structural and func-
tional control can be made both to the shell and the core by chemical modification. They
controlled the porosity of the silica shell by incorporatidra porogenupon shell formation.

This altered the shell porosity which in turn improved the diffusion rate of reactants through
the silica shells thereby enhancing the rate of the reaction. Also, they showedithetinying

the surface functionality of Au@iO; yolk shells, thecatalytic activity can be varied Further

to varying the shell porosity varying the number of cores inside the shell could also bring sig-
nificant changes in their catalytic agtj?*>23!
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3.1 CHARACTERIZATION TEC HNIQUES
3.1.1 Scanning Electron Microscopy (SEM)

Scanning Electron Mroscope (SEMyses an electron beam in a raster scan pattern to
image a sample. The electrons interact with the atoms that make up the sample, producing sig-
nalswhich contain information about the sample's surface topography, morphology and chem-
ical compositior?*® (Additional instrunental details are discussed iecBon8.2.1)

The samples fothe SEM measuremenigere prepared by drop casting the respective
dispersims ontosilica wafers.The samples prepared on silicon substrates were viewed under
the SEM without any additional coatinfhe cut wafers were pirdeaned by sonication in eth-
anol and driedindernitrogen flow.

In order to study th&it surface and crossection, thdrit was broken into smaller pieces
using a razor blade and a hammer. Suitable pieces were glued onto a SEM holder using a 2
component putty (UHU repair all powkit, UHU GmbH & Co KG, Buhl / Baden, Germany).
A conductive onnection was painted with a silver ink between the SEM holder arftthe
piece.Finally, the whole assembly was coated with 20 nm conductive carbon layer using a
carbon evaporator (Leica SCD500, Leica Microsystems igrietzlar, Germany)lhe SEM
imageswere recorded in NEON40 or Ultra 55 SEM (Carl Zeiss Microscopy GmbH, Germany).
The EDX data were recorded with XFlash 5060 Spectrometer (Bruker Nano GmbH, Germany)
in Ultra 55 SEM.

3.1.2 TransmissionElectron Microscopy (TEM)

A TransmissiorElectron MicroscopgTEM) works on the basic principle of a light
microscope but uses electrons instead of light. Due to the significantly shorter wavelength of
electrons £2.5 pm at 200 kV) comparedvesible light (400700nm), the angstrom resolution
is reached, which igousand times higher than in conventional light microscé{S¢additio-
nal instrunental details are discussed iacBon8.2.2)

In the presenivork, Libra 120(Carl ZeissAG, Germany) operated at 120 kV was used
to perform TEM imaging of prepared samplConventional and energy filtered TEM images
(EFTEM) were obtained using Libral20 transmission electron microscope (Carl Zeiss Micros-
copy GmbH, Germany) equipped with an Omega type energy filter and operated at 120 kV.
EFTEM imaging was performed by3awindows method using 20 eV windowidths For
elemental mapping, fonization edges of N and C, and LR#ization edge of Si were used.
Specimens for TEM imaging were prepabsadropcasting ca. 5 pL of sample dispersed in an
appropriate solverdn the carbn coated copper gridsd allowed to dry on a bloating paper
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3.1.3 UV-VIS Absorbance Spectroscopy

The @sorbancef light is a phenomenon whighvolves the energy transfer from light
to mattermostin the form of thermal energ¥lectromagnetiavaves in the ultraviolet (200
400 nm) and visible range (46800 nm) are able to induce electronic transitions in mole-
cules’*Most absorption spectroscopy of organic
el ectrons to t he bécduseahe absorpgod peaks fartthese trahditions fali s
in an experimentallyconvenient region ahe spectrum (200 700 nm)248 UV spectroscopy
obeys the Beetambert law which relates the absorbance of a solution to the concentration of
the absorbing gEies by the following equation

E
= mo I_I= tdkm (3.1)

whereA is the absorbancdy is the intensity of light incidenbn the sample cell], is
the intensity of the transmitted light after passing through the sabiplextinction coefficient,
c is the concentration of the absorbing species in the solution, | is the path length of the light
through the sampl&® (Additional instrunental details are discussed iecBon8.2.3)

In the present work, SPECORD 40 WXs spectrophotometgsingle beam, fixed slit
width) was used to studyekineticsof catalytic reactions and performancetud catalyst as
well as for measuring of plasmonic spectraarhples containgsilver and gold nanopatrticles.

3.1.4 Dynamic Light Scattering (DLS)

DynamicLight Scattering (DLS) is one of the most widely used techniques to study the
properties of suspensions and solutions of coll&i®1Shining a monochromatic light bma
on particles in Brownian motion results in Doppler shift as the hiththe moving particle.
This, in turn,results in changing the wavelength of the incoming light. This change can be
related to the size of the partickrom the diffusion coefficienthe size of the particles can be
determined fronstokesEinstein equation

i
| =1
. Zt ¢ (3.2
wheredn) is the hydrodynamic particle diameterj Branslational diffusion coefficient,
ki Boltzmannconstant,Tabs ol ut e t e ingseosity??Additignal iastrumerdal
details are discussed 8ection8.2.4)

In this work,Dynamic light scattering (DLSneasurements were performed at 25 °C
using Zetasizer Nano S (ZEN 1600, NIBS Technology, Malvern Instruments, UK) equipped
with 4 mW HeNe-laser (632.8 nm, scattering angle 173°).
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3.1.5 Gas Adsorption Measurements

As a result of more reactive surfag®ms the olid surfaces attragjases, vapours and
liquids to balance atomic forceAs a consequence of imbalanced surface energy, gas adsorp-
tion takes place where molecules from a gas phase (adsorbate) are taken up by a solid surface
(adsorbent$>32>*The adsorbed gas molecules temporarily depart from the gas phase and form
a film at the surface for a certain period of time and then return to the gas phase. The duration
depends on the nature oftb@dsorbent and the adsorbd&ection8.2.5)

Here,the porosity okynthessed samples was analysed at the temperature of liquid ni-
trogen (77K). N2 adsorptiorexperiments were carried out employing the automatically work-
ing absorptiometerAutosorbl (Quantachrome GmbH & Co. KG, Odelzhausen, Germany),
which is a volumetrically operating instrument. The evaluation of the specific sanfea was
carried out according to Brunauer, Emmett, and Teller (BET) method. The pore size distribu-
tions were determined according to the BarréttynerHalenda (BJH) method for the meso-
pores and Saitéoley (SF) method for the micropores

3.1.6 Inductively Coupled PlasmaOptical Emission Spectroscopy (ICROES)

ICP-OES is a trace level elemental analysis which uses the emission spectra of a sample
to identify and quantify the elements pres@ntThe technique involves the introduction of
sample solutions into the plasma thlasolvatesonisesand excites them. By identifying and
guantifying the intensity of the characteristic emission lines, constituent elements can be iden-
tified.

The content of gold in Au@SK®PSS catalyst was determined by using Agilent 5100
SVDV ICP-OES. Four portions ofatalyst sample (ca. 10 mg each) were accuratelyQa01
mg) weighed and individually digested in 2 mL aqua regia. Each solution was adjusted to a
total volume of 25 mL with Millipore water and further used for determination of golcbn
To estimate lte content of gold in thé&it, Au@PSh-P4VP micellar solution, Au@PRE
PAVP@SIiQ feed solution, as well as filtrate solution collected after the infiltration intoitP5
was analysedror this purpose, 1.0 g of each solution was placed into a glassigiablvents
were evaporated onratary evaporatorThe dried sample was digested in 2 mL aqua regia,
heated for 1 h (boiling point). After cooling the solution was transfeoadvolumetric flask.
The solution was filled up to 25 mL with ultrapure wafghis solution was measured with ICP
OES.All calibration procedure standard solutions were matrix matched.

3.1.7 Atomic Force Microscopy (AFM)

Atomic Force Microscopeuses mechanical springs to sense forces and piezoelectric
transducers for scanniréf?>’ The AFM measures the forces actiogthe tip andsample
(Section8.2.6) In the present workapping modeémagingwasused to studyhe silica depos-
ited BCP micellesHeight and phase images were simultaneously obtained using single beam
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silicon tip with a respant frequency of 60 70 kHz and a tip radius of ~ 10 nm. All the exper-
iments were performed using Dimension 3100 AFM instrument (Digital Instruments, Inc.,
Santa Barbara, USA). The samples were prepared by drop casting from respective solutions
ontopre-cleaned silicon wafers

3.1.8 Thermogravimetric Analysis (TGA)

TGA is a technique which measures the amount of weight change of a material as a
function of increasing temperature or isothermally as a function of#fheorganic materials,
metals, polymers and plastics, ceramics, glasses and composite materials can be analysed in the
form of powder or small piecés’ In the present work, samples were measuredpasvderto
detect the degradation temperatur¢hafpolymer TGA measurements were performed using
TA Q 5000 thermahnalyser ata heatingrate of 10K / minin air.

3.2 CHEMICALS

Table 31 List of Polymers UsedA(l polymers were procured from Polymer Source Inc. Can-
ada)

Polymer (Com- Structure Mn x 1?3 oy | G /. Fun
mercial Name) g mol ity
_ nr——f-ot—ci|—on—on—sn SH functioral-
PS SH 5.3 1.10 ity
(P4430 SSH) > 95%

CHZ—CH—]—IJ <:H2

PShbi -PAVP i (P4VP
(P9849 SAVP) @ EJj 18.5b-405 | 110\ 0 b4y

Table 3.2 List of Chemicals and Solvent

Name Structure g I\r:l]‘grl Supplier
Ammonium hydroxide Fischer
(28- 30 %) NH.OH 35.04 ) chemicals

NH, NH2

Congo Red Oe N°NN"N OO Sigma

696.66 :

35 % dye content) 080 o=t=0 Aldrich

(I)Na (5Na
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Ethanol (EtOH, VWR
absolute) C2HsOH 46.07 | broLABO
Hydrochloric acid Fischer
(37 %) HC 36.46 Chemicals
T Acros
Methanol (MeOH) H—C—OH 32.04 .
rls Organics
i
S-0ONa
Methyl Orange (MO, s ”*N’Q/O 377 33 Sigma
85 % dye content) HiC N,Q Aldrich
fI:H_'i
M -

Met hyl ene | e /@m,m o 310 85 Sigma
97 %dye conent i Sh, WO ' Aldrich
Millipore water (18.2 Pure Lab
Mg i cm at 25 °C) H20 18.01 Plus®

H H -
Oleylamine (OlAM) — 267.49 | Sldma
NHZCHo(CHz)sCHz  CH(CH2)6CH3 Aldrich
- OH .
47 Nitrophenol (4NP, /Q/ 139.11 Sigma
99%) OLN Aldrich
o}
Silver acetate, (AgAc, * X Sigma
99.99 %) I 166911 Aldrich
3 (o]

. . Sigma
Sodium borohydride NaBHs 37.83 Aldrich
Sodium tetrachloroau- Siama

rate (Ill) dihydrate, NaAuCL . 2H,0 397.80 gr
Aldrich

99 %
HaC CHs
Tetraethyl orthosilicate Lo\Si,O—/ 208.33 Sigma
(TEOS, 98 % ) /~0 70—\ ' Aldrich
HsC CHs

Tetraoctylammonium | CHgz(CH5)gCHz- ,.CH2(CH,)sCH3 B 546.79 Sigma
bromide (TOAB, 98 %)| CHs(CHz2)6CHz" + "CH(CH2)6CHs ' Aldrich
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0
Trisodium citrate dihy- 0 ONa *Hz0 294.10 Sigma
drate (99 %) NaO ONa . H,0 ' Aldrich
Ho [
Xylene CsH1o 106.16 Acro§
Organics

3.3 SYNTHETIC PROCEDURES
3.3.1 Synthesis of PS-PA4VP@SIQ Particles

The block copolymer micelles wepgepared by dissolving the R&EP4VP block co-
polymer in chlorofornto give a homogeneousspersiorat a BCP concentration of 0.5 mg mL
1 1t was then filtered through a 0.2 um pore size PTFE membrane filter. In order to induce the
micellization, a solventexchange was done by adding equivalent volume of methanol
dropwiseto the BCP solution in chloroform. The mixture was stirred for 1 hour. Next, both
solvents were slowly removed on a rotary evaporator until constant mass was attained. The
solid residuevasredispersed methanol to give Sb-P4VPmicellar stock solution with a
BCP concentration of 0.1 mg'glt was then refluxed for 2dours toobtainstablespherical
PSb-P4VP micelles in methanol. If required, the BCP concentration was adjustaddiyg
methanol (minor weight loss during reflu)he PSh-P4VP micellar solution with the BCP
concentration of 0.5 mg and 2.0 méwere prepared by concentrating 0.1 rigstpck solution
on arotaryevaporator to a desired residual mass.

Silica solwas prepared separately by mixing 1.2 mL of TEOS with 1.25 mL of metha-
nol, 1.5 mL of deionized watgand 0.75 mL of 0.2 M aqueous H&?. The mixture was stirred
for 30 min at room temperature and filtered through a 0.2 um pore size PTFE membrane filter
before mixing with the P$B-P4VP micellar solution. Deposition of silica shell on-irB4VP
micelles was done by addingreeasure@mount of freshly prepared silica sol to a BCP micellar
solution under stirring, maintaining a certain molar ratio between TEOS and 4VP. Upon com-
pletion of the reaction, the reaction mixture was collected arghegamultiple times using
ethanol at 13,500 rpm withtagh-speedcentrifuge. Then the collected sediment was dried in
vacuum at 50 °C for 3 hourShe4VP: TEOSratio can be varied to attain particles with differ-
ent morphologies. By removing the BCP teatplhollow silica particles can be prepared

3.3.2 Synthesis of PSstabilized Slver Nanoparticles (AgNRPS)

Silvernanoparticles wergynthessedusing a method described by Hiramatsu with some
modifications?®! For the particular synthesis, 0.3 mmol of silver aeefAgAc) was mixed
with 2.5 mL ofOIAm and injected to 50 mL of boiling xylene at 160 °C underirtieet condi-
tion and refluxed for 24 hours. The colour of the mixture gradually changed from light yellow
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to dark yellow, indicating théormation of silver colloids. OlAm simultaneously serves the
functionof both mild reducing agent and partiskabiliser.

