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Abstract 

 
Yolk-shell nanostructures/yolk-shell nanoparticles are defined as a hybrid structure, a 

mixture of core/shell and hollow particles, where a core particle is encapsulated inside the 

hollow shell and may move freely inside the shell. Of the various classifications of yolk-shell 

nanostructures, a structure with an inorganic core and inorganic shell (inorganic/inorganic) has 

been studied widely due to their unique optical, magnetic, electrical, mechanical, and catalytic 

properties. In the work presented here, among the different inorganic/inorganic yolk-shell 

nanostructures noble metal@silica yolk-shell nanostructures has been chosen as the topic of 

interest. Silica shell possesses many advantages such as chemical inertness, tunable pore sizes, 

diverse surface morphologies, increasing suspension stability, no reduction in LSPR properties 

of noble metal nanoparticles when used as a coating for such particles. Noble metal nanoparti-

cles such as AgNPs and AuNPs, on the other hand, possess unique structural, optical, catalytic, 

and quantum properties. Hence yolk-shell nanostructures with a combination of Ag or Au core 

and a silica shell (Ag@SiO2 and Au@SiO2) would open to endless possibilities.  

In this study, four areas were mainly explored: mechanism of silica shell formation over 

a given template, the synthetic modifications of Ag@SiO2 and Au@SiO2 yolk-shell nanostruc-

tures, their application as a potential catalyst, and devising of a flow type catalytic reactor. 

Despite the growing number of contributions on the topic of yolk-shell nanostructures, partic-

ularly Au@SiO2 and Ag@SiO2 yolk-shell nanostructures, a potential for improvement lies in 

all four aforementioned areas. 

As an initial study, the effect of different processing conditions as well as the 

mechanism of silica shell formation over reactive block copolymer templates was investigated. 

An asymmetric PS-b-P4VP block copolymer was chosen as a structure directing component to 

deposit silica shell. In order to deposit silica shell, PS-b-P4VP micelles with a collapsed PS 

core and a swollen P4VP corona was prepared via a solvent exchange method. The growth of 

silica shell over the PS-b-P4VP micelles (reactive template) was done using in-situ DLS and 

TEM. The experimental data obtained revealed the 4 distinct stages involved in the silica shell 

formation over the reactive BCP micellar template starting from the accumulation of silica 

precursor around the P4VP corona followed by a reactive template mediated hydrolysis-con-

densation reaction of the silica precursor which eventually lead to the shell densification and 

shell growth around the micelles. An understanding of the mechanism of silica shell formation 

over reactive templates provides a direct way to encapsulate various active species such as 

metal nanoparticles and quantum dots and paves the way for the template mediated synthesis 

of hybrid nanostructures such as yolk-shell nanoparticles. These studies also serve as a plat-

form to fine-tune the properties of such hybrid nanostructures by varying the reaction parame-

ters during silica shell deposition and reaction time.  

The next part of the work focused mainly on the synthesis, process optimisation and 

characterization of Ag@SiO2 and Au@SiO2 yolk-shell nanostructures, and their potential use 



X 

 

as a nanocatalyst. A well-known soft template mediated synthesis of the yolk-shell nanostruc-

ture was adopted for the present work. For this PS-b-P4VP micelle was used 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 done by reacting the 

nanoparticle-loaded micelles with an acidic silica sol which lead to the formation of Ag@PS-

b-P4VP@SiO2 or Au@PS-b-P4VP@SiO2 particles with respect to the nanoparticle used. In 

the case of Ag@PS-b-P4VP particles, upon silica deposition, a partial dissolution of AgNPs 

was observed whereas AuNPs were stable against dissolution. Hence yolk-shell nanostructures 

with AuNPs were studied further. As-prepared Au@PS-b-P4VP@SiO2 particles were then 

subjected to pyrolysis to remove the BCP template. The resulting yolk-shell nanostructures 

comprised of an AuNP core and a hollow mesoporous silica shell. Upon removal of the BCP 

template, the Au@SiO2 particles fused together and formed large aggregates. The catalytic 

properties of Au@SiO2 yolk-shell nanoparticles were explored using a model reaction of re-

duction of 4-nitrophenol and proved to have good catalytic activity and efficient recyclability. 

It was observed that catalytic efficiency 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 part of the work deals with the synthetic modification of Au@SiO2 yolk-shell 

nanoparticles done by embedding them in a porous silica structure (PSS). Such structural mor-

phology was attained by gelating the excess silica precursor while synthesising the Au@PS-b-

P4VP@SiO2 particles. The pyrolytic removal of block copolymer results in the formation of 

Au@SiO2@PSS catalyst and the porous nature of both the shell and the silica structure 

provides an easy access for the reactants to the nanocatalyst surface located inside. The cata-

lytic properties of Au@SiO2@PSS were studied using a model reaction of catalytic reduction 

of 4-nitrophenol (4-NP) and reductive degradation of different dyes. Kinetic studies show that 

Au@SiO2@PSS catalyst possesses enhanced catalytic activity as compared to other analogous 

systems reported in the literature so far. Furthermore, catalytic experiments on the reductive 

degradation of different dyes show that Au@SiO2@PSS catalyst can be considered as a very 

promising candidate for wastewater treatment. 

Another proposed direction of applying the Au@SiO2 yolk-shells is by devising a con-

tinuous flow catalytic system composed of Au@SiO2 yolk-shell nanoparticles for the effective 

degradation of azo dyes as a promising candidate for wastewater treatment. This was done by 

infiltrating the Au@PS-b-P4VP@SiO2 particles inside a porous glass substrate (frits) and the 

subsequent pyrolytic removal of the BCP template resulting in the formation of Au@SiO2 

yolk-shell nanostructures sintered inside the frit pores. The flow catalytic reactor was exploited 

in terms of studying its catalytic activity in the degradation of azo dyes and 4-nitrophenol and 

proved to have a catalytic efficiency of ca. 99% in terms of reagent conversion and has a long-

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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1.1 MOTIVATION  

Nanoparticles (NPs) are considered as the building blocks for various applications of 

nanotechnology. The ability to tune the size, shape and morphology of nanoparticles help to 

develop new and advanced physicochemical properties such as increased stability, surface area, 

optical, magnetic, and catalytic properties. Nanoparticles 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, optoelectronics,1 water purification,2 catalysis,3 sensors,4 photonics, rechargea-

ble batteries,5 biomedicine,4,6 etc. Among different metal nanoparticles, noble metal nanoparti-

cles and magnetic nanoparticles are most 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 of capping agents 

or at high temperatures the nanoparticles have a tendency to aggregate, reshape or sinter during 

their use.  

In order to overcome the disadvantages of naked metal nanoparticles, and to develop 

new properties, functionalized polymers, polyelectrolyte brushes, dendrimers, polymeric mem-

branes, resins or metal oxides, have been used to coat, embed or support nanoparticles.7ï10 To 

combine the advantages of both the support and the metal nanoparticle, and to improve the 

stability of nanoparticles, the metal nanoparticles can be enclosed inside the support shell with 

a hollow space separating the shell and the nanoparticle core. Such systems are known as yolk-

shell nanostructures or simply yolk-shell nanoparticles or nanorattles.  

Yolk-shell nanoparticles were first reported in the late 2002.11,12 They are defined as a 

hybrid structure between core-shell and hollow particles where the enclosed core particle may 

or may not move freely inside the shell which is generally represented as a core@void@shell 

or core@shell.13 These structures must be distinguished from solid nanoparticles (composed of 

one or many elements but with a uniform structure),14 Janus particles (two parts of the same 

particle have different chemical or physical properties),15 hollow particles (with an empty inte-

rior),16 core-shell particles (comprising smaller solid particle(s) coated with a tight layer of other 

element(s)),17 and reverse bumpy balls (encapsulated cores attached to the shell)18 (Figure 1.1). 

The main feature differentiating yolk-shell nanostructures from the aforementioned structures 

is the presence of a void between the encapsulated core and the surrounding shell. The hollow 

space can be loaded with one or more particles.19 Additionally, the shell can be constituted of 

multiple layers20,21 and contain functional groups22 or targeting moieties.23  

A large number of possible building blocks provide a number of compositions for the 

construction of yolk-shell nanoparticles. The core is usually made of metals (Au,24 Ag,25 Cu,26 

Pt,27 Pd,28 Ni3) metalloids (Si),29 oxides (SiO2,
30 Fe2O3,

31 SnO2,
20 Co3O4,

32) doped oxides 

(Gd2O3:Eu3+)33 or sulphides (Ag2S, CdS, PbS, ZnS, AgInS2),
34 where the shell can be composed 

of metal (Pt35), oxides (SiO2,
30 MgSiO3,

36 CuSiO3,
37 NiSiO3,

37 NiTiO3,
38 CeO2,

28 ZrO2,
17 
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TiO2,
39 SnO2,

21 Fe2O3
40) polymers (P(NIPAm-coAAM),33 PMAA,8 PANi41) or carbon12 (C18 

groups,42 nitrogen-doped carbon29). The properties of the yolk-shell nanoparticles are largely 

dependent on their chemical composition. 

 

Figure 1.1 TEM images and schematic representation of the common types of nanoparticles: (a) Solid; 

(b) Hollow; (c) Janus; (d) Core-Shell; (e) Reverse Bumpy Ball; and (f) Yolk-Shells or Nanorattle. Re-

produced from Ref. 13.  