In next step, 15 mL of the reaction mixture containing ca. 10 mg®frabtesized silver
nanoparticles were subjected to drying in a rotary evapotatemove solvents. The dried
nanoparticlesvere tten dissolved in 5 mL of chloroform. Separately, 10 mg ofS6was
dissolved in10 mL ofchloroform. The PSSH solution was then added to silver nanoparticle
dispersion in chloroform drop by drop un@entinuous stirring. Next, 5 mL more chloroform
was added to the AgNP/PS mixture and fefstir for 24 hours. Thereaftd?ScoatedAgNP
was flocculated by adding 10 mL of methanol and centrifuged,80Q3pm for 10 minutes.
To remove the rest @IAm and excess of RSH, repeated (8 times) centrifugationédisper-
sionsteps were performed by adding chloroform as a solvent (ca. 5 mL) and methanol as floc-
culating agent (ca. 10 mL for each stefe inal product was céécted and drieth vacuum
oven a0 °C overnight to give a fine metallic powder of ca. 11 mg. Finallycdapped AgNP
were dissolved in chloroform to givgestocksolution, which has been used for further experi-
ments

3.3.3 Synthesis of PSstabilized Gold Nanoparticles (AUNP-PS)

Gold nanopaititles coated wittstabilising polystyrene (PS) shelas synthessed via
two-step method. In the first stepjatersoluble AUNP stabilised with citrate ligand were
synthessedusing a similar procedure described by Brown eith some modification&®? In
the typical synthesis, 0.27 mmol (107.4 mg) of sodtetrachloroauratélll) trinydrate was
addel to a flask with deionized water. After one minute, 11 mL of aquedusmsoof 1.0 wit.

% trisodium drate was added. Another 30aser, 5.5 mL of freshly prepared tceld aqueous
solutions of 0.08 wt. % sodium borohydride and 1.0 wt. % sodium citiagquickly injected.

The resulting volume of the reaction mixture was 500 mL. After 10 minutes of stirring, the
solutionwas cooled down to room temperature.

To modify AUNP surface with PS shell, ligand exchange step was implemented.
Tetraoctylammoniunbromide (TOAB) was used as phase transfer agent, whereatetinidl
nated polystyrene was used as polymgarid. In a typical experiment)5ng d TOAB was
dissolved in 50 mlchloroform. Separately, 10.6 mg PSSH (double excess relative to the Au
by weight) was dissolved in 10 mL of chloroforamd mixed with the TOAB solution. Then
this mixture wasdded to a separation funnel containing 50 mL of aqueous solutbtnadé
stabilizedAuNP. The twephase mixture was shakemensivelyuntil the upper aqumis phase
appeared colourless. Organic phase with gold nanoparticles was separated and concentrated on
rotary evaporator to the volume of ca. 10 mibhe reactionmixture was left under stirring for
the next 24 hours at RT to ensure exchange of TOAB wigtHP & Sstabilized Au nanopatrti-
cles were flocculated by adding 100 mL of ethanol, collected by centrifugation and then purified
by repeated centrifugaticretispersiorcycles with ethanol and, subsequently, with acetone
(three cycles with each solvent). &ftremoval of excess of TOAB and 381, PScapped gold
nanoparticles were transferred intwial, dried at 50 °C irmvacuumoven o/ernight. Finally,
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PScapped ANP was dissolved in chloroform to giaestocksolution, which has been used
for further exyeriments

3.3.4 Synthesis of Ag@Si@and Au@SiO; Yolk-Shell Nanostructures

EnclosingMetal Nanoparticle within theCore of Block CopolymerMicelles: For enclosing
AgNP or AINP in micellar cores adPSb-P4VP micelles,10 mg of PSh-P4VP was first dis-
solved in 50 mL chloroform and mixed withmeeasure@émount of PSapped AgNP or ANP
stock solution in chlorofornfor the preparation &g@SiO; yolk-shells, the weight percent-
age of AgNPs was kept 40% with respect to the BCP content whereas for the Aw@lsiO
shells AUNP weight percentage was kept 20% with respect to the BCP céitenmixing
both components, the volume of the whole mixiues adjusted to ca. 100 mL by adding chlo-
roform. Next, an equal amount ofethanol (ca. 100 mL) was addd@bth the solvents were
thenslowly evaporatedn arotaryevaporatoto induce micellization. After complete removal
of solventstheweighed reside was dispersed ib00 gmethanol and made up tdB&P con-
centration of 0.1 mg 4 The thus prepared dispersion was refifor 24 haurs. After reflux,

a mixture of AgNP (or ANP) and P$-P4VP in methanol fored along-termstable micellar
solution conaining PSstabilized nanoparticles enclosed within PS cores eb-P8VP mi-
celleswas formed

Preparation ofSlica Sol: Silica sol was preparelly mixing tetraethyl orthosilicate (silica pre-
cursor) with ethanolvater, and catalyst. Seajel process can be carried authe presence of
an acid (HCI) or a base (N as acatalyst?®® Acid catalysed system results in a lessss
linked monolith structure whereas bas&talysed system createghly crosslinked colloidal
particles In the presenwork, acid catalysed salel process was uség following a synthetic
procedure discsed above (Sectidh3.1).

Synthesis oAg@SiQ and Au@SiQ Yolk-Shell Nanostructures For the preparation of
Ag@SiG and Au@SiQyolk-shell nanostructure@anoparticles) silica deposition was done

by adding a measured volume of freshly prepared and filtered sili¢2.4ainL, 4VP:TEOS
400mr)to 10 g of amicellar solution of Ag@P$-P4VP or Au@P$-P4VP and vigorously
stirring for a certain period of tim{@om 2 hours to 24 hours) at room temperature. The reaction
mixture was then centrifuged at 13,500 rpm for 10 minutes to collect the silica deposited parti-
cles. The unreacted reagents were washed out with ethanol by repeated centrifedisien/

sion procedure. The final product was collected and duedervacuum at 50°C for 2 hours.
Thethus prepared silica deposited particles were powdered and subjected to a stepwise pyrol-
ysis at 450°C for 4 hours in order to remove the BCP template which leaves Ibeliow
mesoporous silica shell with metal nanoparticle asctre The pyrolyzed sample was then
collected, powderedind dispersed in Millipore water #ite desiredconcentratiorprior to its

use as a catalyst
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3.3.5 Synthesis ofPorous Silica-supported Yolk-Shell Catalyst (Au@SiO:@PSS)

For the synthesis cAU@SIQ@PSS catalyshu@PSb-P4VP@SIQ particleswere
preparedusng a protocol as discussed ieciion3.3.4 followed by one additional synthetic
step purposed to convert unreacted silica precursor into porous silica support (PSS). In partic-
ular, 24 mL of freshly prepared silica sol was addedi® 10 g othe Au@P Sb-P4VPmicellar
solution inmethanol and allowed to react for 2 hours. After 2 hours the mixture was exposed
to ammonia vapour for 48 hours to complete the hydrely@mlensation of TEOS.he unre-
acted reagents were washed out witlihaeol by repeated centrifugatioedispersiorproce-
dure (10 min at 1,300 rpm).The obtainedAu@PSb-P4VP@SiQ@PSSwas dried under
vacuum at 80 °C for 2 hours to yieddine pink powder. To remove the block copolymer tem-
plate,the Au@PSb-P4VP@SIQ@PSSpowder was firsground with a mortar and pestle and
subjected to oxidative stepise pyrolysis at 450°C for 4 hours. The obtained powder was again
fine powdered using mortar and pestle and dispersed in water at 2.0 hapndentration and
further used s1a stock solutio for the catalytic experiments

3.3.6 Fabrication of Flow-Type Catalytic Reactors by Infiltration of Au@PS-b-
P4AVP@SIQ in Porous GlassFrit

In order to prepare flovtype catalytic reactors, AU@H®BP4VP particles were pre-
paredas described in Sectiéh3.4 The Au@P&-P4VPmicellar dispersiond;.,= 0.1 mg g

1y wasmineralizedvia a solgel procedure. The silica deposition was donedagting the mi-

cellar dispersiomwith silica sol for 2 hourshy maintaining a molar ratio between TEOS and
4VP as 400 mr. The thus prepared Au@BCP @ pticles wereollectedand washed with
ethanol to remove the unreacted precursor, unbound oligowetes, and HCI. Finally, parti-

cles were dispersed in ethanol to give a stock solofionl mg ¢t (BCP mass based) and used

for infiltration. The collected and washed, Au@B®4VP@SIiQ particles were then infil-

trated intoporous glass frit¢sintered ghss frit discs, biplane, series 1fth a frit diametey

dirivy = 2.0 cm, procuredfrom ROBU) usinga waterjet vacuum aspirator pump with an end
vacuum of 1@mbarand a flow rate of 400 mL* Prior toinfiltration, the frits were washed
multiple times with methanol and ethanol using the water jet vacuum aspirator pump. Frits were
prepared with three different Au@ Sifarticle loadings, namely 0.5 mg, 1.0 mg, 2.0 mg (BCP
mass based), respectively, by infiltration of an appat@ramount of Au@R8-PAVP@SIQ
dispersion in ethanol. THets were then subjected toséepwisepyrolysis inthe air at 300C

for 6 hours to remove the block copolymer template and other organic residues present if any.
Collected filtrate was kept fdurther analysis

3.4 IN-SITU MONITORING OF SILICA SHELL FORMATION

Thewhole procedure was carried out in disposable DLS cuvettes without stirring. 1 g
of thePSb-P4VPmicellar stock solution was added to a cuvette. Next, 227 L of silica sol was
added and intensively mixed for 20 s. The cuvette was placegireZand continuous DLS
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measurements were started. The interval between successive measurements wase2eas, wh

the time interval between addition of silica sol and the first DLS record was approximately 3.5
min which is the time required for mixing of components and temperature equilibrEtien
refractive indices and viscosity were set as specified foranetin = 1.326¢| = 0.5476¢cP)

and polystyrene latex (n = 1.590). For each measurement point, ten autocorrelation functions
of 10 s data collection time per scan were averaged and evaluated by the Dispersion Technology
Software (DTS) appendant to Zetasidano S. DTS includes cumulant analysis and multi-
modal size distribution algorithm NNLS, which have been used for the calculation of hydrody-
namic particle size, PDand particle sizdistributions

3.5 CATALYTIC STUDIES

3.5.1 Catalytic Reactions usingAg@SiC;,, Au@SiO: Yolk-Shell Nangarticles, and
Au@SIiO:@PSSCatalyst

Catalyticexperiments were carried out in a quartz cuvette (1 cm path length) under me-
chanical stirring at 400 rpm. Stirring was required to obtain reproducible results on reaction
kinetics. Ag@SiQ and Au@SiQ yolk-shell nanoparticles were powdered and dispersed in
Millipore water with a catalyst concentration of 0.02 mg'mAU@SIQ@PSS catalyst was
dispersed in Millipore water using an ultrasonic bath to give the stock dispersion with the cat-
alyst concentration of 2.0 mg miL A measured volume of catalyst dispersion (from 0.02 to 0.5
mL) was added to a mixture of freshly prepared aqueous solution of N@BHmML, 0.2 M),
aqueous solution of-MP (0.3 mL, 0.2 mM) and Millipore water (from 0.5@®8 mL), such
that total volume of the reaction mixture in all experiments was kept constant (2.2 mL). Suc-
cessive UWVis spectra were recorded every minute in the wavelength rangéd®@60m im-
mediately after addition of the catalyst. For Ag@&Ki@Qu@SiQ, and Au@SiIQ@PSS
catalysts, evaluation of the reaction kinetics was done by monitoring the intensity change of
nitrophenolate absorption peadnfx = 400 nm) with respect to the time. Experiments on the
catalytic degradation of Congo Red using Au@S1®SScatalyst were carried out maintain-
ing experimental conditions similar to those fenittophenol Evaluation of reaction kinetics
was done by monitoring the intensity change of absorption pealBaind9vith respect to the
time. Similar experimental contiibns were maintained for studying the catalytic degradation
of Methyl Orange and Methylene Blue and the evaluation of the reaction kinetics was done by
monitoring the intensity change of absorption peak dtrdb and 68 nm respectively

3.5.2 Continuous Flow Catalytic Studies

Continuoudlow catalytic experiments were carried out by connecting the as prepared
frit to a peristaltic pump and to a flethrough cell (1cm path length peristaltic pump (Is-
matec REGLO Digital 2/6 Variable Speed Pump with a flo range of 0.005 to 59 mL min
! operating at 115V/230V) was used to maintain a continuous flow through the frit and control
the flow rate. Thérit was placed into a setfesigned holder and the cap of the holder with inlet
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opening was tightened to the frit head with a silicone rubber gasket using stheweed
solution was fed to the pump which in turn channelled tdrthéollowed by the cuveée and
outlet. The feed solutioof Congo Red (0.067 mMyas prepared by diluting00 mL,0.2mM
solution of Congo Red with 200 mL of Millipore water. The feed solution was passed through
the frit to ensure proper wetting of the embedded catalyst. Aftesunieag the absorption spec-
tra of Congo Red for 1fhin, NaBH; was added as @owderto the feed solution. The amount

of NaBH; wascalculated and weighed sutttat themolarratio between Congo Red and NaBH
will always be 3000. Successive UXis spectra wee recorded every minute in the wavelength
range of 256700nm. Evaluation of the reaction kinetics was done by monitoring the intensity
change of the Congo Red dye &94m with respect to time. Experiments the catalytic
degradation of Methyl nge émax= 464 nm), and4-nitrophenol émax= 400nm) were carried

out maintaining the experimental conditions similar to those for Congo Red
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Results And Discussion

4.1 IN-SITU MONITORING OF S ILICA SHELL FORMATIO N

4.1.1 Motivation

In the recenpast,the synthesis of inorganic hybrid hollow nanostructures has gained a

great interest in the field of chemistry and material science due to their low density, large spe-

cific area, temperature and mechanical stabilities, and surface peitpéadihese hollow

nanostructures have a wide variety of application in cosmetics, catalysis, coatings, composite

materials, dyes, artificial cells, fillers, and in biomedical field to encapsulate drugs amdgmag
agents. Such hollow nanostructures carsyghesisedia a multitude of techniques such as
hard or soft templating, chemical etching, lapgfayer (LbL) deposition, emulsion
polymerization etc.