 

Figure 1.2 Publications per year for yolk-shell nanoparticles during the period of 2002 to 2015 and list 

of published documents in journals. Reproduced from Ref. 43.  
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Over the last decade, there is a considerable increase in the quantity and quality of re-

search papers on yolk-shell nanoparticles as shown in Figure 1.2.43 Most of the studies on yolk-

shell nanoparticles have focused on the improvement of different catalytic applications. In such 

systems, the catalytic 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 nanoreactors.10 The encapsulated nanocatalyst 

is largely protected from aggregation and mechanical leaching during the reaction and catalyst 

recovery. This makes yolk-shell nanocatalysts more robust as compared to the catalysts on sup-

ports. Furthermore, yolk-shell nanocatalysts were found more stable in harsh conditions, and 

hence, better suitable for high-temperature catalytic reactions.3,22 

The size, shape, and surface properties of encapsulated nanocatalyst can be tuned by 

various methods.22 Yolk-shell particles could be designed such that enclosed nanocatalyst sur-

face is free from stabilising ligands, which makes them catalytically highly active. In addition 

to the ligand-free nanoparticle core surface, the presence of free space or voids separating the 

core from the shell is crucial for particular systems to become catalytically active.44 In yolk-

shell systems, reactants, products, and solvents should be able to pass through the permeable 

shell and reach catalytically active sites located inside. Diffusion rate can be controlled by ad-

justing shell porosity. Pore size and pore density can be tuned by controlling reaction conditions 

during shell formation, by incorporation of porogen22 or by chemical etching44. Hence and not 

surprisingly, there is a large interest in the design of novel yolk-shell type structures for the 

catalytic application. 
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1.2 OBJECTIVE OF THESIS  

Owing to the beneficial characteristics of yolk-shell nanostructures, such as increased 

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 catalytic properties of yolk-shell nanoparticles.  

 

Figure 1.3 Schematic showing the yolk-shell nanoparticle as a nanocatalyst.  

The main objectives of the work are:  

1. Design and synthesis of yolk-shell nanoparticles using silica as a shell material and us-

ing noble metal nanoparticles as a core (Ag, Au) via a sacrificial block copolymer 

template method. 

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

plate. 

3. Studying the catalytic activity of the yolk-shell nanoparticles using various model reac-

tion. 

4. Devising the particles to a continuous flow catalyst by entrapping them in an appropriate 

flow channel template. 
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1.3 OUTLINE OF THESIS  

The present thesis is divided into four major chapters, which are outlined as follows: 

Chapter 1: A general introduction to the topic of yolk-shell nanoparticles 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 extensive theoretical background is provided, covering the topics of block 

copolymers, assembly of nanoparticles in block copolymers, and yolk-shell nanostructures. 

Chapter 3: An overview of the characterization techniques used and synthetic and ex-

perimental procedures 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 providing the 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 of yolk-shell nanoparticles 

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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2.1 BLOCK COPOLYMERS  

A copolymer is formed when at least two different monomers comprise to form a single 

chain. When the different monomers are arranged as alternating blocks of various lengths in a 

polymer chain, they are called as block copolymers.45,46  

Block Copolymers are always a field of interest for the 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 de-mixed state rather than in a mixed state.  

2.1.1 Types of Block Copolymers 

 In block copolymers, 

the different monomers are or-

ganised into distinct segments or 

blocks. Depending on the num-

ber of different monomer 

blocks, they can be classified 

into diblock, triblock and multi-

blocks or depend on the arrange-

ment of the blocks, into linear or 

star block copolymers (Figure 

2.1). The simplest type of block 

copolymer is the diblock copol-

ymers (-AB-) which consist of a 

sequential arrangement of two 

different types of monomers which 

are covalently linked together. As 

the name indicates, tri-block copol-

ymers (-ABC- or -ABA-) consist of three different blocks which are covalently linked with 

each other and multiblock copolymers consist of three or more different monomer blocks. 

Based on the chain arrangements, block copolymers are classified into linear block copolymers 

where the blocks are connected end to end. Another type of arrangement is the star block co-

polymers, where individual monomer chains are connected via one of their 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 Addition-Fragmentation Chain Transfer Polymerization (RAFT), or Group 

Transfer Polymerization (GTP), etc., which efficiently enable a control over the chain polydis-

persity (PDI).47,48  

Figure 2.1 Schematic showing the different types of block co-

polymers.  
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2.1.2 Self-Assembly of Block Copolymers 

Block copolymers are defined as macromolecules with a linear or radial arrangement of 

two or more different blocks of the varying monomer composition.49 They have been the focus 

of interest during the last 30 years due to the arrangement of chemically distinct blocks into 

microdomains, which leads to a microphase separation. Since the different blocks are linked 

together by covalent bonds, the microphase separation is spatially limited and results in self-

assembled structures including spheres, cylinders, gyroids, and lamellae as depicted in Figure 

2.2 (a).50,51 The length scale of these structures generally ranges from 1 to 100 nm.52 Since these 

structures are of the same order as the exciton diffusion length or the thickness of tunnelling 

barriers, they are used in various physicochemical devices. 

For the formation of such nanostructures, certain parameters such as the total degree of 

polymerization, N=N
A + N

B
, the volume fraction of the constituent blocks, f

A
 and f

B (fA + fB = 

1), and the Flory-Huggins interaction parameter, ɢ
AB

, are important.51,53 The phase separation 

is driven by the degree of incompatibility between A and B blocks and is defined by the ɢ 

parameter. For diblock copolymers with no strong specific interactions, ɢ
AB

, is normally posi-

tive and small, follows an inverse dependence on temperature. The degree of microphase sep-

aration of the diblocks is determined by the segregation product, ɢN. The incompatibility 

between the constituent blocks decreases with decreasing ɢN and increasing temperature. At 

the same time, the combinatorial entropy increases. With respect to variations in entropy or 

incompatibility, the copolymer will undergo order-to-disorder transition (ODT) and become 

disordered i.e., homogeneous. The temperature at which the ODT occurs is referred to as 

TODT.
50,54ï57 

The plot of the product ɢN vs. the volume fraction, f, of one of the blocks expresses the 

phase balance between entropy and enthalpy of the block. Figure 2.2 (b) shows the phase dia-

gram of diblock copolymers predicted by self-consistent mean field (SCMF) theory.50,58 With 

increasing the volume fraction, f
A, at a fixed ɢN above the ODT, the order-to-order transition 

(OOT) starts from closely packed spheres, CPS, which separates the disordered state (Dis) and 

S phase, passing through the body-centered cubic spheres (S), hexagonally packed cylinders 

(C) and bicontinuous gyroids (G), to lamellae (L). When the block copolymer composition is 

inverted morphological inversion (L Ÿ G╡ ŸC╡ Ÿ S╡ Ÿ CPS╡ Ÿ Dis) takes place. Figure 2.2 (c) 

shows an experimental phase diagram of PI-b-PS block copolymers reported by Bates and co-

workers. Experimentally obtained phase diagram display certain dissimilarities compared to 

that of theoretically predicted. These differences could be explained by the effect of additional 

parameters that are not considered in theoretical models. First, an overall asymmetry is present 

in the experimental phase portrait of PI-b-PS copolymer with respect to the volume fraction of 

PI block, f
A = ½. This arises partially due to the differences in the shape and the size between 

the isoprene and styrene monomers, a
A Í aB

. The experimental diagram, in addition to the G 

phase, contains a transient structure between C and L phase, a thermodynamically unstable 
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perforated layer (PL). Another 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 disordered phase is stable beyond ɢ
AB
Ɂ = 10.5 (for f

A = ½) but also the direct transitions 

between the disordered phase and the various ordered phases are clearly evident. In contrast, 

theoretical phase (SCMF theory) diagram shows the order-order lines converging to a critical 

point at ɢ
AB
Ɂ = 10.5 and f

A = ½. This allows only a direct phase transition between the disor-

dered phase and the spherical ordered phases.  

  

Figure 2.2 (a) Equilibrium microdomain structures of AB diblock copolymers in bulk: S and Sᶄ = body 

centered cubic spheres, C and Cᶄ = hexagonally packed cylinders, G and Gᶄ = bicontinuous gyroids, and 

L = lamellae; (b) Theoretical phase diagram of AB diblock copolymers predicted by the SCMF theory, 

depending on volume fraction (f) of the blocks and the segregation parameter, ɢN, where ɢ is the Flory-

Huggins segment-segment interaction energy and Ɂ is the degree of polymerization. CPS and CPSᶄ = 

closely packed spheres; (c) Experimental phase portrait of PI-b-PS copolymers, in which fA represents 

the volume fraction of polyisoprene. PL = perforated lamellae. Reproduced from Ref. 50 and 51.  

The various morphologies can be attributed to two major factors: (1) the interfacial en-

ergy between two blocks (an enthalpic contribution) and (2) chain stretching (an entropic con-

tribution). During microphase separation, the two blocks separate from each other to minimise 

interfacial area in order to lower the interfacial energy. Phase separation induces the stretching 

away of chains from the coiled polymer conformation and the volume fraction of the constituent 
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block being the factor which determines the degree of stretching. As in the case of highly asym-

metric diblocks, the block with the smaller volume fraction assembles to spherical microdo-

mains whereas the one with higher volume fraction forms a matrix. This conformation allows 

the system to attain to the lowest interfacial area and increased configurational entropy which 

makes them energetically more stable. With an increase in volume fraction at a fixed tempera-

ture, the volume fraction of the block that forms the matrix decreases resulting in the formation 

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

lamellae.  

2.1.3 Self-Assembly of Block Copolymers in Solution 

The self-assembly of block copolymers in solution is much more complex than that in 

bulk. Amphiphilic block copolymers 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 (HHHs), large compound 

micelles (LCMs), large compound vesicles (LCVs), tubules, onions, eggshells, baroclinic tu-

bules, pincushions etc., (Figure 2.3).51 

 

Figure 2.3 Schematic diagram showing various morphologies formed by amphiphilic block copolymers 

in solution. Reproduced from Ref. 51.  

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 

longest corona chain in their planar zigzag configuration. On the other hand rods (cylindrical 

or worm-like micelles) are composed of a cylindrical core and a corona surrounding the core. 

They are characterized by diameters of the same order of magnitude as those of primary spheres 

but can have varying length.51 A three-dimensional network of interconnected branched rods 
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constitutes the bicontinuous rods whereas phase inverted counterparts of rods comprise the hex-

agonally packed hollow hoop. Lamellae (flat or slightly curved bilayer) and vesicles (closed 

bilayers) are another two types of structures formed by block copolymers in solution. An ag-

gregation of inverse micelles, the outer surface of which is stabilised in solution by a thin layer 

of hydrophilic chains form the large compound micelles (LCMs).51,54 

2.1.4 Block Copolymer Micelles 

Block copolymers with different blocks having different affinities for solvents which 

consist of a polar (hydrophilic) and a non-polar (hydrophobic) blocks are known as amphiphilic 

block copolymers. When an amphiphilic block copolymer is dissolved in a solvent, which is 

thermodynamically good for one block and a precipitant for the other, micellar structures will 

be formed with one block on the exterior of the structure forming the corona, and the other 

block on the interior, óprotectedô from the solvent, forming the core.52,59,60 

The important parameters that control the size of micelles are the degree of polymeriza-

tion of the polymer blocks, NA and NB, and the Flory-Huggins interaction parameter ɢ.61 The 

micellar structure is characterised by the core radius Rc, the overall radius of the micelle Rm, 

and the distance between adjacent blocks at the core-corona interface known as grafting dis-

tance,b, (Figure 2.4). The process of micellization is characterized by the aggregation of a given 

number of block copolymer chains, defined as the aggregation number, Z.60 In the case of spher-

ical micelles, the core radius, Rc, and the area occupied by one chain at the core-corona inter-

face, b2, are directly related to the number of polymers per micelles. Therefore, the aggregation 

number, Z, can be expressed:61 

 
ὤ
τ“Ὑ

ὦ
 (2.1) 

 

Figure 2.4 Schematic representation of A-B diblock copolymer micelle in a solvent selective for one of 

the blocks and the important characteristics of BCP micelles. Reproduced from Ref. 61.  

The factors that influence the morphology of such micellar aggregates are copolymer 

composition, initial copolymer concentration in solution, added solvent content, and the nature 

Selectivesolvent

NA, NB, ̝ Z, Rc , Rm
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of the common solvent. The force balance between the stretching of the core, surface tension 

between the core and the outside solvent and the repulsion among the corona chains, that pre-

vents the unlimited growth of the micelle into a distinct macroscopic phase, determines the 

morphology of the aggregates. Such micellar aggregates are formed when an amphiphilic block 

copolymer is dissolved in a solvent which is selective only for one of the blocks. The interaction 

between the soluble blocks and solvent stabilises the micelles in solution.62,63 The general clas-

sification of micelles includes regular micelles and inverse micelles. When dispersed in a polar 

solvent, the blocks rearrange to form a regular micelle which has a hydrophobic core and hy-

drophilic corona. On the contrary, when they are dispersed in an apolar solvent the blocks will 

rearrange to form reverse micelles which have a hydrophilic core and hydrophobic corona.62 

Micelles can be further divided into a star and crew-cut 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 formed. When the corona-forming block is shorter (thin 

corona) than that of the core forming ones (bulky core), crew-cut micelles are formed. 

2.1.5 Critical Micelle Concentration (CMC)  

The concentration at which the first micelle is formed is called the critical micelle con-

centration (CMC). With the increase in the concentration of block copolymer chains in solution, 

more micelles are formed while the concentration of non-associated chains, unimers, remains 

constant and is equal to the value of CMC. This corresponds to an ideal system under thermo-

dynamic equilibrium. The critical micelle concentration can be determined, for instance, from 

the plots of surface tension as a function of the logarithm of the concentration. CMC can then 

be defined as the concentration at which the surface tension reaches a stable plateau value.60,64 

Surface tension is independent of the concentration above the CMC and shows little or no de-

pendency with changes in temperature whereas the critical micelle concentration follows an 

inverse dependence on temperature. Tsunashima et al. studied the micellization of PS-b-PB 

diblock copolymers in various solvents.65 They used DLS to measure the hydrodynamic radius, 

in solvents having the same refractive index of either the PS or PB chains. In a solvent selective 

for PB block, unimers with collapsed PS segments were observed at low concentration and 

micelles were observed at higher concentrations, thus defining the CMC. For PEO-b-PPO-b-

PEO triblock copolymer in aqueous solution, CMC varies with the composition of the copoly-

mer.60 At a constant PPO/PEO ratio, the CMC decreased with increase in total MW of the co-

polymer. Faust et al. used the fluorescence of a probe (pyrene) in order to determine CMC.60 In 

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 copolymers in organic selective solvents, the micellar assembly is driven by enthalpic 

forces, as it is entropically unfavourable to form these ordered structures.60 For block copoly-

mers in an aqueous media, such as PEO-b-PPO-b-PEO, the transfer of a unimer to micelle is 
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entropy driven.60,64 The exchange of block copolymer molecules between micelles and solution 

is very slow compared to the exchange 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 surfactants.60,66 Because of the slow exchange kinetics, 

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 when they are placed in a selective 

solvent, resulting in a large insoluble block, which is mainly arising due to the presence of 

blocks with high Tg. In order to eliminate this problem usually, they are dissolved in a common 

good solvent which is then replaced with a selective solvent.60 The core of the micelle formed 

can serve as a reservoir in which various functional species, such as metal or semiconductor 

nanoparticles, quantum dots, dyes or drug molecules, etc. can be incorporated by means of 

chemical, physical or electrostatic interactions depending on their physicochemical proper-

ties.67 These intensify the interest in using BCP micelles as scaffolds for fabricating nano-con-

tainers or nanoreactors. Recent progress in novel micellar structures includes three main 

categories (1) amphiphilic micelles which are formed by hydrophobic interactions, (2) polyion 

complex micelles which result from electrostatic interaction, and (3) micelles stemming from 

metal complexation.68,69 

 

Figure 2.5 Schematic representation of chain conformations of (a) Linear diblock; (b) Cyclic diblock 

copolymers; (c, d, e) Linear triblock copolymers in a micellar state. Adapted from Ref. 60 and 70.  

The diblock copolymers are entropically more favoured to form micelles compared to 

triblock and cyclic ones. For cyclic copolymers, the two block junctions per molecule must 

reside at the core-corona interface while for triblock copolymers a fraction of chains will be 

looped (Figure 2.5).60,70 For a linear diblock copolymer, assuming that the composition and N 

are constant, the CMC is significantly lower than for other architectures. Moreover, the associ-

ation number and radius of the micelles formed from diblock copolymers will be larger com-

pared to copolymers of other architectures.59,66,67 On the other hand, cyclic copolymers 

a b c

d e
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experience the highest conformational restriction as both blocks must loop producing a flower 

micelle.73,74 

2.1.6 Preparation and Characterization of BCP Micelles  

One of the simplest ways to produce block copolymer micelle is the direct dissolution 

of the bulk sample in a selective solvent for one of the blocks. But this works best for low 

molecular weight copolymers having a shorter insoluble block. Another method is the 

dissolution of the blocks in a non-selective solvent which results in the formation of molecularly 

dissolved chains. In order to initiate micellization, a selective solvent for one of the blocks and 

a precipitate for the other are added in excess to this. Apart from these, in the case of stimuli-

responsive BCP, micellization can also be achieved by varying external parameters, such as 

pH, temperature, ionic strength, etc.59  

Although these methods can result in the formation of polydisperse micelles, there are 

several advantages including the exclusion of large aggregates, the formation of ócrew-cutô mi-

celles etc. óCrew-cutô micelles are prepared from highly asymmetric diblock copolymers con-

taining very short blocks initially dissolved in non-selective solvents, which later on addition 

of a selective solvents form crew-cut micelles.60 

Different instrumental techniques can be used to visualise block copolymer micelles 

among which scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) being widely used.60,75 Direct visualisation of block copolymer micelles can also be 

achieved by atomic force microscopy (AFM). However, the shape and size of the micelles can 

be affected by tip convolution effects, by specific interactions between the substrate and some 

moieties of the block copolymer, or by relaxation of a low Tg micellar core resulting in the 

flattening of the micelles on the substrate.60,75 The micellar morphology can also be studied 

using scattering techniques such as static light scattering (SLS) and dynamic light scattering 

technique (DLS). SLS allows the determination of absolute weight-averaged Mw, Z and Rg of 

the micelles whereas from DLS the hydrodynamic radius, Rh, can be measured.76 Although the 

size of the micelle can be calculated by taking a mean value over a large number of micelles, 

this method is model dependent and can vary from the real value.60 Apart from these commonly 

used techniques, small angle X-ray scattering (SAXS),77 small angle neutron scattering 