Lately, much interest has been shed to using saatitemplates for the synthesis of
inorganic hollow nanostructureBmong the various templates, saksembled block copoly-

mer structures are often used for the synthesis of functional nanomaterials and possess many

advantage$$¥2¢® For instance, BCIas been used as templates for the fabrication of smart
materials for drug delivery, controlled release materials, or porous cafdAStdtassembled
BCP structures can tstabilisedby crosslinking one of the blocks and then disintegrated using
an appropriately selected solvent to produce isoladiny particles’%?"*Among thelargeva-

riety of block copolymers available, those composed of reactive blocks, such asvioy(2
pyridine) or poly(4vinyl pyridine) attract much atteitn. Ease of complexation of reactive

pyridine units with small molecules and metal precursors makes these BCPs promising candi-

date for the preparation of such functional nanostrucfifé$> The lone pair of electrons at
the pyridine unit enables the coordination with otdectrondeficientspecies or complexation
with additives via hydrogen bondiéf Moreover, in protonated or quaternized state 4VP units
can electrostatically interact with chargeulecules, particles, and substrat€sThe most
widely used BCPs are ASP2VP andP®-P4VP. Compar ably high ¢
allows the disassembly of theatrix forming components with selective solvent without affect-
ing the shape of domains formed by the minczdynponent’®

Wang et al. studied the formation of hollow silica microspheres st gel process by
using PSb-P4VP as a sacrificial template. Block ctpoer micelles were created with a PS
core and P4VP cororfd® The silica shell was deposited on the BCP micelles, which later re-
moved by calcination. The reactive nature of the P4VP facilitatdsythr®lysiscondensation
reaction of the silica precursor (TEOS) on the outer shell of the micelle. Thehgtleless can
be changed by varying the TEOS: 4VP ratio

Khanalet al employed P$-P2VP-b-PEO triblock copolymer templates to create hol-
low silica nanospheregFigure 41).28 They first synthessed PSb-P2VP-b-PEO micelles,
which has a glassy PS core, an ionizable hydroptNd*shell, and a hydrophilic PEO corona.
Due to the repulsive forces among the protah&&/P chains, the /P shell extends at low
pH (<5).8% The addition of anionic species into these micelles nullifiespositive charge of
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the R2VP unit, resulting in a morphological change in ti&/P shell from an extended to a
shrunken forn$328The authors explored these properties of the micelles to selectively deposit
the silica shell othe R2VP block of the micelles via a sgkl technique. The protonated\HP

chains act as an acid catalyst site for the hydrolysis of the silica predetsamethoxysilane

and the negative charge of the silica at pH 4 helps them to strongly birdt@tonated 2/P

block. The block copolymer micellar template was later removed by calcinatidratio ¢ol-

low silica nanospheres.

Theyhave concluded thatili sing the reactive nature of the block copolymer templates,
inorganic nanospheres can be prepaby selectively depositing the inorganic material in the
targetedmicro-compartmenof the triblock copolymer micelle. It was also stated that the void
volume of the hollow particle can be controlled by the size of the micellar core. Moreover, the
shell thickness of the nanospheres can be varied by changing the concentration of the silica
precursor during theolgel reaction.

DMF

@eco v —

Dialysis

Core-Shell-Corona

PS-PVP-PEO
type micelle
TMOS
Calcination
‘—

) Sol-gel reaction
Hollow silica

Figure 4.1 Fabrication of hollow silicananospherdrom PSb-P2VRb-PEO micelle temlate. Repro-
duced from Ref. 38

SolGel Process:It involves the hydrolysis and condensation of a silicon alkoxide (eg. Tetrae-
thylorthosilicate) in presence of an acid or a base catadyst’® Acid catalysed system results

in a lesscrosslinked monolith structure whereas base catalysed system ctegtdyg cross
linked colloidal particles The general prass of hydrolysis and condensation of the silicon
alkoxide leading to the formation of silica particles, takietrpethylorthosilicate as an exam-
ple, are as follows:

1 kFa 9 F1 FTFT (4.1
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Hydrolysis of alkoxide groups results in the formation of silanol groups while the con-
densation or polymerization between silanol groups or between silamgbsyand ethoxy
groups results in siloxane ¢(6kSi) bridges. Condensation can be increased by applying tem-
perature or by increasing thé ebntent whereas, an increase in water content results in reduced
condensation.

The kinetics and mechanism of acidbarse catalysed sgkl reactions depend on the
temperature, pH, type of catalyst, and composition of the reaction métitfifirhe rate of
condensation is very slow at pH closer toizelectricpoint whereas the geilan time is high
and increases with an increase of precursor/solvent ratio. Thus, changes in pH and/or composi-
tion of reaction medium affect the kinetics and mechanism o$dhgel process andubse-
guently alter the properties of the formed silica particles. Silica parteyeshessed using
different acid catalysts will also differ in size and morphology. In general, the pathways, stages,
and mechanisms of sgkl processes are well studied as for todfathe solgel reaction is
carried out in the presence of templates, it might be much more complex, especially if such
templ ates are Ar eac tgelwanponenmtsirt the presest walk$b- t o t he
P4VP block copolymer micelles were used aspiates for silica shell formatiof.he aimof
this study was to understand the mechanism of silica shell formation and possible pathways of
thesolgelprocess taking place in the presence of reactive BCP micelles. In particutaajithe
focus was shed omonitoring the silica shell formation around the block copolymer micelles
using acidic silicasol as a precursor and #94VP micelles as the reactive template using
DLS technique

4.1.2 Synthesis of PS-P4VP@SIC Particles

In orderto prepare the block copolymer micelles, asymmetricof8lVP block copol-
ymer with PS block as minority component with (#S) = 18,500 g md| M, (P4VP) = 40,500
gmoff, PDI = 1.10,%¢( G( RP)4 VP YasseslroR4VP eelective
solvents, such as methanol or ethanokbFBIVP forms micelles composed of collapsed PS
core and swollen P4VP corona. Although!®B4VP of this particular composition selésem-
bles into cylindrical morphology in bulk, the shape of BGieelles in P4VP selective solvents
might be altered from cylindrical to spherical &geing or heating P$-P4VP micellar solu-
tion.

Figure 42 showsthe steps involved in the synthesis ofl?B4VP@SiQ particles. PS
b-P4VP block copolymer with minor PS and major P4VP block acts as a structure directing
component for deposition of silica shell. The-B84VP micelles were prepared via solvent
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exchangemethodby adding methanol to the block copolymer solution in chloroform followed
by the slow evaporation of solven@Ghloroform being more volatile evaporates faster. Thus,
during slow evaporation of theolvent the fraction of chloroform was gradualtgduced,
whereas the fraction of methanol gradually incredseaing PSb-P4VP micelles with col-
lapsed PS core and extended P4VP corona. After the complete evaporation of solvents, the
obtained residue wadispersedn methanol and refluxed to obtairabte spherical P8-
P4VP micelles. Upon reaction with the silica sol, the extended P4VP corona getsi@wia

the presence of acidgol and acts as additional catalytic sites for hydrotgsisdensation re-
action of silica precursarntothe PSb-P4VP micelles. The procedure for the synthesis ef PS
b-P4VP@SIQ particles is detailed in Secti@3.1 The resultant sediment was then diluted to
required concentration for microscopical as well as spectroscapiaedcterizations

Silica

Micellization deposmon
—

PS P4VP

PS-b-P4AVP@SIO,
particles

Figure 4.2 Schematic showing the synthesis oftPVP@SiQ particles

4.1.3 Effect of ProcessingConditionson the Morphology of PSb-PAVP@SIQ

As mentioned earlier, the properties of the yshell nanoparticles can be tuned by al-
tering the shell properties. So it is very important to understand the effect of processing condi-
tions on the morphology of P$P4VP @ SiQ particles Effect d various processing conditions
such as molar ratio of TEOS: 4VBCP concentration, and reaction time on the morphology
and properties RB-P4AVP@SIQ particles are discussed in the following section.

Effect of theAmount of #ica Precursor: In order tostudy the effect of varying the amount of
silica sol on the morphology of ASP4VP@SiQ particles different amount of silica sol was
added to the micellar solution wheredhe BCP concentration (Orhg g') and reaction time
(24 hours) was kembnstantThe silica sol content was estimated based on the molarmajio (
between silica sol precursor (TEOS) and 4VP ufte. silica deposited nanospheres were then
collected and washed several tim@th ethanolusing ahigh-speedcentrifuge at 13,500 rpm.
The purified PS-P4VP@SIQ particles were relispersed in ethanol maintaining the initial
concentration (0.1 mg¥). The particle dispersion was dropsted on cleaned silica wafers and
characterised using SEM withoany additional coating
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Figure 43 shows the effect of thdifferentamount of silica sol on the morphology of
obtainedPSb-P4VP@SIQ particles.The particles formed at lower molar ratio shows awinh
mogeneous particle didhution over the substrate surface where the particles appear aggregated
and nonruniform in size Figure 43 a, d). With the increase in molar ratio 400 mr, more
distinctly spherical particles with uniform size and shape with homogeneous particle distribu-
tion were observed. But with further increase in molar ratio, the particles were found to lose
homogeneity by forming aggregates and networks thohgh $till maintain their spherical
shape(Figure 43 ¢, d and g, h). At higher amounts of silica sol, the excess silica precursor
present in the acidireaction medium might undergo further hydroysismdensation reaction
leading to the formation of silica networks where-lPB4VP@SIQ are interlinked and en-
closed within the networks. The formation of such aggregation can also be a partial contribution
from the drying effect of solvent on the silica substrate, where the particles come closer upon
solvent evaporation. However, ituamistakablehat the amount of silica sol plays an important
role in controlling the homogeneity of the particles formed.

Figure 4.3 SEM micrographs showing the morphologies ol VP @ Si@particles obtained bgok
gelproces in methanol atiferent TEOS: 4VP molar ratios: (a, €) 100r(ip; f) 400mr (c, g) 1000myr
(d, h) 4000mr. Scale bars are 1um (top) and 100 nm (bottom).

Effect of Bock CopolymerConcentration:Another parameter that affects the morphology of
PSb-PAVR@SIQ particlesis the block copolymer concentration. Micellar dispersion with
three differenfPSb-P4VP concentrationss used to study the effect BICP concentration on
the morphology of P®-P4VP@SiQ. The TEOS: 4VP molar ratio was kept constant at 400
mr and the regtion time as 24 hours.

As can be sedinom Figure 44, at a lowBCP concentration of 0.1 mg'ghomogeneous
particles of PS$-P4VP@SiQ was obtainedwith 0.5 mg ¢ BCP concentration, the particles
obtained seemed to be closely packed and slightly networked whereas at a high BCP concen-
tration of 2 mg ¢ a fully networked structure was obtained. Thus, by changing$ieP4VP
concentration, different morphologies varying from monodispersed homogeneous spheres to
networks can be achieved.
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Figure 44 SEM micrographs showing the silica depositeebF4VPparticle morphology in methanol
at different block copolymer concentratio(a, d) 0.1 mg ¢; (b, €) 0.5 mg¢§ (c, f) 2 mg ¢. Scale bars
1 pum(top) and 100 ni{bottom)

Effect of Reactioniine: The reaction time plays an importanteran the silica shell growth
aroundthe block copolymer micelles. In order to study the effect of reaction time on the PS
P4VP@SIQ paricles, the block copolymer concentration (0.1 mi¢) @nd the TEOS: 4VP
molar ratio (400 mrjvaskept constant. The reaction time was varied from 6 h@#rdours,

48 hours, 72 hoursipto 192 hours as shown Figure 45.

From the results obtained from the experiments done, it was observedtbBt @n-
centration of 0.1 mg-Yis optimum to obtain spherical particles without any aggregation and
networking. But as shown iRigure 45, it is evident that longer reaction time with silica pre-
cursor plays a significant role in determining the particle morphology. At lower reaction time
such as @hours the particles formed appeared to be closely packed with localized aggregates
(Figure 45 a, . With the increasen reaction time more distinctly spherical particle with a
uniform distribution was formed-{gure 45 c, d). But longer reaction time with silica precursor
leads to the formation of a mixture of large and small particles, where the smaller particles have
a coffee bean shape. Theesence of such coffee bean shaped particles can be attributed to the
additional nucleation and formation of silica particles without the polymer template.

Thus, from thesexperimentsit is very important to understand the effect of processing
conditiors on the formation of RB-P4VP@SIQ particles, as these parameters play a key role
in determining the properties of the silica shell formed.
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Figure 45 SEM micrographs showing the silica depositeedbF4VPparticle morpholog in methanol
at different reactiontime: (a, b) 6 hours (c, d) 24 hours (e, f) 48 hours (g, h) 72 hours(i, j) 192 hours.
Scale bars are 1 pitteft column)and 100 nngright column)

4.1.4 Mechanism of Silica Shell Formation in the Presence of Reactiglock Copoly-
mer Templates

The yolk-shell particles are prepared via the deposition of silica shell on a sacrificial
block copolymer template. As described earlier, it is understandable that the properties of the
yolk-shell nanoparticles depend on the chtaastics of the shell such as thickness, morphol-
ogy, its compactness and density. Thus, monitoring the shell fornthtrorg the reactionis
very important in predicting and controlling the final properties of such particles. Therefore, a
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thorough undestanding of the seg e | reaction taking place in
templates is necessary for the synthesis of-sbel nanostructures wigbredefinedcharacter-

istics and propertieg\lthoughtheabovediscussedesults show that the prosasg conditions

and different reaction parameters affect the formation of silica shell in presence of reactive
template, the mechanism of silica shell formation over the BCP template is still uiitlesy .

in-situ dynamic light scattering (DLS) and transsamon electron microscopy were combined to
investigate the silica shell formation on top ofBB4VP micelles and to understand the mech-
anism and pathways of the process.

Initial studies were conducted by coating the sphericahd8VP micelles, having
PS core and a P4VP corona, with silica shell formingofP3VP@SiQ particles. The thus
prepared particles were separated from the reaction mixture at different time intervals during
silica shell deposition. Then these particles were washed aidpesed in ethanol. Corre-
sponding SEM, TEM, and AFM images and the height profile are represeiigdiia 46 and
Figure 47 respectively The particle size was measured using DLS, as it is one of the most
easily accessible and gute method to study particle size.

Figure 4.6 (a) Overview SEM(b) Close view TEM images of REP4VP@SiQparticles isolated from
the reaction mixture after 24 hours of shell formati®oale bars omage (a) 200 np(b) 25 nm.