(SANS),78,79 analytical ultracentrifugation (AUC),80 size exclusion chromatography (SEC)81 

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 important class of col-

loidal particles and are often referred to as polyelectrolyte block copolymer micelles.60 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 

challenging subject 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 determined by (1) 

the interfacial energy of the core/corona interface, (2) the energy needed to stretch the block 

copolymer chains, and (3) the repulsion among the coronal chains. The minimum free energy 

corresponds to an equilibrium grafting distance b (NA, NB, ɢ) which depends on block lengths 

and salt concentration (via ɢ). The aggregation number, Z, can be calculated from the mathe-

matical expression: 

 ὤ ὔᶿὔ  (2.2) 

For non-ionic or neutral block copolymers the grafting distance, b, depends on the sol-

uble block length as ὦὔ  with b0 å 1nm. Hence, the aggregation number Z can be written as 

a function of NA and NB, 

 ὤ ὤ ὔὔ  (2.3) 

where Z0 å 1 and ɓ å 0.8. While for ionic block copolymers the micellization behaviour 

is strongly influenced by the polyelectrolyte block. For a strongly segregated amphiphilic sys-

tem such as ionic block copolymers, taking PS-b-P4VP as an example, the aggregation number 

can be expressed as: 

 ὤᶿὔȢὔ Ȣ  (2.4) 

Thus, a qualitatively different behaviour is experimentally observed compared to un-

charged block copolymers. The grafting distance shows a characteristic ὦ ὦὔϳ  depend-

ency and an increase in salt concentration lowers the value of the overall radius, Rm. This 

indicates that mutual repulsion of the polyelectrolyte chains leads to strong stretching of the 

core blocks.61 

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 established for polyelectrolyte block copoly-

mer micellar shells namely óosmotic brushô and ósalted brushô regimes. If the added salt 

concentration is larger than the internal counter ions a ósalted brushô regime is established 

whereas if the added salt concentration is lower than the internal counter ions then an óosmotic 

brushô regime is obtained. In the óosmotic brushô, the osmotic pressure of the counter ions leads 

to strong stretching of the polyelectrolyte chains and is independent of the added salt concen-

tration. On the other hand, in the ósalt brushô regime the polyelectrolyte chains shrink with an 

increase in 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 Eisenberg et al. and Tuzar et al. in PS-b-PAA and PS-b-PMAA 

systems respectively.63,66 They showed that at low pH, the PMAA sequence is in the acidic 

form while at higher pH it is partially or totally ionised i.e., the ionisation degree of these ani-

onic blocks is strongly dependent on pH.60 However, the first systematic investigation of mi-

celle formation of cationic polyelectrolyte block copolymers in aqueous solution was carried 

out by Gallot and Selb.61,80 In their work, Selb and Gallot studied the micellization of cationic 

PS-b-P4QVP and other quaternized P2VP and P4VP containing block copolymers. They noted 

that most of these polymers when directly dissolved in a solvent selective for one of the blocks 

(eg. water) exhibit low solubility. As the hydrophobic domains were in the glassy state, the 

thermal energy was insufficient for immediate dissolution. Hence organic co-solvents such as 

DMF, dioxane, THF, chloroform etc. were used to dissolve these polymers, then by dialysis to 

obtain stable frozen micelles in pure aqueous solutions.61 

The PS-b-P4VP block copolymer is well known for their polyelectrolytic properties due 

to the presence of cationic P4VP block. The studies conducted by Gohy et al. and Khanal et 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 chains extend at low pH (> 5) owing to 

repulsive forces among the protonated 4VP species.60,82 The 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 morphological change 

can be brought to PS-b-P4VP micelles by changing the pH. This property of PS-b-P4VP mi-

celles can be made use in creating nano-aggregates which can be utili sed for the controlled 

release of drugs.82,83 

2.1.8 Application of Block Copolymer Micelles in Nanotechnology 

Block copolymers are gaining interest in use as templates for various nanomaterials with 

targeted functionalities and properties. Owing to their self-assembling behaviour, the block co-

polymers form periodic structures with spherical, cylindrical, lamellar, and gyroid morpholo-

gies in nanometer scale. These self-assembled 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 and the pattern dimen-

sion can be controlled by the self-assembly of block copolymer micelles.82 Block copolymer 

micelles can be functionalized to provide higher target selectivity thereby applying them in 

selective drug delivery, especially for chemotherapeutic drugs.83 Various other applications 

include using block copolymer micelles for synthesising nanostructured membranes, as a tem-

plate for nanoparticle synthesis,86 for synthesising core/shell particles or yolk/shells87 and, as a 

sacrificial template to create hollow nanostructures.88 

Lately, using block copolymer micelles directly as nanoreactors or as a template for its 

synthesis has gained a great deal of interest. Weberskirch and co-workers used hydrophobic 
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segments of amphiphilic block copolymers in metal-catalyzed transformations.89,90 Experi-

ments conducted by M. Lee and J.-H. Ryu studied the application of PEO-b-HPP-b-PEO mi-

celles as nanoreactors in aqueous solution.91,92 This micellar structure exhibited supramolecular 

properties and was used for the room-temperature Suzuki coupling between aryl halides and 

aryl boronic acid.91,92 Liang et al. used PS-b-P4VP block copolymers as reactive templates to 

deposit the silica shell via an acid catalyzed sol-gel synthesis.93 By varying the solvent selec-

tivity for one of the blocks, they deposited silica shell in the P4VP core or in the P4VP corona 

to obtain PS-b-P4VP/SiO2 core-shell particles. A similar work was done by Cho et al. dealt 

with PS-b-P4VP micellar templates for the fabrication of various nano-objects.94 By varying 

the solvent ratios (THF/ethanol and THF/water) they obtained different morphologies such as 

cylindrical or spherical micelles, vesicles 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 composition.95 On 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 matrix can bring 

a significant impact on the material properties such as mechanical strength, conductivity, per-

meability, catalytic activity and optical and magnetic properties.96,97 The performance of such 

systems depends on the precise control of the spatial organisation of the nanoparticles.98 The 

selective inclusion of metal nanoparticles in block copolymers can be executed in several ways. 

One involves the incorporation of pre-synthesized nanoparticles in one of the nanodomains of 

the block copolymer. Another involves the reduction of metal ions in one of the nanodomains.95 

Nevertheless, bare metal nanoparticles, due to the high interfacial energy, tend to agglomerate 

and disperse poorly in (co)polymer matrices.  

Precise control of nanoparticle location in A-b-B block copolymers can be achieved by 

synthesising or modifying the nanoparticles with different ligands, A or B homopolymers, a 

mixture of A and B homopolymers, and A-r-B random copolymers.99 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 influence the location and 

dispersion of the nanoparticles and thus the final morphology of the nanocomposites. By fine-

tuning the ligand properties nanoparticles can be selectively localised in either A or B domains 

or at the A/B interface. For example, in order to localise the particles within the A- or B-domain 

of an A-B diblock copolymer, particles need to be coated with either A or B-type homopolymer. 

To localise particles at the interfaces between the two blocks, particles have to be coated with 

a mixture of A- and B-type homopolymers.100 These approaches are based on minimising the 

enthalpic interaction of mixing of nanoparticles into block copolymer matrices by modifying 

the nanoparticle surface with components similar to the respective block copolymer domains.99  
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2.2.1 Controlled Localisation of Nanoparticles Modified with Polymeric Ligands 

Kim et al. controlled the location of gold nanoparticles in PS-b-P2VP block copolymer 

thin films by varying the grafting density and chain length of the polymeric ligands within the 

block copolymer domains.101ï106 In their experiments, they observed that the final morphology 

of the block copolymer is affected by the location and concentration of gold nanoparticles. But 

when studying the localisation of nanoparticles in thin films, the orientation of microdomains 

with respect to the used substrate has also been taken into account. In a theoretical investigation 

done by Balazs et al. they studied the effects of neutral and selective nanoparticles in diblock 

copolymer thin film on the orientation of BCP microdomains confined between two hard 

plates.107 Their studies showed that, on a substrate that has a low interfacial energy with only 

one of the block, symmetric diblock copolymer form parallel-oriented lamellae at equilibrium. 

The orientation of the block copolymer changed from parallel to perpendicular upon addition 

of neutral nanoparticle to the thin film. The neutral nanoparticles were located at the interface 

of the self-assembled 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 plates) reduced the interfacial tension and neutralises the 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 method for controlling the localisation of gold nanoparticles in the microdomains of 

PS-b-PMMA diblock copolymer thin films.106 The gold nanoparticles were coated with differ-

ent compositions of PS and PMMA which are either neutral for the PS-b-PMMA domains or 

selective for either PS or PMMA. The selective nanoparticles produced a parallel domain ori-

entation whereas the neutral nanoparticle-induced a perpendicular domain orientation (Figure 

2.6). 

 

Figure 2.6 Schematic showing the controlled orientation of block copolymer thin films by introducing 

selective and neutral nanoparticles. Reproduced from Ref. 106.  
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The studies conducted by Kramer et al. in PS-b-PVP/Au thin films, dealt with the con-

trolled localisation of gold nanoparticles within different PS-b-PVP block copolymer do-

mains.100 They have controlled the location of gold nanoparticle in the PS or PVP domains by 

coating the nanoparticle with the respective homopolymer. Particles coated with PS homopol-

ymer have selectively segregated into the PS domain, whereas, those coated with PVP, on the 

other hand, have segregated into the PVP domains (Figure 2.7). 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 copolymer. Moreover, by concentrating the particles 

near the centre 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 image of (a) PS-coated particles segregated to the centre of the PS domains (light 

region) in a PS-b-PVP lamellar diblock copolymer phase; (b) PS/PVP coated particles segregated at 

the interface between PS/PVP blocks. Reproduced from Ref. 100.  

According to a model proposed by Balazs and coworkers, the variation in the size and 

volume fraction of particles can be varied to control the particle distribution inside the compo-

site.108 They presented a method to calculate 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 get 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 particles into a central core. This free energy gain for the polymers results in the 

loss of translational entropy for the particles. On the other hand, for the same volume fraction 

of small particles, the stretching required by the polymers to circumvent the spheres is less 

significant. In this case, the translational 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 described that by coating the nanoparticles with a mixture of PS and PVP homo-

polymers the gold nanoparticles were localised at the interface between two blocks.100 This 

interfacial adsorption was not observed for pure PS or PVP coated particles. This selective 
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segregation could be explained based on the interfacial energies of the PS-b-PVP diblock (ɔ
SV

), 

the nanoparticle-PS (ɔ
nS

) and the nanoparticle-PVP interfaces (ɔ
nV

). They also explained that 

the adsorption energy of nanoparticles at an interface is given by ɞ  “ὶ‎ ρ ὧέί— 

where r is the radius of the particle and ȿÃÏÓ—ȿ  ȿ‎  ‎ ȿ‎ϳ .100,109 For particles coated 

with both the homopolymers, the total interfacial energy (ɝɾ) is much less than the interfacial 

energies of the PS-b-PVP diblock (ɔSV). As a result ὧέί—Ḻρ and the adsorption energy, ɞ

“ὶ‎ . Therefore, in this case it is expected that the particles are bound to the PS-PVP interface 

if the values of cosɗ  is small.100 Thus, in order to selectively localize particles within the A- 

or B- block of the A-B diblock copolymer, particles are either coated with A- or B-type homo-

polymer respectively. To localize particles at the interfaces between the blocks, particles are 

coated with a mixture of A- and B-type homopolymers. With this approach, particles can be 

localized completely within one copolymer domain or the other, or they 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 solvent-polymer interaction dictates the ability to form well-defined 

structures. Amphiphilic block copolymers can self-assemble into various nanostructures such 

as spherical, cylindrical 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 stable if the core-forming block is 

in a glassy state.62 As a result, they are the most studied example of self-assembling structures 

in selective solvents. Encapsulation of nanoparticles into BCP micellar aggregates can have the 

following advantages: (1) Improving the stability of nanoparticles: - the stability of nanoparti-

cles is highly dependent on the ligand structure that is bound to the nanoparticle surface.110 But 

over a long period of time, these ligands can dissociate under high-temperature or chemical 

cleaving agents.111 Encapsulating nanoparticles in BCP micellar aggregates provide a suitable 

environment for the stabilisation of nanoparticles. Additionally, after crosslinking the micelles, 

nanoparticles will be stable against heat and other environmental conditions.112 (2) Reducing 

toxicity: - the as-synthesized nanoparticles are normally coated with surfactant molecules, for 

example, AuNPs stabilised with cetyltrimethylammonium bromide (CTAB).113 Hence, the bi-

ological applications of these nanoparticles are limited due to the cytotoxicity of CTAB. The 

potential toxicity can be reduced by encapsulating ligand-free nanoparticles in biocompatible 

BCP micelles; as such micellar structures provide an environment for stabilising the nanopar-

ticles.114 (3) Easy to be multi-functionalized: - multifunctionality can be induced by the simul-

taneous incorporation of different NPs within a single micellar carrier.115 (4) Templates for 

functional cavity formation: - the encapsulated nanoparticles can act as a sacrificial nano-

template for hollow polymer capsule formation by crosslinking the resulting polymer shell and 

by the removal of the nanoparticle template.116  
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However, to control the location of nanoparticles in colloidal self-assemblies of am-

phiphilic block copolymers is challenging when compared to that in BCP bulk or thin films. On 

the other hand, colloidal self-assembly of amphiphilic block copolymers and inorganic nano-

particles create versatile functional materials with unique chemical and mechanical properties 

for various applications such as nanoreactors, drug delivery and medical imaging. 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 of the nanoparticle, the properties of such colloidal structures 

can be varied. Micelles containing a single nanoparticle are termed as ócherry micellesô54,117 

whereas micelles containing multiple NPs are óraspberry micellesô.54 Each BCP micellar aggre-

gate contains three different domains, namely, the core, corona, and the interface, which allows 

the selective localisation of nanoparticles amongst these domains.54,118ï120  

Encapsulation of nanoparticles in the micellar core improves the stability of the nano-

particle and preserves its characteristic properties. Besides, the encapsulated particle will be 

protected uniformly by the corona on all sides. This might be useful in the area of labelling or 

catalysis. Locating the nanoparticle in the core and the corona facilitates the encapsulation of 

different types of particles with a tailored spacing. The arrangement of separated electron-donor 

and electron-acceptor in different domains with controlled spacing is used in optical applica-

tions. For example, an assembly with QDs in the core and AuNPs in the corona with an 

interparticle spacing of 20 nm facilitated an enhancement of QD PL emission relative to the 

QD emissions from micelles without AuNPs.121 

The controlled loading of nanoparticles in micellar aggregates can be achieved via the 

in-situ synthesis of nanoparticles within the micelle or by incorporating preformed nanoparti-

cles into the micellar assembly. The latter approach offers an effective means to precisely con-

trol the location and size of nanoparticles in BCP micelles. Depending on the required 

properties and application, nanoparticles can be either located in the core, corona, and interface 

of the micelle. Kramer et al. synthesised novel core-shell nanoparticles with a hydroxylated 

ligand modified gold core and a PS outer shell.104 The nanoparticles were functionalized using 

thiol-terminated PS-b-PI diblock copolymer ligands. The double bonds of PI blocks were then 

hydroxylated which resulted in a multi-layered core-shell assembly with a gold core, inner hy-

droxylated block and an outer PS shell. 

Luo et al. also demonstrated a method to control the location of gold nanoparticles in 

colloidal polymer assemblies by tuning the nature of the nanoparticle surface.97 They controlled 

the arrangement of nanoparticles in PS-b-PAA polymer micelles, from the micellar core to the 

A/B polymer interface using mixed nanoparticle ligands as shown in Figure 2.8. By varying the 

ratio between hydrophilic and hydrophobic surface ligands the nanoparticles were selectively 

localized at the interface between PS and PAA block or aggregated in the centre of the assem-

bly. 
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Figure 2.8 Schematic representation of selective localisation of gold nanoparticle in the core of the 

micelles (a) As free-standing; (b) Attached to the inner walls of the core; (c) At the interface between 

PS-b-PAA diblock copolymer and the corresponding TEM images. Reproduced from Ref. 97.  

Encapsulation of preformed inorganic nanoparticles into micellar aggregates can be at-

tained by various strategies. Some of the widely studied methods are described below. 

Co-precipitation method: Preformed inorganic nanoparticles can be encapsulated into BCP mi-

cellar core through the co-assembly of NPs and amphiphilic BCPs in a selective solvent. Eisen-

berg and co-workers conducted experiments with the controlled incorporation of gold 

nanoparticles into the centre of the micelles by coating the particles with diblock copolymers 

(PS-b-PAA) of the same or similar composition.118 Taton and co-workers have synthesised na-

noparticle loaded polymer micelles where alkyl terminated nanoparticles were uniformly em-

bedded in the hydrophobic polymer core.122 In another work by Taton et al., the authors 

demonstrated selective encapsulation of dodecanethiol functionalized gold nanoparticle to the 

micellar core of PS in (PS-b-PAA) diblock copolymer.119 In a typical procedure, homogeneous 

solutions of PS-b-PAA and dodecanethiol functionalized AuNPs were first prepared in a good 

solvent such as N, N-dimethylformamide. A solvent selective for the PAA block (eg. Water) 

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 hydrophilic corona. 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 localised in the core of the micelles. Another 

method followed by Park et al. allowed the radial distribution of nanoparticles in the BCP mi-

celle by simply changing the copolymers to nanoparticle ratio.123 

Interfacial instabilities of emulsion droplets: Another method to encapsulate nanoparticles into 

the micellar aggregates is through the interfacial-assisted assembly of the emulsion droplets. 
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Instead of dissolving the copolymer in water-miscible solvent, Zhu and Hayward used a water-

immiscible organic solvent which is a good solvent for both the blocks of the BCP.124 The 

polymer solution was then dispersed as an emulsion in a continuous aqueous phase with a sta-

bili ser followed by the removal of solvent from the droplets by diffusion through the aqueous 

phase and evaporation. An increase of the BCP concentration within the droplets resulted in the 

self-assembly 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 to the aqueous phase. 