However, most of the DLS results obtained from isolatededdpersed particles were
different from each other. When the-B4VP@SiQ particles were centrifuged and then re
dispersed, a considerable increase in the polydispersity index (PDI) and broadened size distri-
bution were detected. This difference cooddattributed to the presence of particle clusters and
aggregates which are formed during the centrifugation step when particles are compactly
packed. The SEM and TEM imagféigure 46 a, b)represents the PIEP4VP@SIQ particles
which are isolated from the reaction mixtucentrifugedand redispersed. The isolated parti-
cles upon centrifugation settle down and form small aggregates which remain even after re
dispersion which is evident froffigure 46 (a, b). The AFM imagéFigure 47 a) also shows
the presence of aggregated particles. The height prbitgeré 47 b) reveals the polydispersity
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of the system. These samples containing particle aggregates caused errors in the values obtained
from DLS measurement which affected the qualityhef tesults.

Z]nm]

400 f m

Figure 4.7 (a) Topography AFM images of BEP4AVP@SIQ particles isolated from the reaction
mixture dter 24 hours of shell formatiorfb) Height profile of P®-P4VP@SIiQ particles across the
line on the AFM imagéa).

In order to overcome the difficulties mentioned above, the DLS experiments were done
in-situ to monitor the silica shell formation around thelPB4VP micelles. Samples with re-
spect to corresponding time were studied using TEM. SpherielalfS/Pmicelleswere used
as templatefor monitoring the process with DLShe PSh-P4VP micelles were first measured
and then a predetermined amount of freshly prepared silica sol was added to the spherical
micellar dispersion. The particle size evolution wamitored with DLS for a period of several
days. However, due to the presence of several components (such as water, TEOS and products
of hydrolysis and condensation) in the reaction mixture the particle size obtained from DLS
experiments should be considdras apparently measured sidgg, which differs from the
actual hydrodynamic particle diameter (except for those referred forAFREP micelles).

Figure 48 (a) shows the apparent sizlpp (cubes), and PDI (triangles) of tRSb-
P4VPmicelle and P$H-P4VP@SIQ particles as a function of time before (red) and after ad-
dition of acidic silica so(black). The initial size of micelles was 126.7 £ 1.7 nm and PDI of
0.083 + 0.017. Immediately after the addition of ac#dit dapp Steeply increased up to 155 nm
and then gradually decreased, reaching a plateau at ca. 15 hours after adddlonhefpar-
ticle size evolution was further monitored for a period of several days as shéiguia 48
(b). After a gradual decrease until the plateastablished, the apparent particle size increased,
but with a considerably slower rate as compared to the previous stage. Remarkably, the PDI
remained unchanged within the same range (between 0.05 and 0.10) before and after silica sol
addition, as well aafter prolonged reaction time indicating that no clustering or particle aggre-
gation occursKigure 48). FromFigure 49, it is clear that the particle size distribution remains
unchangedefore and after addition of silica sol up to a few days indicating that there is no
clustering or particle aggregation occurs.
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Figure 4.8 (a) Apparent particle sizal.pp (rectangles) and PDI (triangles) of REP4VPmicelles in
methanol (red symbols) and #3P4VP @SiQparticles (black symbols) measured by intensity and PDI
(triangles) as a function of time. The results were obtained-situnDLS during the initial period of
silica shell formation (b) Longtime belaviour of dipp (rectangles) and PDI (triangles) for RS
P4VP@SiQ particles obtained by DLS during teentinuoussolgel process.
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Figure 49 Intensityaverage apparent particle size distributionsBafore (b-c) After addtion of silica
sol: (b) After 2 min (c) After 3h (at aplateay); (d) After 2 days of silica shell formation.

The evolution of apparent particle size with time suggests that several simultaneous
processes occur in the system. There are several reasons which may induce the initial steep
increase of the apparent particle size upon addition of axdli€irst of al, due to the proto-
nation of pyridine units and electrostatic repulsion, the neighbouring P4VP chains of the micel-
lar coronaare expected to stretch as compared tanikial state in methanol. In their protonated
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form, P4VP chains become more hydrophilit\e protonated P4VP chains cause additional
solvation of micellar corona, particularly with water present in the reaction migA€Ad-
ditional solvationand possible enrichment with water subsequently lead tocagaised appar-
ent particle size.

To obtain more details about the initial stage of silica shell formation, elemental analysis
of PSb-P4VP@SIQ particles immediately after addition of silica sol was perfornkéglre
4.10 shows the TEM (a) and EFTEM-() elemental maps of silicon, carbon and nitrogen of
PSb-PAVP@SIQ particles deposited from the reaction mixture immediately after addition of
silica sol. As an be seen, at the early stage of shell formation, particles are surrounded by a
silicarrich irregularly shaped corona. When patrticles are closely located with respect to each
other, coronas merge suggesting their soft deformable nature.

Figure 4.10(a) Bright field TEM image; @al) Hemental maps of R&P4VP@SiQcore-shell particles
deposited from the reaction mixture on TEM grid immediately aftdition of silica sol: (b) Si map;
(c) Carbon map(d) Nitrogen mapScale bars are 200 nm.

The TEM and EFTEM results explain the initial steep increase of particle size after
addition of silica sol as observed by DLS measurements. Upon mixing withFASP mi-
celles, the silica sol accumulates immediately around pra&drf24VP corona. Micelles sur-
rounded bysol will diffuse slower as compared to BCP micelle, which subsequently leads to
an increased apparent particle size. The presence of ions and the total ionic strength of the
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medium are known factors affecting the paet diffusivity by changing the thickness of the
double layer. Low ionic strength medium produces an extended double layer of ions around
particles, reduces diffusion and results in a larger apparent hydrodynamic particle size. Higher
ionic strength com@sses the electrical double layer and hence, reduces the apparent hydrody-
namic particle size. Finally, the presence of water, TEOS, and products of its hydrolysis and
condensation affect the viscosity and refractive index of the reaction medium, whieh subs
quently influences apparently measured patrticle size

After the initial steep increase, the apparent particle size gradually decreases and then
reaches a plateau. During this stage, temyolaected hydrolysicondensation of silica pre-
cursor determines the hydrodynamic behaviour of particles. Protonated and, plausibly, water
enriched P4VP coronas act as multiple catalytic sites for hydralgadensation reaction. Un-
der these conditions, condensation and subsequent networkigdrofyzedprecursor should
be more probable. In otharords, in the vicinity of P®-P4VP micelles, theolgel reaction
occurs much faster as compared to the rest of solution

The abovementioned assumptions were further investigated by TEM images as shown
in Figure 411. A substantial difference in particle morphology at the beginning of the shell
formation Figure 411a, b) and after reaching the platekig(re 411c, d) is clearly observed.

A gradual decrease of the particle size observed bydah$e explained as a result of locally
accelerated condensationsail and formation of a network like silica layer around?B4VP
micelles. The latter, so far loose in nature, acts as alinkss and reduces the conformational
entropy of P4VP chaingn addition, solvent molecules which initially occupy the P4VP corona
are gradually replaced by condensing silica which is entropically favourable. Both effects
increase the diffusion rate and subsequently reduce the apparently measured particle size.

Although the presence of the shell becomes quite well visible at the plateau, particles
retain their irregular shap€ifure 411d) indicating that at this stage the condensation process
is still not completeExpectedly, the increase of reaction timeuioeks densification of the shell;
in the following 15hours particles adopt weltlefined coreshell morphology Figure 411 e,

f). Within this period, particles are slightly reduced in size. At $tégye the hydrodynamic
behaviour of coreshell particles shows an opposite tterAfter reaching the plateau, a
continuousand slow increase of the apparent particle size was observed byFiQuU®e(411

b) which might be a restubf the gradual change in properties of the reaction medium itself.
When reaction time was increased further, the silica bleelbmesmooth and more uniform
(Figure 411 g and h). Moreover, during this time period, the shell continued to grow, as can be
concluded from the appearance of an additional outer layagime 411 (h).
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Figure 411 Overview (top) and higimagnification TEM images (bottom) of BF4VP@SIQ
particles deposited from the reaction mixture on TEM gi#g b) Immediately #ier addition ofsilica
sol; (c, d) Ater 3 hours (e, f) After 18 hours; (g, h)ffer 2 days of silica shell formatioBcale bars are
200 nm (top) and 25 nm (bottom).

As can be seen, the changes of particle size monitored by DLS and observed by TEM
show an opposite trenAccording to TEM, particles adopt the largest size at the reaction stage
which corresponds to the plateau region, i.e., when thb-P&/P@SiQ particles have the
smallest hydrodynamic size. In contrast to the results obtained from DLS, after redateag p
particles appear visually smaller, while apparent hydrodynamic particle size increases. This
contradiction can be explained as a result of two complementary effects: (1) an increased elec-
tron density of the Sig@rich but still loosely networked mittar corona leads to the visually
larger particles (TEM); (2) networking and densification of the gieellics the apparent hy-
drodynamic particle size (DLS). After reaching the plateau, the hydrodynamic particle size in-
creases mainly due to the changetheenvironment (changes in viscosity), whereascamal
increase of the particle size because of the shell growth is negligibly small

| Il 1] v
KWW R—®

Figure 4.12 Schematics depicting four stages of silica shell formation using acidgesprocess and
spherical PSh-P4VP micelles as reactive templatBgproduced from Re322
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Based on the results discussed above, the whole process of silica shell formation and
growth involves the following stages: @bl assembly around BCP micelles, (IlI) hydrolysis
condensation reaction accelerated by the protonated P4VP corona, (lll) shell densification, and
(IV) shell growth, as schematically shownHRigure 412.

415 Conclusion

Theproperties of the yolishell nanoparticles depend on the properties of the silica shell
which is dependent on the processing conditions. Thus, it is really important totandehe
formation of silica shell around the ®SP4VP micelles. The work conducted by Yang et al.
demonstrated the synthesis of hollow silica particles through thgesplocess of TEOS em-
ploying aquasi-hard template method using P4¥The P4VP act as a reactive template to
catalyse the sajel procass which leads to the directed surfacegmlprocess of TEOS on the
template, thereby fabricatingell-definedhollow silica spheres. The size of such spheres was
studied wing DLS and TEM. Similar worksarried outby Wang et al. and Khanal et al. also
shows the use of pyridine containing polymers such asofVP as a reactive template to
fabricate hollow silica spher&3?'°Although there were many works discussing the formation
of silica shell through reactive templates, a thorough study on the mechanism of silica shell
formation is yet to be conducted.

The present work mainly dealt with studying the effect of different psingsondi-
tions and the mechanism of silica shell formation through reactive templagaghole process
of silica shell formation on RB-P4VP reactive template was monitoregitu using DLS. The
results obtained revealed that the whole process o& sihiell formation and growth involves 4
distinct stages starting from teelassembly around the BCP template, followed by hydrelysis
condensation reaction accelerated by P4VP corona, shell densifieaticimally shell growth.

Although the abovedescribedesults show the time evolution of the shell formation,
they already provide distinctive and important information regarding the pathway, stages, and
possible mechanism of the gl process which takes place in the presence of reactive tem-
plates such as RB-P4VP micelles. Other parameters, such as pH, temperature, the amount and
composition of addeslol, the type of solvent are also expected to have an influence on the shell
formation. The template method provides a direct way for the encepsutan o f v ar i ou
species, such as quantum dots or catalytically active nanoparticles, and fabricatioalkHdso
yolk-shell particles. By quenching the reaction at a particular stage it should be possible to alter
and tune the structure and prapes of the shell, such as shell thickness and porosity, pore size
distribution, shell permeabilityand selectivity
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4.2 YOLK -SHELL NANOSTRUCTURES AS BIFUNCTIONAL CATA LYSTS

4.2.1 Motivation

Theimportanceof nanopatrticles in the catalytic process has gained much interest in the
recent times in order to design superior catalysts with improved efficiency and selectivity which
could be used faninimisingthe use of fossil fuels, for energy harvesting, aritipon control.

Noble metal nanopatrticles, due to their totally different properties ingheregime are the
most widely studied system in catalysis. As the catalyst efficiency increase wiitreasen
surface area, nanoparticles are effectivedhates due to their high surface area to volume
ratio 28 Surface and straidrovelattice distortion, variation in electronic state density, and ox-
idation induced charge redistribution also add up to their use as an efficient cathlysts
believed that gold nanoparticles were catalytically inactive until in 1997 Harutzoamarkers
found the catalytic properties of gold nanoparticles ardl tisem for oxidative reactiod®
The catalytic properties strongly depend on the surface propetdespnic structure, and par-
ticle size of the nanoparticté’

Heterogeneous catalytic reactions occur on the surface of solid catalysts and involve
elementary surfacehemical processes such as adsorption of reactants from a reaction mixture,
surface diffusion and reaction of adsorbed speaies cesorption of reaction product&gpen-

dix 8.1). The accelerated rate stirfacemediatedreaction is due to the presence of highly
reactive surface atoms which facilitates the bond breaking and rearrangement of adsorbed mol-
ecules?®However, he major problem associated with virgin nanoparticles is their low disper-
sion stability and tendency to agglomerate which lowers the availability of accessible reaction
sites, thereby lowering their efficiency. Agglomeration of nanoparticles camrbmised by
modifying them with surfactants, low molecular weight ligands, polymers, dendrimers, or
charged molecules. However, ligasthbilized nanoparticles become catalytically less active

or even inactive, again due to reduced accessibility of catalytatilye sites for the reactants.

a b

Figure 413 Schematic showing (dYnsupported nanopatrticles in dispersjofip) Nanoparticles at-
tached on the surface tife support (c) Nanorattles otwyolk-shell ranostructures

The problemsassociated with particle stability without affecting their activity can be
solved by a great deal using nanoparticles incorporated into secondary supporting structures. In
order to incease the stability of the nanoparticles, functionalized polyfiquslyelectrolyte
brusheg® dendrimerg®® membranes® and porous metal oxid€42°2havebeen employed to
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support them either by attachitige particleson the surface of such suppootsby enclosng

them insidgFigure 4.13 b and c). Among the various supports used, numenatal oxides of
different structure and morphologies are promising canesd&or instance, catalytically active
nanoparticles such as Ag and Au can be coated with a reactant permeable shell with tunable
shell porosity??2%Controllalde integration of noble metals such asAAg,>**Pt?%and Pf?

and metal oxide supports such as F1#1° Si0,,10151.2%4Ce(,27:29° C0304,2%2 ZrO2 1 into a

single structure,bea@me a hot topic as they combiroth the functions of individual
nanoparticles and the shellhis enhances the catalytic propestivhen compared to single
component materials. Moreoveychmetaloxidesupport help tgolve the problems associated

with particle leaching, recovery, and dispersion stability to an extent

These structures can bgnthesisedia impregnatiort?®-2°’ co-precipitation?®® or dep-

osition-precipitation?®® The performance improvement can be attained by adopting more re-
fined procedures such as confinement of noble metal nanopartrdi@smesoporous
supports?939modifying the support?? by using alloys of nanoparticle instead of using a sin-
gle nanoparticlé®*=%4or by encapsulating the metal nanoparticles into supports with a core
shell structuré?®:150:3%8307 Depending on the synthetic route, differenpportingstructures
(Figure 4.13) can be obtained. Thiacludes coreshell structures where a single nanopatrticle
core is uniformly surrounded by a metal oxide shallk-shellor rattletype structures with a
fixed/movable nanoparticle core enclosed inside a hollow metal oxide shelsaaddich
structureonstitutemultiple nanoparticles as an interlayer embedded into a metal oxide shell.
Among which the yolkshell nanoparticles hagained much attention in the recent past owing
to theirability to alter their propertie®ue to the presence of a hollow interior these structures
can act amanoreactorf the field ofnanocatalysisThey can also be considered as a bifunc-
tional catalyst.

Bifunctionalcatalystswhich contain catalytically active metal nanoparticles and a high
surface areaupportare basic structures that exhibit high activity and efficiency for significant
chemial reactions. Apart fronstabilisingthe nanoparticle, the support can act as a relay to
transport reactants onto the catalytic surface, control the diffusion rates of reactants and prod-
ucts, and provide electrons or protons to modify total react®%ifjhe reactants diffuse through
the hollow porous shell and reaction take place at the surface of the catalytically active nano-
particle core, which is the rate determining step and theéuptdhen diffuses out through the
porousshell Figure 414). Hence the porosity of the shell plays a key role in the efficiency of
the catalysis press as a whale

Metal oxide-basedyolk-shell nanopatrticles have shown high resistance against temper-
ature or reaction induced sintering of nanoparticles, thus preserving the catalystTéadive.
fine tunability of physical and chemigatopertiesaswell as the functionality in both core and
hollow shell, renders them with advanced properti¥slk-shell nanoparticles are superior
when compared to the existing structures with particle on supports as the former has no or
minimal shielding effect of theore due to hollow space present. Enclosing the nanoparticles
in a shell also prevents the leaching out of parti®esently more focus has been shed to-yolk
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shell nanopatrticles with Ag or Au core since they have great potential application in catalysis
battery, surfacenhanced Raman scattering, andhiedicine.

® Reactants
Products ® ®

Reactant
permeable silica
shell

Active
nhanoparticle core

Figure 4.14 Yolkshell nanostructure as a bifunctional heterogeneous catalyst.

4.2.2 Fabrication of Ag@SiO; and Au@SiO; Yolk-Shell Nanostructures

Here, theexperimental work was focused mainly on the fabrication and application of
Ag@SiG and Au@siO; yolk-shell type catalyst$Same procedures were done in order to syn-
thesis both Ag@Si® and Au@SiQ yolk-shell nanostructuresTo obtain a yolkshell
nanostructurefor enclosing metal nanoparticles into porous silica shells, there are certain pre
requisites: (1)netal nanoparticles (e§gNPs orAuNPs)should be completely covered the
silica shell i.e., metal nanoparticles should be large enougto heak out through the silica
shell pore, (2) silica hollow spheres should be homogeneously loaded with metal nanoparticle,
(3) no bulky metal nanoparticle should be formed outside the nanocontainers, and (4) a void
between the silica shell askLINPs shald be maintained®® Figure 415 shows the general
steps involved in theyathesis oAU@SiG yolk-shells. Synthesis is accomplished in following
steps(1) synthesis and surface modification of nanoparticles (AgNP or A{RIRntrapment
of polymerstabilizedAuNP within the core of the block copolymer micell€); depositiorof
silica shell to formAu@PSb-P4VP@SIQ particles;(4) pyrolytic removal of the block copol-
ymer template to attain silica enclosed metal nanoparticle yolk shells.

PSb-P4VPblock copolymer with minor PS and major P4VP block acts as a structure
directing component for bomcapsulationf metal nanoparticle and deposition of silica shell.
As mentioned above, in P4V4elective solvents RI&P4VP forms micelles with collapse®&P
cores and swollen P4VP coronds.order to encapsulate nanoparticles within Bi$core of
the PSb-P4VP micellesthe nanoparticles were modified with SH functionalized PS ligands.
The selective localization of nanoparticles to the PS core of theFRP micellesvasdone
via a solvent exchange method. Th@stabilized nanoparticle and the block copolymer were
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first dissolved in chloroform, a comon solvent for both components. Micellisation was in-
duced by adding an equal amount of methanol whialiasourable solvent for the P4VP block.
Upon removal of the solventshloroform being more volatile evaporattaster which results

in an increased fraction of methanol in the system. This results in the formatiorbd? 3>
micelles with a collapsed3core and a swollen P4VP corona with nanoparticles selectively
located in the PS car@he appearance of a slight turbidity during evaporation confirmed the
initiation of micellization.To ensure that no chloroform remains, both solvents were completely
removed and the solid residue waslispersedn methanol maintaining a block copolymer
concentration of 0.1 mg?. The Ag/PSb-P4VP or AUPSb-P4VP mixture in methanol was
refluxed for 24 hourdo obtain stable spherical micelles of Ag@BR84VP or Au@PS-
PAVP.

The stable micelles were deposited with silica shell from an acidic silica sol via an acid
catalysed segel process using TEOS as the precursormidilar ratio between TEOC&hd4VP
was kept a400.1. After the completion of the reacti¢®4 hours)the particles were collected
by centrifugation and purified from unreacted silica sol by repeated washing with efftanol.
pyrolytic removal of the polymeritemplate led to the formation &ig@SiG: and Au@SiO
yolk-shellnangarticles. It isstated in the literature thpyridine rings in P4VP shells get pro-
tonated in the acidisol medium and act as binding sites for negatively charged silica particles
by forming cationic pyridine unit$2°°The protonated pyridine groups also act as a catalyst
for the hydrolysis of TEOS favouring the further growth of silica structures. The silica shell
was assumed to grow over and out of the Pddi@naleaving the polymer chains partially or
completely merge into the silica matrixvhich contributed to additional shell porosity upon
the pyrolytic removal of the BCP templat€or characterization purposeAg@PShb-
PAVP@SIQ and Au@PSb-P4VP@SIQ particles were collected by centrifugen and puri-
fied from the rest of the unreactedl. A detailed synthetic procedure is discussed in Section
3.34

Silica .
AU & #* 3 29 Mlcell|zat|on deposmon Pyroly5|s i
s :
ps pavp ¥ %% & ;
Metal NP

(eg: AuNP) Au@PS-b-PAVP  Au@PS-b-PAVP@SIO, Au@Sio,
Particles Particles Yolk-Shell Nanoparticles

Figure 4.15 Schematishowing the synthesis A§@SiQ and Au@SiQ yok-shell nanostructures.
4.2.3 Ag@SIiO: Yolk-Shell Nanostructures

As an initial study Ag@ Sb-P4VP@5i0; particleswere preparedilver nanopartiles
(AgNP) were synthesized using protocol reported by Hiramatsu with some modification as de-
scribed in SectioB.3.2251 As it was mentioned before, OIAm acts bottaasducingagent and
as a capping agent for stabilizing the particdmnmonlyusedcapping agents to stabilize gold
and silverare citratesquaternary ammonium salts, mercaptans, or polymers. Using polymeric

69



Results And Discussion

ligands stabl@ispersion®f nanoparticles can be obtaingfdMoreover, by modifyig the na-
noparticles using polymers with suitable end group or side chain functionalities, metal nano-
particles can be incorporatestd hydrophobic polymer domairts' In the presentwork, the
nanoparticles are to be selectively localised in the PS core of th¢°R8P micelles (discussed
below). Hence the particles are modified witilol-terminategoolystyreneBecause of the high
affinity of thiols to metal nanoparticles, a strong bond between the particles and the thiol group
is formed3!?

Avg. AgNP size
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Figure 4.16 (a) TEM imagej(b) Sze distribution ofas synthesed AgNPs (c) UV-Vis spectrum ofs
synthesisedgNPs in xyleng(d) UV-Vis absorbance spectrum &ig@PSb-P4VP patrticles with AQNP
of size 15 + 2.7nm in methanol.

TEM investigation of the obtained particles revealed the formation of uniform spherical
shaped AgNPs with theizeof 125+ 2.7 nm and narrow size distributiqfrigure 416 a, b).
The AgNPs were then coated with polystyrene ligand in order to selectively encapsulate into
PS cores of P8-P4VP micelles. The thus obtained Ag@B84VPmicelles in methanol were
used as templates for the synthesis of Ag@HBIVP@SIQ particles. Ag@Pd-
PAVP@SIQ particles were prepared by thel-gel method according to the modified protocol
described in SectioB.3.4 Figure 416 ¢ and d show the absorbance spectra of as synthesised
AgNPs in xylene and Ag@PI$P4VP in methanol respectively.

The electron microscopy resuliSigure 417) revealed the morphology of Ag@BS
P4VP@SIQ. The bright spots in SENMnage (b) (ESB detector) indicate an existence of inclu-
sions inside of the micelles, which are attributed to the presence of silver nanopatrticles inside
silica coated BCP micelles. This was further confirmed by TEM imadiimmi(e 417 c).
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. s (o

Figure 417 (a, b SEM;(c) TEM micrographs of Ag@P&P4VP@SIQ particles. The bright spots
(indicated by white arrows) in the ESB (b) image and the black spots in the TEM (c) image shows the
presence of AgNP inside the silidapositelock copolymer micelleScale baronimage (a, b) 100

nnt (c) 50 nm.

Thusprepaed Ag@PSb-P4VP@SIQ particles were thepyrolyzedin theair at 450 °C
for 4 hourgto removethe PSh-P4VP templateAfter pyrolysis, Ag@SiQ yolk-shell nanopar-
ticles are formed having Ag cores enclosed inside hollow silica shell. Rg@&iQ; yolk-
shells were then powdered, weighed, and dispersed in water AggRSiO yolk-shells were
tested as catalystfor borohydride reduction of-ditrophenol (4NP), a model reaction com-
monly used to study various (nano)catalytic syst&Bigure 418 shows successive UVis
spectra taken every minufer catalytic reduction of 4\NP in the presence of different amount
of Ag@SiQ yolk-shell catalyst. As can be seen, the time required to achieve complete reduc-
tion of 4NP progressively decreases upon increasirApd@ SiC; content, as was expected.
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Figure 4.18 Successive spectra taken after every minute during borohyasiltedeductionof 4-NP
after the addition of Ag@SiQolk shells showing the decrease in peak intensityMP with respect
to increase in time. All experimis were carried out with initial concentrations-NP]o = 0.027 mmol
L™ and [NaBH]o = 0.081 mol [X. Amount of Ag@Sigin reaction mixture was: (a) 1.6x10mg (b)
3x10° mg; (c) 4x10° mg. The total volume of reaction mixturettie cuvettewas 2.2 mL.

However, based on TEM image analysis it was found that the size ofSAgRB@PS
b-P4VP@SiQ sample(Figure 419) was reduced as compared to initially synthesized AgNP
(compare withFigure 416).

71



Results And Discussion

b 50
Avg. AgNP size
o ~
S 40 d=6.3N2.8nm
€
3
3 30+
>
<
S 204
>
: o
o T 10
—_— &’@ 62468101214161820
100 nm = s d (nm)

Figure 4.19 (a) TEM image of Ag@PB-PAVP@SIQ, (b) Sze distributionhistogramof AgNPs ob-
tained after 24 burs of silica shell depositioreaction time.

The reasons$or such changes in particle size are discussed in the following section.
From theliterature it is welkknown that silver nanoparticles are prone to dissolution under
specific conditions. Dissolution of AQNP occurs through the oxidation of metallic AQNPs to
Ag" into the solutiort® The release of silver ions depends on the intrinsic physicochemical
properties of AQNP and properties of the solution as well. The parameters thahdeflthe
rate of AgNP dissolution include ionic strength, pH, dissolved oxygen concentration, tempera-
ture, dissolved complexing ligands (organic mattalphur and chlorine), AQNP surface coat-
ing, shape, and siz&¥31’

Figure 420 shows (a) UWis spectra of Ag@P$-P4VP@SIQ particles collected
from the reaction mixture aftelifferent period of the reaction time and (b) relative intensity,
AdAo, of silver plasmon peak at 420 nnrses time obtained upon silica shell deposititime
UV-Vis spectra were taken immediately after the addition of silica sol and during the initial
stage of silica shell formatiofhe progress of the reaction was monitored further. The meas-
urements were dw by taking aliquots from the reaction mixtureaaespectivdime and the
measurements were done in quartz cuvette under constant stirring to avoid settling down of the
Ag@PSb-PAVP@SIQ. As the reaction time was increased, a substantial decrease A AgN
plasmon peak intensity was observed which is attributed to the dissolution of silver nanoparti-
cles. However, upon prolongation of the reactipio 4 weeks the plasmon peak intensity was
reduced to ca. 40 % with respect to the initial peak values. Th¥is¢tudies support previ-
ously discussed TEM results showing a decrease of Agidca. 12 nm to ca. 6 nm after
prolonged reaction witthesilicasol (Figure 416 a, b, and=igure 419).
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Figure 4.20 (a) UV-Vis spectra of Ag@PRB-P4VP@SIiQ particles in reaction mixture taken at differ-
ent time periods after addition of acidic silica sothie Ag@PSb-P4VPmicellar solution (b) Relative
intensity, AlAo, of silverplasmon peak at 420 nm versus time obtained upon silica shell deposition.