An advantage of this approach is the ability to produce either spherical or worm-like hybrid 

micelles, where the micellar morphology depends on the composition of the copolymer. This 

method can be applied to a wide range of block copolymer with different hydrophobic blocks. 

In addition, this method can be utilised in the production of multifunctional micelles by simul-

taneous encapsulation of different type of nanoparticles.  

Heating-cooling method: In the heating-cooling method, hybrid micelles are generated using 

longer hydrophilic chains and short hydrophobic segments. Chen et al. employed this method 

to encapsulate single AuNPs in hairy micelles of PS-b-PGA and PS-b-PAA BCPs with a narrow 

polydispersity.125 In a typical synthesis, a mixture of BCP and hydrophobically functionalized 

AuNP solution was heated to 110°C and then slowly cooled down to induce the self-assembly 

of the BCPs. Homogeneous micelles were formed as the CMC of the polymer slowly decreased 

with temperature. An advantage of this route is the use of BCPs with longer hydrophilic chains 

to prepare stable micellar aggregates without cross-linking them. It aids 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 hydrophilic shell which enables the attachment of biomole-

cules. Two or three AuNPs of the same or of different kinds can also be encapsulated using this 

method.126,127  

Other approaches for the encapsulation of NPs into the micelles include supramolecular 

assembly/disassembly route, via electrostatic interactions, film rehydration, nano flash precip-

itation, microfluidic processing, hydrogen bonding of the NPs with the host BCPs, mini-

emulsion polymerization, and thiol-end functionalization.  

Factors that govern the precise localisation of NP in micelles: To optimise the optical, mag-

netic, and mechanical properties it is important to tune the position of NPs within the micelles. 

But it is difficult due to the strong enthalpy incompatibility (ɝHNP-polymer) of the NP with a 

polymer, long distance van der Waals attractions between the NPs (ɝGNP-to-NP), and the confor-

mational entropy loss of the polymer (ɝSpolymer) resulted from polymer chain deformation in-

duced by the insertion of NPs. The nanoparticle aggregation in polymer micelles can be avoided 

by reducing the NP-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 

their position within the micellar aggregates. For a stable incorporation of NPs within the BCP 

matrix, the compatibility of NPs with BCP microstructures is the key factor. The compatibility 



  

Theory And Fundamentals 

 

  25 

  

of nanoparticles can, 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 interact with the polymer host and reduces the NP-NP attractive interactions. As stated be-

fore, Eisenberg and co-workers incorporated AuNPs coated with PS-b-PAA selectively to the 

central portion of the BCP as shown in Figure 2.9.118 

 

Figure 2.9 Schematic illustrations of the selective incorporation of PS-b-PAA (PS-red and PAA-blue) 

coated AuNPs into the central portion of the BCP micelles or rods. Reproduced from Ref. 118.  

The uniform dispersion of nanoparticles in polymer micelles is also determined by the 

wettability of the polymeric ligands by the host polymer. In addition, the molecular weight, 

different grafting density, and composition of the polymer that is attached to the nanoparticles 

can affect the distribution and localisation of 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 stretching effect required by the block 

phase to circumvent the particles is less significant for smaller particles than for large-sized 

particles. In order to study the effect of particle size on the number of encapsulated particles, 

Taton and co-workers encapsulated AuNPs of a size larger than 10 nm into a PS-b-PAA micelle, 

where they obtained single AuNPs in the PS core per each micelle.119 For particles with 4 nm 

diameter, multiple particles were present within each micellar core, even at a very low particle-

polymer ratio.128 On the other hand, Chen et al. encapsulated single AuNPs with 5 nm diameter 

per each hairy micelle following a heating-cooling method.125 Thus, apart from nanoparticles 

surface modifications and size, the encapsulation method also plays a role in determining the 

assembly of particles in a micelle. Still another parameter that affects the localisation of nano-

particles in micelles is the nanoparticle shape. Anisotropic particles display remarkable proper-

ties than spherical particles.129 For example, irregularly shaped particles show plasmonic ñhot 

spotsò at high-curvature corners, which may exhibit strong plasmonic coupling between the 
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particles. On the other hand, anisotropic particles pose an additional challenge in directed as-

semblies compared to isotropic particles, as their anisotropy in shape and possible chemical 

composition has to be taken into account during directed assemblies. Nanoparticles with differ-

ent shapes, such as nanorods (NR), have various facets and different curvature on their surfaces 

which in turn allows the polymeric ligands to attach more easily to curved surfaces.130 Li et al. 

demonstrated a method to disperse and orient NR within cylindrical micelles by tethering 

brushes of same homopolymers with different lengths onto the NR surface.131 The additional 

void space created on the NR surface due to the mismatch of different polymer brushes provides 

sufficient conformational freedom for the matrix polymers close to the NR surface. This im-

proves the wettability of the brushes and polymer matrix. Nanoparticles with other shapes, such 

as nanoplatelets,132 nanowires133, and nano dumbbells134 can also be encapsulated into BCP 

micelles and produce materials with 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 micelles, may form circular spring-like 

coils. The mechanism of transformation from straight wires to circular rings results from the 

contraction of encapsulating polymer shells and energy minimization of the combined NW-

polymer system.133,135 On the other hand, when nano dumbbells are incorporated into the poly-

mer micelles, they form spherical clusters whose internal distribution is defined by packing of 

the dumbbell-like shape.  

2.2.3 Applications of Nanoparticle encapsulated Block Copolymer Self-Assembly 

Biomedical application: Biological applications of hybrid micelles 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 stabilises the NPs. For instance, QDs can be used to perform in vivo or in vitro 

imaging due to their unique optical properties, including wideband excitation, narrow emission, 

phenomenal photostability, and high quantum yield.136,137 

SERS probes: Surface-Enhanced Raman Scattering (SERS) is a surface-sensitive technique that 

enhances Raman scattering by molecules adsorbed on rough metal surfaces. The principle of 

SERS is based on two major enhancements: (1) the long-range electromagnetic enhancement 

and (2) short-range chemical enhancement. These result in an increase in the Raman scattering 

cross-section of the adsorbed molecules. AuNPs are widely used as SERS substrates. Biomol-

ecules, polymers, or inorganic layers have been used to coat metal NPs to improve the stability 

of the nanoprobes. Hybrid micelles were loaded with AuNPs and Raman reporters, where the 

polymer shells can protect the encapsulated nanoprobes.127 A large variety of reporters could 

be incorporated into the polymer micelles by different encapsulation methods for realisation of 

multiplexed detection of target molecules.  

Catalysis: One of the promising application for inorganic/polymer hybrid colloids is to develop 

catalysts with special catalysing behaviour in reactivity, stability and selectivity. Ther-

moresponsive polymer micelles can be used to enclose metal nanoparticle catalyst to prepare 
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responsive catalysts. The temperature responsiveness of the polymer corona chains can be used 

to adjust the catalytic activity.138 For example, Zhang et al. synthesised AuNPs inside the core 

of thermoresponsive micelles of PNIPAM-co-P4VP.138 Temperature responsive solubility of 

the PNIPAM corona chain was used to adjust the catalytic activity. Below the LCST, the ex-

tended hydrophilic PNIPAM chains expose the AuNPs to the hydrophilic reagents and acceler-

ate the reaction. On the other hand, above LCST, the solubility of the PNIPAM chains decreases 

and the AuNPs were covered by the collapsed PNIPAM chains, which decelerated the reaction. 

Also, block copolymer micelles can be used as a reactive template to create nanoreactors to be 

used as high-performance catalysts.139 The authors used PS-b-P4VP micelles as a sacrificial 

template, to encapsulate catalytically active AgNPs and AuNPs into the micellar core in order 

to prepare Au@SiO2 yolk-shell catalyst.  

2.3 YOLK -SHELL NANO STRUCTURES 

For the past few decades, scientists have been exploring the advantages of structurally 

different NPs, rather than those of simple spherical particles, such as anisotropic shape,140,141 

hollow,142ï147 core-shell (CS),148ï150 yolk-shell (YS),18,144,147,151,152 Janus particles,153,154 

composites,155 doped156ï158 etc. Yolk- shell nanostructures/ yolk-shell nanoparticles (YS NS / 

YS NPs) are defined as a hybrid structure, a mixture of core/shell and hollow, where a core 

particle is encapsulated inside the hollow shell and may move freely inside the shell.43 Yolk-

shell nanoparticles have been first reported in 2002 by Kim et al. and Kamata et al.11,12 In their 

work, Kim et al. fabricated hollow carbon and polymer capsules containing gold nanoparticles 

by using spherical silica templates.12 Kamata et al. synthesised spherical hollow colloids of poly 

benzyl methacrylate with movable cores of gold nanoparticles.11 They have stated that such 

structures can be tailored to have different shell/core materials to impart different properties. 