Taietal. studied the dissolution asthbilityof AQNPs in solution at a pH ranging from
highly acidic to neutral environme? They observed that at highly acidic pH (~2.3) the par-
ticles started to dissolve and form larger and irregularly shaped aggregates. Thefieésb
that the dissolution of surface AgNPs and the particle aggregation decreased with an increase
in pH (pH approaching neutral values). They modified AgNPs with bovine serum albumin
(BSA) which protected the surface atoms of AgNPs from dissolutiornaneased solution
stability. Similar studies were conducted by Molleman to understand oxidative dissolution of
AgNPs depending on the time, pH, and st2&anyaet al studied the effect of pH, capping
agents, and nanoparticle size or tlte of dissolution of the AgNPY. Upon studying the
dissolution of silver nanopattes of various sizes in aqueous medium, they observed that the
silver nanoparticles which are smaller in size (6 nm > 9 nm > 13 nm > 70 nm) dissolves faster
than that are larger in size. No dissolution was observed in the case of particles with 70 nm. A
similar effect was observed in an acidiedum of pH 3. The rate of dissolution was higher in
theacidicmedium than in the case of thgueousnedium. It was also found out that the particle
shape remained constant while the particle size distributioante broader than initial ones
after dissolution. Thus, the proposed mechanism of dissolution of silver nanoparticles is the
oxidative dissolution through reaction of metallic Ag with dissolved oxygen and protons, which
is explained by the following reaoti.316:317

=Iv F =lEFy (4.4)
=k 2 =l 3¢ (4.5)

The dissolved oxygen initiates dissolution by the oxidation of metallic silver on the sur-
face of AgNPs which eventually leads to the formation of a thickrlafesilver (I) oxide
(Ag20). The AgO layer dissolves releasing Agto thesolutionuntil the AgO is completely
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dissolved. This leads to the further oxidation of metallic silver tgOAgnd the reaction con-
tinues further The increased dissolution ofver nanopatrticles in presence of an increased pH
supports the formation of A@. In presence of an aqueausdum, the surface of the AQ®

layer is covered with surface hydroxyl groups {84l) thatundergoprotonation at acidic pH
(Ag-OH2").3!8 In the presence of protonated environment, for example in presence of acidic
silica sol which contains both water and acid, the oxidative dissolution ocstes ehis arises

due to the fact that the protonation tends to weaken and break #BebAgds easily resulting

in theincreasedelease of Aginto the solutior?}” Moreover, the thermodynamic calculations
reveal that AgNPs are not stable at pH ranging from 4 to 12 and will dissolve compitiely.

the case of Ag@RB-P4VP the pH ofdded silicasol is highly acidic (between pH 0 and 1).

As previously described, at this high acidic pH AgNPs can undergo oxidative dissolution by
forming an Ag20 layer and release A@nd therefore the decrease in plasmon peak of AgNP
with extended reaitin time with silica sol. Interestingly, in the case of Ag@PBAVP@SIQ
particles, a complete dissolution of silver nanopartislasnot observed even upon prolonged
reaction time up to several weeks. The reasonsuch results are not clear yet. Qrussible
explanation might be that at later stagethetolgelreaction, the AQNP surface became some-
how passivated against dissolution. This could be due to the presence of a polymer layer and/or
the deposited silica shell which acts as a protective shield that allows the dissolved silver ions
to readsortontothe AgNPs, and limited diffusivity of oxygen and protons to the reaction sites.
Therefore, further experiments are needed to clarify these results.

In order to use Ag@ Siyolk-shellnanoparticles for catalytic application, the stability
of nanoparticles to threactant molecules is important. Besides stability, the size of the nano-
particle also plays a major role in its catalytic activity. Due topdmial dissolution of silver
nanoparticlesipon silica shelformation it is not practical to obtain agfficient catalytic sys-
tem withsmaltsizedparticles for the system discussed above and theGidesidering above
mentioned, gold nanoparticles (Aufjfhave been chosen for our further work whisldis-
cussed in the following sections. Subsequently, sinekgerimentsveredonewith Au@PS
b-P4VP and Au@P$®-P4VP@SIiQ systemswhich have been provedore stable to dissolu-
tion in anacidicenvironment when compared to silver nanopatrticles

424 Au@SiO Yolk-Shell Nanostructures

For the synthesis of Au@ SiGyolk-shell nanostructure<citrate-stabilizedgold nano-
particles were synthesized using a similar procedure described by BrowrRtetrabrder to
selectively localise the AuNPs to the core of thelbHSIVP micelles they were surface modi-
fied using thiol terminated P3.detailed gnthetic procedure is given ireétion3.3.3 The PS
stabilised AuNPs were entrapped into the PS core of the-PP8/P micelles via a solvent
exchange step as discus$edore
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The TEM imageof the obtained patrticles revealed the formationraform spherical
shaped AuNPsHigure 421 a). Figure 421 (b, ¢) shows the UV-Vis absorbance spectrum of
theaspreparedd u NPs i n water (& =b-PAYRinmethanoland t he .
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Figure 421 (a) TEM image of AuNRp) UV-Vis spectrum of as synthesised AuNP #®H(c) UV-Vis
spectum ofAu@PSh-P4VP in methanolThe galebar ontheimage(a) is 20 nm.

The thus prepared Au@RBP4VP micelles were deposited with silica sol maintaining
a molar ratio between TEOS and 4VP as 1: 400. Au@yiR-shell nanostructures were syn-
thesised using the procedure as explaineigpyre 415and a detailed experimental procedure
IS given in Sectior3.3.4 Figure 422 shows the TEM image and size distributfostogram of
Au@PSb-PAVP@SIQ particles separated from the reaction mixture after the deposition of
silica shell. The black spots in the TEM imagég(re 422 a) reveal the presence of multiple
AuNPs within the Au@P®-P4VP@SIQ particles.
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Figure 422 (a) TEM image of Au@PRBP4AVP@SIQ, (b) Sze distribution histogram of AUNPs inside
the Au@PS-P4VP@SIQ. The galebar ontheimage(a) is 100 nm.

In order to study the effect of silica sol on the particle size of AUNPs, experiments sim-

ilar to that done with AgNPs were conducté&iure 423 shows the UWis spectra of the
reaction mixture taken at different time intervals after addition of silica sol and relative AUNP
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plasmon peak intensity,#Ro, versus reaction tim&@he UV-Vis absorbancepectra were taken
immediately after the addition of silica sol and durithg reaction course ailica shell for-
mation The measurements were done by taking aliquots from the reaction mixtespexdtive
time. The spectra were measured in quartz cevatder constant stirring to avoid settling down
of the Au@PSh-P4VP@SiQ particles.Unlike the results obtained from AgNPs, decrease

of plasmon peak intensity was observed with AUNPs even after severgFaaye 423b). A
slight increase in plasmon peak intenédg. 5 %) as compared to initial spectrum was observed
in case of AUNP whicltan be associateslith the change in reactioenvironmentafter the
addition of silica sol.
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Figure 4.23 (a) UV-Vis spectra AU@PRB-P4VP@SiQtaken at different time periods after addition of
acidic silica sol tahe Au@PSb-P4VPmicellar solution (b) Relative intensity, M\, of gold plasmon
peak at 540 nm versus time obtained upon silica shell deposition.

In the next step, AU@PRIEPAVP@SIiQ particles were pyrolyzed itihe air in order to
remove the BCP templatBuring pyrolysis, theaemperaturevas increased slowly up to 450
°C and then kept constant fohdurs.The mass loss measured by TGA, by analysing powdered
Au@BCP@SiQ sample prepared from a micellar solution of 0.1 rBEP concentration,
alsoprovides an insight to the removal of tH&CP template at this temperatuFégure 424
shows the TGA curve depicting the mass loss (weight %) of Au@BCP@$sa@ple when
heatedup to 800 °Cin the N> atmosphereThe dry powdered samples were prepared from a
micellar solution of BCP concentration 0.1 mg L

The TGA experiments were done in an inert)(Btmosphere where the complete re-
moval of the BCP template was around 600 °C wheregsytiodysis of Au@PSh-P4VP was
done inthe air which accelerates the oxidation of the BCP template at a lower temperature.
Moreover, it is known that pyrolytic treatments in the presence of a nitrogen atmosshetre
in deposition of carbon compounds Vehthe pyrolysis in presence of oxygen the polymer ox-
idises to form gaseous carbon compounds without leaving behind any residues. Hence it is clear
such pyrolytic treatment allows the complete removal ofgblmerictemplatewithout the
deposition of angarbonaceous compounalsd prevents crumbling of silica sh&?.
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Figure 424 TGA curve showing the weight lasSAU@BCP @Si®@measured by heatingp to800 °C
in the N, atmosphere

Figure 425shows the corresponding TEM images of Au@=Si@k-shell nanopatrticles
obtained after pyrolysis of Au@FPSP4VP@SIQ particles. The initial size obtained for the
assynthesizedAu@PSh-P4VP@SiQ was estimated as ca. 60 nm, which after pyrolysis de-
creased to 50 nm due to the removal of thebH=BIVP template. As expected, after pyrolysis
(Figure 425 a, b)the gold nanopatrticles appeared enclosed inside the hollow silica shell, with
a distinct interface between tekell and the hollow interior. Notablgn increasen the size of
the enclosed ANPswas also observed after pyrolysis.
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Figure 4.25(a, b) TEM images of Au@Si@olk-shell nanoparticles(c) Sze distribution histogram of
AuNPs inside Au@SiQolk-shell nanoparticlesScalebarson image (a) 10t (b) 50 nm.

Based on TEM image analygtse numberaveragesize(day) of AUNP before and after
pyrolysis were 5.8 + 1.8m and 7.5 £ 2.8 nm, respectiveRigure 422 andFigure 425). The
presence of multiple AdPs inside the silica shell can leadiie melting and fusion of nano-
particle upon pyrolysis. Therefore, affgrolysis the nanoparticle size distribution wa®ad-
enedascompared to that before pyrolysis
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It should be pointed that aftpyrolysisthe Au@SiQ particles appeared fused togethe
and formed large aggregates as showkfignre 426. This fusion is a drawback since access of
reactants to the catalytic sites located inside df sggregates will be hindered, leading, thus,
to a reduced activity of the catalyst. In Sect#bait will be shown how to preveribrmation
of such aggregates by embedding Au@Si@k-shell into a porous support.

Figure 426 SEM micrograph showing Au@ Si¢olk-shell nangarticles fused into large aggregates
after pyrolysisScale bar is 500 nm.

As mentionecearlier, mesoporous yokhell nanostructures have good catalyst loading
properties for confined cooperative catalysis and for such system the reactants and products
should have access to the catalyst surface. The presence of a porous shell equiggsihe cata
surface freely accessible to the reactants and protfaétsFor efficient catalyis the nanopar-
ticle surface must be accessible by the reactants. Such accessibility is provided by the porous
nature of the shell. In order to analyse the porosity of AW@P8VP@SiQand Au@SiQ
yolk-shell nanoparticles, Mdsorption experiments wererflemed.Figure 427 shows the ad-
sorptiorrdesorption isotherms ofinpyrolyzed Au@PSb-P4VP@SIQ (red circles) and
pyrolyzedAu@SiQ particles (blue ccles).

FromFigure 427 (a) it is evident that both the samples exhibit type IV adsorutesn
sorption isotherms with characteristic hysteresis loops, which is a characteristic feature for
highly porous systems, in.40.9 P/Bregion. The surface area (BET) ohpyrolysedand
pyrolysedsamples differ significantly. Before pyrolysis the BET surface area of Aul®PS
P4VP@SIQ particles was 150 fg?, it increased after pyrolysis up to 438g. After pyrol-
ysis, the &e of mesopores was reduced from 10 to 8 Rigufe 427 b). As mentioned earlier,
the Au@SiQ yolk-shell nanoparticles fuse together and form larggregates and arrange
themselves in a closely packed manner. Moredherformationof such aggregates was also
observed in the case ohpyrolysed Au@PSbh-P4VP@SIQ particles &er centrifugation and
drying.
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Figure 427 (a) N, adsorptiondesorption isotherms of unpyrebd Au@P$-P4VP@SiQ(red circles)
and pyrolysed Au@SiQ yolk-shellnangarticles (blue circles)correspomling size distributions of (b)
Mesopores(c) Micropores. Filled and unfilled symbols correspondtisorption and desorption pro-
cesses respectively.

During pyrolysis remaining nehydrolysed ethyl substitutes of TEOS are removed
causing shrinkage of interparticle voids. The decrease in particle size after pyrolysis and shrink-
age of interparticle voidsiight result in theollapseof mesopores. The size of voids between
closely packed hard spheres depends on the particle size and type of packingabediie
tetrahedral packing, the size of tetrahedral void relative to the sphere diameter is OuU825. Th
for closely packed hard spheres with a diameter of 50 nm and 60 nm, the calculated size of the
interparticlevoid will be 11.25 nm and 13.5 nm, respectively. Though these values are larger
than those obtained from gas sorption experiment, their dasidsoa 0 . &c8d shrimkage)
matches very well with experimentally obtained mesopore size ratio after and before pyrolysis
(doyd/dunpyid 0. 8 0) . Co n s i-EHRAIVP@SI@ partibles are ndtpedEcBy spherical
and entirely hardRigure 425b), the interparticle voids should be smaller as compared to those
calculated for the uniform hard sphet&sThe significant increase in BET surface area and
micropore volume fraction after pyrolysisigure 427 a and c) are specifically attributed to the
pyrolytic removal of thePSb-P4VPtemplate. As described in the previous section (Section
4.1) the addition of silica sol leads to a sudden increase in the size®PRSP micelle due
to the stretching of protonated P4VP chains and additional solvation of P4VP &3rona.

In view of the above facts, highly stretched P4VP chains interpenetrate into the sur-
rounding silica shell which should act as an effective porogen and make the silica shell highly
porous. The results obtained are in agreement with the studies repoRathbieiret al. who
used Pluronic® block copolymers as a template for synthedisiofieed mesoporous silicates
and experimentally proved the source of thieroporosityare the PEO chains trapped within
the silica matrix?3
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4.2.5 CatalysisStudies sing Au@SiQ Yolk-Shell Nanoparticles

Catlysis usingnetal nanoparticles gained much importance in recent years. A major
problem associated with this field of study is the quantification of the catalytic activiig-
noparticlesin order to analyse and gjutify the kinetics and therelogp-relate the sizand shape
of the particles to its catalytic activity, a welkkfined model reaction is essenfi#i Such a
model reaction should have the following characterigit¥>

1. The chemical reactioshaild be wellcontrolledwhich reacts from A to B only in the
presence of metal nanoparticle without any side reactions-prdajycts.

2. Afull kinetic analysis of the reaction rate should be possible as a function of time, lead-
ing to a detailed understandinfthe reaction mechanism.

3. The reaction should proceed at room temperature and in mild solvents such as water and
there should be no degradation, coagulatwriransformation of nanoparticles during
the reaction.