They are generally represented as a core/void/shell. Yolk-shell nanostructures are also termed 

as movable core/shell or rattle-type nanoparticles. These structures are distinguished from solid 

nanoparticles,3,30,159ï161 Janus particles,15,154,162 hollow particles,16,161 and core-shell parti-

cles.3,17,159 

In order to represent such structures, different terminologies such as (1) nano rattles (as 

the core particles were encapsulated inside the hollow shells),12 (2) movable core/shell (as the 

entrapped core was movable when dispersed in a liquid and stick on the wall surface in air),11 

(3) yolk-shell (since the core particle behave like a movable yolk inside the hollow shell),163,164 

and (4) core/shell with hollow interiors,43 have been used so far. Generally, yolk-shell nanopar-

ticles are denoted as core@shell, for example, Au@MgSiO3,
36 Au@HSNs160. They can also be 

represented as core@void@shell29,165,166 such as Si@void@C29 or Pt@void@TiO2.
167 In the 

presence of multiple shells, they are represented as core@shell1@shell20,168. In the present 

work, we adopted the yolk-shell nanoparticles (YS NPs) as a general terminology and 

core@shell as the representation to describe the yolk-shell 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 depend on the sequence of core 

and shell, the size of both the core and the shell, and the type of material. On the other hand, 

yolk-shell nanoparticles are hybrid structures with a movable core inside the hollow shell of the 

same or different materials. And they can be derived from the core/shell structure via selective 

etching of the core and or the shell. Yolk-shell nanostructures, being a hybrid of hollow and 

core/shell structure, enable them to possess the advantages of both the structures. There are 

certain specific advantages of yolk-shell nanostructures over core/shell structures. (1) yolk-shell 

nanostructures can be synthesised from a single material to enhance specific surface area,169ï178 

(2) the core surface is unblocked compared to the core/shell nanoparticles providing more active 

sites and higher surface area,179ï184 (3) the void space is suitable to accommodate the guest 

molecules,22,185ï188 (4) the shell layer provides more active inner and outer surfaces,189ï191 and 

(5) the void provides space for the expansion of core nanoparticles in many applications.192ï195 

2.3.2 Type of Yolk-Shell Nanostructures 

Yolk-shell nanostructures are broadly 

classified into spherical and nonspherical de-

pending on their core and shell morphologies 

irrespective of their material properties. In 

spherical structures, both the core and the shell 

are spherical in shape whereas, in the case of 

non-spherical structures, at least one of the 

structures should be non-spherical. By varying 

the synthetic procedure, core or shell composi-

tions and depending on the end application one 

could synthesise different yolk-shell particles.  

The non-spherical yolk-shell 

nanostructures are further classified into two 

types based on their geometry (1) complete non-

spherical shape and (2) partially nonspherical 

yolk-shell nanostructures, where either the core 

or the shell of the yolk-shell has a non-spherical 

shape. The spherical yolk-shell nanostructures 

can further be classified into different categories such as (1) single core@hollow shell (Figure 

2.10 a),30 (2) multiple cores@single shell (Figure 2.10 b),151 (3) single core@multi-shell (Figure 

2.10 c),196 (4) multi core@multi-shell,197 and (5) yolk-shell structures with a raspberry core 

(Figure 2.10 d).151,187 Depending on the end-use and by varying the shell composition a yolk-

shell structure with multi-layered shells can be obtained while the yolk-shell structures with a 

raspberry core can be created using different type and composition of the nanoparticle.  

a b

c d

Figure 2.10 Different yolk-shell structures: (a) 

YS NPs with a single core; (b) YS NPs with mul-

tiple cores; (c) YS NPs with multiple shells; (d) 

YS NPs with a raspberry-like core. Reproduced 

from Ref. 151.  
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Single core@hollow shell nanoparticles are the simplest and the most studied structures 

among all the other yolk-shell nanostructures. They are made of either the same or different 

materials, one as the core and the other as the shell. Depending on the type of core and shell 

materials, they can be further classified into (1) inorganic/inorganic, (2) inorganic/polymer, and 

(3) polymer/polymer. Among the above-mentioned classifications, the inorganic/inorganic 

combinations of different materials have been studied the most. They possess unique optical, 

magnetic, electrical, photoelectrochemical, electrochemical, mechanical, thermal, and catalytic 

properties of different inorganic materials.43 By fine-tuning the shell and/or core properties and 

characteristics they can be devised for high-performance applications. Among the inorganic/in-

organic yolk-shell nanostructures, noble metal@silica yolk-shell nanoparticles are studied 

widely.  

Noble Metal@Silica Yolk-Shell Nanoparticles: Among the various inorganic materials, silica 

is the most studied material because of its wide range of applications in the field of biomedicine, 

chemistry, and electronics. Silica shell possesses many advantages such as (1) simplicity of the 

sol-gel reaction to synthesise silica, (2) chemically inert and non-toxic nature which is suitable 

for biological and chemical applications,198 (3) coating on noble metal cores does not affect the 

LSPR properties of noble metallic nanoparticles (because of the reduction of electromagnetic 

coupling between metallic nanoparticles),199 (4) optical transparency towards electromagnetic 

radiation of the wavelength range 300-800 nm,199 (5) transparency towards a magnetic field,200 

(6) versatility in the design of diverse surface morphologies and functionalization via surface 

modification for improved biocompatibility,198,199 (7) acting as a catalyst support leading to 

high catalytic activity,201 (8) increase in the suspension stability of core particles by reducing 

the bulk conductivity150 and increasing the steric repulsion,184 (9) acting as a sacrificial layer 

for creating a YS structure,147,202 (10) tunable pore diameter leads to the high specific surface 

area,22 and (11) sinter stable nature or tolerance of high temperature.198,199 Due to these ad-

vantages, the yolk-shell nanoparticles with a silica shell are used in different fields such as 

catalysis,151,184,203,204 separation,205 sensors,199 biomedical,206 and microwave absorption.207  

To obtain the combined advantages of both silica and metal nanoparticles, and to de-

velop new properties, yolk-shell nanostructures of these combinations have been studied exten-

sively. Noble metal nanoparticles provide the unique structural, optical, magnetic, catalytic, and 

quantum properties to the yolk-shell nanoparticles. Most of the studies were carried out in ex-

ploiting the SPR and catalytic properties of noble metal@silica yolk-shell nanoparticles. The 

optical properties of the noble metal (Au, Ag) NPs are described in terms of SPR.208 It is the 

resonant, collective oscillation of valence electrons in a solid stimulated by incident light. 
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Figure 2.11 shows the 

interaction between the electric 

field of incident light and the 

free electrons of a metal sphere 

whose size is smaller than the 

wavelength of light.209 The elec-

tric field of incident light dis-

places electrons from 

equilibrium in one direction, 

creating a dipole that can switch 

direction with the change in 

electric field. Generated restor-

ing force tends to recombine charges, thus resulting in oscillatory motion of electrons. 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 surface plasmon resonance (SPR).209  

In the case of confined surfaces, as in nanoparticles, this phenomenon is termed as 

localised surface plasmon resonance (LSPR). It occurs within metallic NPs of a size comparable 

to or smaller than the wavelength 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 NPs.210 In the case of noble metals like Au and Ag, due to 

the energy levels of d-d transitions, LSPR is exhibited in the visible range of the spectrum.211 

Although Ag exhibits the strongest plasmon among all noble metals, Au is preferred for bio-

logical applications mainly due to its inert nature and biocompatibility.212 Moreover, AuNPs 

have better compatibility with thiol compounds which help the easy immobilisation of biomol-

ecules to them. Also, noble metal nanoparticles show Surface-Enhanced Raman Scattering 

(SERS).213 

As stated above, the SPR properties of AuNPs 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 media significantly changes SPR properties. The aggregation of NPs also 

leads to the coupling of LSPR resulting in a new excitation band with a lower energy. This, in 

turn, affects the intensity of SERS signal.  The agglomeration of nanoparticles can be omitted 

by using capping agents to stabilise the nanoparticles. But these capping agents tend to undergo 

chemical degradation, reaction with the metal, or affected by surrounding environment, with 

time. This results in destabilising the particles which lead to particle agglomeration after some 

time.199,214 The problem of agglomeration can be solved on a large scale by enclosing the na-

noparticles in the porous silica shell.22,184,199 

Apart from the optical properties, most of the studies on noble metal@SiO2 yolk-shell 

nanoparticles are focused on improving the catalytic applications. Noble metal nanoparticles 

Figure 2.11 Schematic illustration of a localised surface plasmon of 

a metal sphere. Reproduced from Ref. 209.  
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exhibit high catalytic activity for different chemical reactions due to their high surface to vol-

ume ratio and a large fraction of active sites on the surface. Bare nanoparticles and nanoparticles 

stabilised with capping agents suffer various limitations such as agglomeration, low catalytic 

activity, and instability in solution phase in presence of target molecules, due to the degradation 

of capping agents etc. Core/shell particles, on the other hand, show 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 molecule. This, in turn, reduces the reaction rate. On the contrary, yolk-shell 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.  

Wang et al. demonstrated the catalytic activity of yolk-shell nanoparticles containing a 

single Au core and a hollow mesoporous silica microsphere (Au@HMSM) (Figure 2.14) using 

a model reaction with 4-nitrophenol as the reactant molecule.215 They demonstrated that the 

catalytic activity can be controlled by varying the core size. Another work was done by Priebe 

et al. dealt with the synthesis of Ag@SiO2 yolk-shell nanoparticles and studying their catalytic 

activity.216 They proved that these structures can be used in the degradation of Methylene Blue. 