4. A change of temperature should not Iéaé change in the mechanism or to undesired
side reactions.

Since most of the catalytic reactions occur on the surface of the particles, the surface
area of the nanoparticles should be calculated with utmost accuracy

4.2.6 Reduction of 4Nitrophenol using Au@SiO: Yolk-Shell Nanoparticles

Caalytic reduction of4-nitrophenol by sodium borohydride in presence of a metal cat-
alyst has been widely used as a model reaction to evaluate the catalyst kinetics of noble metal
nanoparticle$?*32632’pPradhan et ashowed the reduction ofditrophenol (4NP) to 4ami-
nophenol (4AP) by sodium borohydride (NaBiHin the presence of silveanoparticle as an
efficient model reetion to evaluate the catalyst kineti®This reaction can be catalysed by
free orimmobilisedmetal nanopatrticles. Moreover, it can be easily monitored vidvidg\spec-
troscopy by the decrease of tsteongabsorption peak of-nitrophenolatégonsat & = 400
which leads directly to the calculation of rate constant. Although the reaction is thermodynam-
ically feasible, it is kinetically restricted in the absence of a cathéesduse othe kinetic bar-

rier between the mutually repelling negative iohdlP and BH , is very high. The reduction
pathway can be explained using Langmdinshelwood mechanisppendix8.1.3. 32°

As depicted inFigure 428, borohydride ionghat areadsorled onto the nanopatrticle
surface and transfer surface hydrogen species to it. At the same-tiitrephenol molecules
are also adsorbeahto the surface of nanoparticles. Through the adsorption of active species

on the surface, an electron transgéikesplace from BH to 4-NP. Metallic nanoparticles relay
electrons to complete the redox reaction. The adsorption of reactant speoitse particle
surface contributes to overcoming the kinetic barrier of the reaction.
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Figure 4.28 Mechanism of reduction ofditrophenol by borohydride on the surface of metallic nano-
particles.Reproduced from Ref. 82

Assuming that the diffusion of the reactants to the nanopasticface, as well as the
adsorptiordesorptionstepsare fast, the reduction ofMP adsorbed on the surface by the
surface hydrogespecies become the ratetermining step. Since, desorptiohthe product
(4-AP), the last step in the catalytic cycle, is so fast that it does not enter into the kinetic equa-
tions./ 324 Typically, the reaction is carried out in the presence of an excess of borohydride such
that it can be considered apseudefirst-orderreaction and the rate of the reaction is solely
dependent on the concentration afittophenol in the reaction mixture. This can be expressed
by the following equation

"
o

- -y (46)

where® is the concentration of#ditrophenol® s the concentration of borohydridend
Kappis the apparent rate constant.

In orderto study the catalytic activity of Au@ SiQolk-shellnanoparticles, the reduc-
tion of 4nitrophenol with sodium borohydride was chosen as a model reaction. It has been
verified to produce only-aminophenol without any side produd$Therefore, the reaction
can be monitored by the changes in-\M\é absorption spectraofdi t r o p hgxrddOat e (
nm) versus time. Catalytic experiments were carried out in a quartz cuvette (1 cm path length)
under mechanical stirring at 400 rp8tirring was required to obtain reproducible results on
reaction kinetics. Au@Sigxatalyst was dispersed in Millipore water using an ultrasonic bath
to give the stock dispersion with the catalyst concentratiéh0#mg mL*. A measured vol-
ume of catalylsdispersion (from 0.02 to 0.5 mL) was added to a mixture of freshly prepared
aqueous solution of NaBH0.9 mL, 0.2 M), aqueous solution ofNP (0.3 mL, 0.2 mM) and
Millipore water (from 0.5 t00.98 mL), such that total volume of the reaction mixturealh
experiments was kept constant (2.2 mL). Successiviei$\spectra were recorded every mi-
nute in the wavelength range 26000 nm immediately after addition of the catalyst. Evalua-
tion of the reaction kinetics was done by monitoring the intensity ehahgitrophenolate
absor pt ingn40@renaviith respect to the time
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Figure 429 (a-c) shows the timeesolvedchangen UV-Vis spectra during the borohy-
dride reduction of NP in the presence of different amounts of Au@Si@alyst added. After
the addition of aatalys, theintensityof nitrophenolate peak gradually decreased with a sim-
ultaneous increase the peakof 4-a mi n o p hh&=300nm)( Tae degree oftMP conver-
sion (G/Co) can be directly deducted from the WXs spectra by monitoring the decrease in
the @sorption peak at 400 nm with time. As seen ffeigure 429 the reaction proceeds with
a very small amount of Au@SiOWhen a low amount of cataly§t4x10® mg,was added the
reaction completed in 50 cycles. But with an increase in the amount of ealidéyk} there
was a considerable decrease in reaction time to less than 15 mifigtes @29 b, c). For a
catalyst amount of 1.0 x £Omg, the conversion (ca.98%) ofMP to 4AP occurred in 5
minutes. Ata higheramount of addedatalyst,the reaction completed in less than 2 minutes
after the addition of the catalyst and was beyond the possibility to be monitored.
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Figure 429 (a, b, ¢) Successive spectra taken after every minute during borohydride assisted th
reductionof 4NP after the addition of Au@Si¢olk shells showing the decrease in peak intensity of 4
NP with respect to increase in timéd, e, f) Shows plots of In(@Co) ~ In(A/Ag) versus time at different
concentrations of Au@SiQ@atalyst. All experiments were carried out with initial concentrations [4
NP]o = 0.027 mmoL™ and [NaBH],= 0.081 molL™". Amount of Au@Siszatalyst inreaction mixture

was: (a,d) 0.4x 10°mg; (b, e)1.0x 10°mg (c,f) 2.0x 10°mg. Apparentate constants determined
from the slopes of linear fit are: (d) 0.124 rhirfe) 0.808 mit; (f) 1.391 mirt.

When the reaction is carried out with an excess of NaBHollows pseudo % order
kinetics3!2 Thus, apparent rate constanipkcan be determined from the slope of knear
plot of In(G/Co) versus timeFigure 429 (d-f) shows the In(€Co) plot versus time obtained
after addition of aifferentamount of Au@ Si@catalyst to the NP/NaBH: mixture with cor-
responding linear fits. At a lower amount adtalyst an initiation time was observed which
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could be attributed to the presence of agglomerated Au@aificles. Thisan in turn,create

a high diffusion barrier which the reactants must overcome to reach the catalyst core located
inside the aggregateas shown irrigure 426. At higher amounts o€atalyst the reaction is

still within the measurable limits but thepkvalues might not be accurate.

The efficiency of theatalystafter recovery was studied by collecting the added catalyst
from the reaction mixture dyigh-speectcentrifugation at 13,500 rpm followed by several wash-
ing cycles with Millipore waterAfter washing, the catalyst was disped in Millipore water
andwasthen added to the freshly prepared new reaction mixiime reaction wamonitored
for 10 minutes using U\is spectroscopfor each cycle. This procedure wapeated and the
catalyst activity was recorded up to 10 recovery cy&lggire 430 (a) shows théme-resolved
absorbance spectra during the borohy@lrreduction of NP to 4AP in the presence of
Au@SIiO catalyst after recovery. The reaction was completed in less than 5 minutes with ca.
95-98 % conversion of-NP to 4AP in the presence difierecoveredatalyst.Figure 430 (b)
shows the conversion ofMP to 4AP for therecoveredcatalyst for 10 cycles. Despite the
possible loss of some amount of catalyst during recovery, ca. 95 % conversianhieasd
for all the 10 cycles, proving the recycling efficiency of Au@S&i&talyst. Slight variations in
the reduction efficiency were observed which, however, are at the limit of experimental method
accuracy.
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Figure 4.30 Plot showing (a) the absorbance spectra é¢i@+ NaBH, after adlition of recycled cat-
alyst; (b) @nversion of NP to 4AP in presence of Au@Si§olk-shell catalyst for 10 recovery cycles.

Although Au@SiQ yolk-shell nanoparticles exhibited prominentadgtic activity and
good recyclability, there waan aggregatiorof Au@SiQ particles upon removal of the BS
P4VP template. Due to theaggregateghe reactants have differestcesgo the catalyst core
located inside the yolkhell nanoparticleshis, in turn,caused nomeproducible rate constants
and irregularities in the experiment. Hence, the reaction parameters were modified to eliminate
theabovementionedoroblems. During optimising the reaction conditions on silica deposition,
the reaction grameters such as tkencentratiorof the components, 4VP: TEOS ratio, HCI
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concentration in the reaction mixture has been systematically varied. It wastliatall the
parameters influenced the rate of silica shell formation as expecteduasseid in Sectiofh.1.3
and4.1.4 Exceptionally, it was observed thiite Au@PSh-P4VP@SIQ particle size only
marginally depends on the amount of added silica sol or wittxtiemsiorof the reaction time.

Also, it was found that the mass yield of Au@BB4VP@SIQ particles and the amount of
AuUNP@SIiQ remained equally lown a broad range of varied reaction condition. Therefore, by
introducing an additional step to the synthetic procedure, a new structure has been designed.

4.2.7 Conclusion

Yolk-shell ranostructuredue to their multitude properties have been widely studied for
their application as a catalyStheycan be synthesized using different methodshsas hard
and soft templatingard template method uses selective etching of the core or the shell where
the obtained particles can be irregularly shaped thereby negaditetting the catalyst effi-
ciency!® Soft templating on the other handises usually a polymer template which can later
be removed via pyrolysis® In the present work, a simpénd robussynthetic procedure has
been adopted to prepayelk-shellnanstructures with a hollow mesoporous silica shell and a
catalytically active noble metal nanoparticle core haviiglp catalytic efficiency and recycla-
bility when compared to similar methods reported in the literafithhe procedure discussed
here used a reaet PSb-P4VP template for enclosing the catalytic core and for the deposition
of thesilicashell, which later on removed to obtain yalikell nanoparticles. Ehinitial studies
conducted on Ag@ Sighowedhe considerablelissolution of silver nanopticle in presence
of acidic silica sol when compared to the gold enclosed-sioétl nangarticles. Hence,
Au@SiQ nanoparticles were used for further experiments. The P4VP chainslsPRSP
block copolymer being interpenetrated into the silica shellsitdy were responsible for the
substantial increase of shell porosity during pyrolytic removal of the BCP template. This facil-
itated the reactants to reach the catalyst core faster, which resulted in an improved catalyst
activity. Complete recovery of theatalyst from the reaction medium with a stable catalyst
activity is feasible because tife increased size of the yedkell nanoparticles when compared
to the naked nanoparticlé&hough they exhibited high catalytic efficiency, aggregation of these
paticles upon pyrolysis adversely affected thactionkinetics in terms of reproducibility and
rate of the reaction. Consequently, the evaluation of the catalytic activity of Aw@&n0-
particles was also difficult.
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4.3 SILICA  ENCAPSULATED GOLD NANOPARTICLE  YOLK -SHELLS
EMBEDDED IN POROUS SILICA STRU CTURE (Au@S02@PSS)

4.3.1 Motivation

In order to overcome the drawbacks associated with aggregation and fusion of Au@SiO
yolk-shellnanoparticles, aalternativesynthetic procedure was formulated byyiag the ex-
perimental conditions which would allow preparation of catalyst with high yield and reproduc-
ible catalytic performance. From our previous experimentsSegteon4.1.4), it was found that
within the range of applied experimental conditions only a minor part of silica precursor is
reacting with protonated P4VP to form silica shell, whereas the major part of silica precursor
remains nofhydrolysed and/or in the form of siloxane oligomers in the reaction mixture. The
hydrolysiscondensation of TEOS in the vicinity of protonated P4VP chains of BCP micelles
occur much faster as compared to that occurring in bulk solution. Taking these faets-int
count and in order to overcome the drawbacks associatbdaggregation and fusion of
Au@SiQ yolk-shell structures, an additional step has been introduced to the previously estab-
lished synthetic procedurevhere the yolkshells are embedded in a poscsilica structure.

4.3.2 Synthesis of AU@SIO:@PSSCatalyst

Proadure for the preparation of Au@S@PSS catalyst is schematically illustraied
Figure 431. Synthesiss acomplished in following step$l) entrapment gbolymerstabilized
gold nanoparticle within the core of the block copolymer mice{Bsdeposition of silica shell
to form Au@PSb-P4VP@SIQ particles;(3) formation ofporous silica support (PS$%) py-
rolytic removal of polymeric components to form Au@ Z@PSS catalyst.

PS P4VP Micellization desl"sci;on
+ —
E S
: A pr— PSS
AuNP ‘- ' Formation
Catalytic @ ***
application & Pyrolysis e
- 205 mm  ® #**
S e P #* s *
0G5 .s

Figure 4.31 Schematicshowingthe preparation of Au@ S¥@PSScatalystvia block copolymer tem-
plate approach.
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Au@PSb-PAVP@SIQ particles were prepared by employing a similar procedure de-
scribed in Sectior8.3.4and 4.2.2 with some minor modifications. An amount of silica sol
equivalent to 400 mr between TE@S8d 4VP was added to the Au@B¥4VP particles and
reacted for 2 hours. After 2 hours of reaction (silica shell formation), the reaction mixture was
exposed to NElvapours for 48 hours resulting in the gelation of the unreacted silica precursor
in the reation mixture and formation of Au@MPSP4VP@SIQ@PSS (in the form of gelly-
like product). In order to remove unreacted components, the product was collected and washed
with ethanol several times using high-speed centrifuge. The washed Au@RS
PAVP@SIQ@PSS was then drieshdervacuum at 80 °C for 3 hours. Then the dried mass was
manually powdered using a mortar and pestle. It was then subjected-tistgmyrolysis at
450°C for 4 hours to remove thBCP template. This resulted in the formation of
Au@30.,@PSS catalyst. Similar to the previous experiments, the temperature was raised step
wise to prevent crumbling of silica shell upon template removal. The catalyst was then pow-
dered and dispersed in Millipore water at required concentration. Thus prdispecion was
later on used for morphological characterization and for catalytic studies.

4.3.3 Characterization of Au@SiO.@PSSCatalyst

Figure 432 (a-c) shows SEM and TEM images of a) Au@B-P4VP@SIQ@PSS and
(b,c) Au@SIQ@PSS, respectively. Both SEM and TEM imaghewthe presence of PSS
embedded Au@Sifparticles with Au nanocatalyst encapsulated inside. For SEM and TEM
imaging samples were dispersed in ethanol. A drop of the dispersion was placed on a silicon
wafer or TEM grid and solvent was allowed to evaporate at ambient conditions.

Figure 432 (a) SEM image (ESB detector) of Au@RrB4VP@SIQ@PSS sample before pyrolysis:
Bright dots pointed with arrows correspond to Au@#irB4VP@SiQ particles erbedded in porous
silica support;(b, c) TEM images of AuBIO@PSS catalysthtained after pyrolysidnsetonimages

(a) and (b)show theschematimf corresponding structuse Scale bars on image (a) 400nm; (b) 200
nm; (c) 50 nm.

Figure 433 (ac) shows the adsorptiestesorption isotherms of Au@RS
PAVP@SIQ@PSS and Au@SiK@PSS samples and corresponding pore size distributions in
mesopore and micropore regions. Both sampleshéxthiaracteristic type IV isotherms with
almost similar N uptake at relatively low pressure, as welkcastinuousuptake in the range
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of 0.1-0.8 P/R, indicating the presence of both mesopofagure 433 b) and micropores
(Figure 433c). After pyrolysis, the BET surface area decreased frorm&7¢0 to 690 nig™.
The size of the mesopores increased after pyrolysis from ® 6nm whereas the content of
themicroporeshas been slightly reduced.
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Figure 433 (a) N, adsorptiondesorption isotherms of unpyrolyzed (Au@PB4VP@SiQ@PSS, red
circles) and pyrolyzed (Au@SI@PSS, blue squares) samplegrrespormling size distributions of (b)
Mesopores(c) Micropores. Filled and unfilled symbols correspond to adsorpdiac desorption pro-
cesses, respectively.

The resuls shownin Figure 433 (a-C) is noticeably different as compared to AU@PS
b-PAVP@SIQ/AU@SIO discussed irfFigure 427. Moreover, the changes microporosity
andmesoporosityafter pyrolysis show an opposite trend. Taking into account that Au@PS
PAVP@SIQ and Au@PSh-P4VP@SIQ@PSS samples are prepared under different condi-
tions, such differences were expected can be explained as follows. In the case of AM@PS
b-P4VP@SIQ, silica shell deposition was carried out under acidic conditions while the for-
mation of the porous silica structure was done via thestep aciebase catalysed sgel pro-
cess.The reactionwas continued by the gradual change of pH from acidic to basic upon
continuous exposure to ammonia vapours. This method ensures that hydrolysis and condensa-
tion reactions are separated and carried out at differeAt'Hhis approach has been used to
synthesisénighly porous xerogef$? It is a weltknown fact that the twstep aciebase cata-
lysed solgel process produces silica network with a higher degreeostlinking, reduced
microporosity but with a larger and broader distribution of mesopdtegpon pyrolysis of
Au@PSb-P4AVP@SIQ@PSSalong with the removal of block copolymer template, a reduc-
tion of the overall pore volume, surface araad micropore fraction takes place. Pyrolytic
treatment induces additional condensation of the neighbouring hydroxyl and alkoxy groups on
the pore surface. Due to thisasonan increasen the mesopore size and partial closure of
micropores occut® This results in a more compacted structure with a decreased micropore
volume and surface area but imgreased average mesopore size. Since the contribution of
Au@PSb-PAVP@SIQ particles in Au@P®-P4AVP@SIQ@PSS being negligibly small,oN
sorption resultshown inFigure 433 (a-c) attributes mostly to the PSS support.
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From the experimental results obtained for both silica shell and the silica support, it
could be concluded that they are porous in nature. It is also evident tha®#&° has been
removed upon pyrolytic treatment, leaving hollow silica particles with the gold nanocatalyst
encapsulated inside. In addition, embedding of particles in porous silica matrix largely prevents
Au@SIiQ particles from aggregation and/or fusion. These feaju@gadereactants withran
easy access to the surface of encapsulated gold nanocatalyst

4.3.4 Reduction of 4Nitrophenol using Au@SIQ@PSS catalyst

In order to investigate the catalytic activity of Au@Z@PSS catalyst, reduction of 4
nitrophenol (4NP) with sodum borohydridewas chosen as the model reacfi&ir?#3*The
powdered Au@SiQ@PSS catalyst was dispersed in Millipore waiging an ultrasonic bath
to give the stock dispersion with the catalgshcentration of 2.0 mg mL The rest of the
conditionsfor catalytic experiments were kept similarAu@ SiC; catalysis $ection4.2.6.
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Figure 4.34 (a) Successive UVis spectra taken every minute during borohydride reductionrP 4
after addition ofAU@SIQ@PSS catalyst andMP conversion plot (8 ~ G/Co) versus time (inset);
(b) Plots of In(@Co) ~ In(A/Av) versus time at different concentrations of Au@@&®OSS catalyst. All
experiments were carried out with initial concentrationsNR]o = 0.027 mmoL™ and [NaBH]o=
0.081 molL™. [AuY in reaction mixture was: (1) 0.0136 ppm; (2) 0.0273 ppm; (3) 0.0545 {gin;
0.1091 ppm. Apparent rate constants determined from the slopes of linear fit are: (1) 0.085@)nin
0.1297 mirt; (3) 0.2881min™; and (4) 0.5286 mih

Figure 434 (a) shows the tim@esolved change in the UVis spectra during borohy-
dride reduction of 4NP in the presence of Au@SI@PSS catalyst. Afteaddition ofthe
catalyst theintensityof nitrophenolate peak gradually decreased, whereas the pea&mnoi-4
n o p h esme BOO (ng increased as the reaction proceeded. The degréd¢rotdnversion
(Ci/Co) can be directly deducted from the WXfs spectra by monitoring the decrease in the
absorption pdaat 400 nmwith time Figure 434 a - inse). When the reaction is carried out
with an excess of NaBHlit follows pseudo 1st order kinetie¥ Thus, apparent rate constant
(kapp) can be determined from the slope of lihear plot of In(Ci/Co) versus timeFigure 434
(b) shows the In(€Co) plots versus time obtained after addition different amounts of
Au@SiIG@PSS catalyst to theMP/NaBH; mixture with corresponding linear fits.
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As can be seen, the mentration of gold in theeactionmixture (0.1091 ppm) was
sufficient to achieve ca. 95% conversion of tRdR in 5 minutes. At [A] = 0.136 ppm com-
plete reduction of itrophenol took place in only 2 cycles after addition of catalyst (less than
2 minutes). It was also observed that the reaction began immediately after the addition of cata-
lyst pointing out that the induction time, tequired for the surface restructuring of the nano-
catalyst and/or for passing reagents through the porous shell setesil 1 minute?*3*These
featuredirectto the following points: (1¥lespitethe presence of surrounding silica shell, en-
capsulated gold nanocatalyst remains easily accessible for the reactants; (2) both reagents and
products undergo adsorption/desorption on gold surface and pass through the shell very quickly.

Although the apparent rate constants provide information about the efficiency of the
nanocatalyst, they cannot be direattynpared with ¥ values for other analogues reported
elsewhere. Tmormalisethe apparent rate constants, some authors use catalyst weilgat o
numberof moles. Alternatively, surfaeeormalized rate constants are often usethayacterise
and compare thefficiencyof catalytic systems havinganocatalystsf different size?®’ In the
present work, the rate constants weoemalisedby the gold content (K) and nanocatalyst
surface area (§

The gold content in Au@SK@PSS catalyst was estiradtas 0.06@ 0.002 wt. % or
3.0x10° mmol mg* with respect to the total silica content by KOIES analysis. In order to do
this, four portions of catalyst sample (ca. 10 mg each) were accuraf@0@L mg) weighed
and individually digested in 2 mL Hoig aqua regia for 1 h. Each solution was adjusted to a
total volume of 25 mL Millipore water and further used for determination of gold cortent.
detailed analytical procedure is discussed in Se8tib& Specific surface area of gold per unit
mass of Au@Sig@@PSS catlyst was determined to be 1.8921.0° m? mg?. Thenormalised
rate constants for this reaction arg ¥ (1.75 + 0.40) X0* s mol'L and Ks= 2.52 +0.60 s
mL, respectively(Calculations done in order to estimate the AUNP content and the specific
surface area of AuUNP in the catalyst is given in Se@&i8n

In the present work, the obtained results edPRlreductionwere compared witbther
analogous yolshell type systems reported in literature up to ftE*231.33842 |n Figure
4.35, the reaction rate constamsrmalisedoy the nanocatalyst surface area)(&nd the gold
content (Kn, in moles) are plotted against thecificsurface area.

It is evident that Kvalue obtained for Au@SK® PSS catalyst is almost 4 times higher
as conpared to that reported by Shaik andveorkers and up to 3 orders of magnitude higher
as compared to other analogous syst&fishe difference in catalytic activity becomes even
more pronounced if iKvalues ae comparedHigure 435 a, b). Ky value for Au@SiIQ@PSS
catalyst is one to three orders of magnitude higher as compared to those reported for other
andogues. An additional interesting fact is the dependencyafis values on the nanocat-
alyst surface area or nanocatalyst size. For smaller AuNPs the catalytic efficiency increases at
first but decreases considerably with further decrease in AUNPT$igse observations can be
directly related to theizedependentatalytic activity of AUNP based yokhell nanopatrticles.
The studieglid by Fenger et al. on th@zedependentatalytic activity of CTABstabilized
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AuNP can be takeimto account in this casé®However, a thorough investigation is needed in

this aspect before coming to any conclusasrthe catalytic efficiency of the ye#ihell nano-
particles depends on the synthetic methodssittenf the core and the shell, distinct void vol-

ume, shell porosity etc. Besides, other parameters such as catalyst concentration, the
concentratiomatio d the reactants also need to be considered, since they also affect the reaction

kinetics.
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Figure 4.35 The comparison afiormalisedreaction rate constants (@, Kn and ,d) Ks determined
for Au@SiQ@PSS catalyst (red star) with values reported inlifeeature for analogous catalyti
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Table 41 summarisegpparent rate constar{is,pp) and rate constantermalisedwith
respect to the molar catalyst concentration in the reactixture Km) and catalyst surface area
(Ky). In all cases, the nanopatrticles are considasespherical particles for simplicity. Numer-
ical values, which are reported in corresponding publications, are shown as it is. Other values
were recalculated based on experimental data provided for each particular system.

Table 41 Summary of the reaction rate constants for catalytic reductioAN#? deported in
theliteraturefor various Au@ SiQ@yolk-shell catalysts and some analogues.
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Sample name dAuNP SkAuNP YAu/cat kapp Km Ks Refa)

nm m? gt wt. % st stmol*L  s'm?L
Au(43)@SiQ 43 7.2 4.6 3.9%10°% 1.6x1( 1.1x10t 184
Au(67)@SiQ 67 4.6 17.4 5.6x10° 6.0x10" 6.6x107
Au(104)@SiQ 104 3.0 65.0 1.4x10%  4.0x10 6.9x10?
Au@SiQ-10 10 31.1 n/a 5.3x10* 2.3x10 6.0x10t 3%
Au@Si0-26 26 11.9 3.5x10° 1.4x10 5.9x10"
Au@SiO-36 36 8.6 5.9x10° 8.8x1G 5.2x10"
Au@meseSiO; 15 209 37.1 1.3x10°  1.4x16 3.3x1? 32
0.5Au@HSNs 2.8 1119 1.2 6.5x10* 1.2x16 5.5x10° 160
1.0-Au@HSNs 3.3 94.1 2.5 1.0<10° 8.9x10 4.8x10°
2.0Au@HSNSs 4.5 69.0 4.9 7.8x10* 3.5x10 2.6x10°
SiIO-AU@SIO 5°) 62.1 n/s 4.0x10° 1.9x10 1.5x10° 3%
SiO-Au@Si%-H-0 6.6x10° 3.1x10 2.5x10°
SiO-Au@SiO:-cal 7.1x10° 3.3x10 2.7x10°
SiO-Au@SiO-NH;3 1.3x10? 6.0x10 4.9x10°
Au@SiO@SiO 151  20.6 3.76 1.7x10° 1.8x10 4.4x10° 1
Ag@SiO 2.8% 2043 nla 4.2x10° 4.0x10" 1.2x10% 3%
Pd@SiQ 28" 1783 5.8x10* 2.1x10! 1.1x10°
AgPd@SiQ 28"  191.3 8.0x10* 5.5x10 2.7x10°
GMS? 2.0” 1553 n/s 3.5x10° 1.4x1G 4.5x10° 34
Au@SiO@PSS 7.09 320 0.060  n/e&) 1.75x16  2.52 139
(present work)

3 Referencesre given in the reference section with same numbers as mentioned in the table;
®) Approximate size / particles with broad size distribution / no data on particle size distribution;
° AuNP intercalated in mesoporous silica (GMS);

9 Median AuNP size detmined from descriptive analysis of TEM images;

® kapp varied depending on the amount of added Au@®PSS catalyst.
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4.3.5 Reduction of Organic Dyesi Congo Red, Methyl Orange, and Methylene Blue

Variousdyes such aSongoRed (CR), Methyl Orange (Mdanionic), Methylene Blue
(MB) (cationic), and others are extensively used in textile, leather, paper, rubber, and plastic
industry. When discharged without proper treatment they cause serious ecological damage to
the environment. Due to this, the needdorefficient yet simple method for the degradation of
dyes has gained greater significance. In recent years, metal nanoparticles, owing to their large
surface to volume ratio, became a promising candidate for the catalytic degradation of organic
dyes.

Mechanism of Degradation of AzoyBs: A plausible mechanism of azo dye degradation
presence of metal nanoparticles such as AubdiRde explained as shownrHigure 436. This
reaction proceeds with the adsorption of reactive species onto the nanoparticle Jingace.
borohydride ions act as a hydrogen sourcedeier surface hydrogen species whiate ad-

sorbed onto the nanopartisléletal nanopaitles acivate the azo nitrogen and can also bind
with sulphur and oxygen atoms of the dyes, which results in the weakening of azo double bond
via conjugatior’** This eventually resutin azo bond cleavage aimithe formation ofower
aromatic byproductsMoreover, the metal nanopatrticles acaasekctron relay and electron

transfer takes place via the metal nanoparticles frorBkhedonor to azo dye (CR, MO) ac-
ceptor3®

AuNP AuNP

NaBH, NaBH,

Figure 4.36 Plausible reduction mechanism for Congo Red and Methyl Or&emoduced from Ref.
344,
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