They also stated that the shell thickness can be controlled by varying the precursor used for 

shell formation. Lee and co-workers studied the effect of tuning the shell porosity and core 

surface functionality of Au@SiO2 yolk-shell nanoparticles in their catalytic activity.22 The shell 

porosity was tuned by varying the molar ratio of porogen (octadecyltrimethoxysilane, C18TMS) 

to the silica precursor. It was observed that the diffusion coefficient and turnover frequency 

increased significantly for the catalytic reduction reaction of o-nitroaniline because of the pres-

ence of pores. The functionalization of the gold core with 3-mercaptopropionic acid (3-MPA) 

enhanced the catalytic activity of Au@SiO2 in the reduction of o-nitroaniline. Thus, the cata-

lytic activity of noble metal@SiO2 yolk-shell nanoparticles can be varied by fine-tuning the 

shell porosity22 and thickness,216 core size215 and core surface functionality.22 The porosity of 

the silica shell can also be tuned by changing the reaction temperature during the synthesis. 

Besides, Au,184,217 Ag,218 Pd,219 Pt,14 and Cu26 are also used as core materials. Porous silicates 

are also used as shell materials with metal cores, which show a periodic size controllable pore 

system and high surface area. These types of yolk-shell nanoparticles have been synthesised 

mostly from hard24,31,42 and soft 147,151,196,215,220 sacrificial template methods, and galvanic re-

placement reactions.221ï223 

2.3.3 Routes for  Synthesis of Yolk-Shell Nanostructures 

In yolk-shell nanostructures, the core is encapsulated in a shell in order 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 with the surrounding environment. Besides, these 

structures benefit both from core and shell functionalities. The shell functionalities include the 

presence of reactive sites, such as ïNH2 groups, for the attachment of targeting molecules for 
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drug delivery or sites for the adsorption of target molecules, such as groups aimed at the extrac-

tion of organic targets.13 However, synthesis routes play an important role in determining the 

properties of these structures thereby precise tuning of the multiple possible applications. Some 

of the common synthesis routes include selective etching or hard templating method, 
10,30,143,147,184 soft templating,88,215 and template-free methods.10,151 

Hard Template Method: Selective etching or hard templating method is the most common 

method for the synthesis of hollow spheres and nano rattles. As depicted in Figure 2.12, in a 

typical process, the core (eg. metal nanoparticles,17 oxides,23 polymer224) 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 condensation of silica,24 seeded distillation-precipitation polymer-

ization,42 or a hydrothermal reaction.31 Subsequently, the core or the template or the middle 

layer (shell) is selectively removed by dissolving them in a suitable solvent225 or via calcina-

tion226 leading to the formation of yolk-shell nanostructures. This approach can be used to re-

move the core or the shell partially from the core-shell 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 removed.202 

 

Figure 2.12 Selective etching strategies for the preparation of yolk-shell nanoparticles. Reproduced 

from Ref. 151.  

Using the hard template method, Wu et al. demonstrated the multi-step preparation of 

Fe3O4 inside mesoporous silica spheres.23 They coated hematite nanoparticles (Fe3O4) with sil-
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ica precursors (TEOS and C18TMS) 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 Fe3O4@TiO2 yolk-shell nanostructures.227 The inter-

mediate silica shell was later removed by hydrothermal treatment at 180°C. In another work 

done by Lee et al. they synthesised Au@SiO2 yolk-shell nanostructures via selective etching of 

the silica shell from Au/SiO2 core-shell particles (Figure 2.13).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, the void, and the wall thickness 

can be tuned by varying the synthesis parameters. Despite the fact that hard templating can be 

used to fabricate yolk-shell nanoparticles with controllable structures, sizes and compositions, 

this method has some inherent limitations as it involves long reaction time and multiple tedious 

steps, which often pose problems in the large-scale production of yolk-shell nanostructures. 

Moreover, with this method, it is quite tedious to encapsulate the hollow interior with guest 

molecules especially in biological applications. 

 

Figure 2.13 Synthetic procedure and corresponding TEM micrographs (scale bar 100nm) of Au@SiO2 

yolk-shell nanoparticle. Reproduced from Ref. 184.  

Soft Template Methods: Soft templating has been widely used for the preparation of fine homo-

geneous inorganic hollow nanomaterials. It includes the use of microemulsions, surfactants, co-

templates, and polymers as template materials to assemble inorganic nanomaterials. These ma-

terials may organise spontaneously into well-defined assemblies such as normal and reverse 

micelles, emulsions, vesicles, or liquid crystal phases, which restrict the noble metal nanopar-

ticles as the core and the direct growth of metal oxide around the noble metal core.196,202 Among 

the different soft templating methods mentioned above, polymers constitute an important means 

of the soft template that can be used to prepare nano rattles with organic/inorganic shells. Li et 

al. used block copolymer as a soft template to construct Au@TiO2 yolk-shell nanostructures.220 

a b c
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In a typical synthetic procedure, gold nanoparticles with poly(2-vinyl pyridine)-block-poly(eth-

ylene oxide) (PVP-b-PEO) block copolymer shells were prepared by ultraviolet irradiation of 

a solution of PVP-b-PEO/HAuCl4 complexes. Titania shell is deposited from the sol-gel reac-

tion of titanium tetraisopropoxide on the surface of the Au@BCP core-shell. The polymer tem-

plate was later removed by UV treatment to obtain Au@TiO2 yolk-shell nanostructures.  

In another work done by Wang et al. dealt with the synthesis of gold nanoparticle-loaded 

hollow mesoporous silica microspheres (Au@HMSM) (Figure 2.14).215 The synthetic proce-

dure deals with the encapsulation of pre-synthesized gold nanoparticle into PS-b-P4VP mi-

celles. The silica shell was then deposited onto these micelles via sol-gel reaction. The polymer 

sacrificial template was removed by the calcination of Au@BCP@HMSM core-shell particles 

at 550 °C for 4 hours, which leads to the formation of Au@HMSM yolk-shell nanostructures. 

Soft-templating is useful for the synthesis of yolk-shell nanostructures with a porous shell but 

it is limited by the challenges in choosing appropriate template materials and the preparation of 

such macromolecular architectures. 

 

Figure 2.14 Stepwise synthesis of Au@HMSM yolk-shell nanostructures via a soft-template method. 

Reproduced from Ref. 215.  

The other commonly used synthetic procedures involve the template-free synthesis 

methods such as Ship-in-bottle method,228,229 the Ostwald ripening method,177,230 Kirkendall 

diffusion method,34,164 and the Galvanic replacement method.35,222,223 

The Ship-in-Bottle Method: Through the ship-in-bottle method yolk-shell nanostructures with 

large cores can be formed via chemical reactions or self-assembly. Lou et al. were the first to 

prepare yolk-shell nanostructures through this method.228 They prepared silica yolk-shell 

nanostructures functionalized with multiple Au / Pt NPs. Shi and co-workers synthesised 

Fe2O3@SiO2 and Fe2O4@C yolk-shell nanostructures using the ship-in-bottle method.229 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 Fe2O3@SiO2 yolk-shell nanostructures. With the further introduction of furfuryl alcohol into 

the mesoporous channels of the shell, polymerization, carbonisation of poly furfuryl alcohol, 

the reduction of hematite into magnetite particles and the removal of silica template results in 

the formation of Fe3O4@C yolk-shell nanostructures.  

PS-co-4VP Au/PS-co-4VP Au/PS-co-4VP@HMSM Au@HMSM
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Ostwald Ripening Method: It is a physical phenomenon which involves recrystallization pro-

cess in solution. Liu and Zeng synthesised ZnS yolk-shell nanostructures by symmetric Ostwald 

ripening method.177 They first assembled tiny ZnS nanocrystallites into 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 

recrystallization of shell creates a void inside. Adopting the symmetric and asymmetric Ostwald 

ripening method more complex internal structures can be achieved.  

Kirkendall Diffusion Method: Kirkendall method involves the mechanism of void formation at 

the interface between different materials due to different interdiffusion rates in a bulk diffusion 

couple. Yin et al. were the first to employ the Kirkendall method to create hollow compound 

nanocrystals of cobalt oxide and chalcogenides (CoS and CoSe) with a size between 10-20 

nm.164 

Galvanic Replacement Method: It is generally employed to fabricate metal nanostructures with 

controllable hollow interiors and porous walls.221ï223 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 be used in fabricating gold-based hollow nanostructures with a wide 

range of morphologies including cubic nanocages, cubic nano boxes, triangular nanoring, sin-

gle-walled nanotubes, prism-shaped nano boxes, and multiple-walled nanoshells or nanotubes. 

Huang et al. synthesised hydrophobic yolk-shell nanostructures with an alloy core of less than 

20 nm in an organic solvent through the galvanic reaction between Au@AgNPs and HAuCl4.
223 

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 Nanostructures 

The Composition of the Yolk-Shell Nanoparticles: There are several methods to characterise 

yolk-shell nanoparticles by their composition. The best-suited method depends on the nature of 

the yolk-shell properties, such as crystallinity, magnetism, or luminescence. The presence of 

noble metal, such as Ag216 and Au,160,231 can be detected by UV-Vis due to their surface plas-

mon resonance. The content of the metallic core in the yolk-shell nanoparticles can be deter-

mined by inductively coupled plasma optical emission spectroscopy (ICP-OES). The crystalline 

composition of yolk-shell nanoparticles is normally determined by X-ray diffraction 

(XRD),3,160 energy-dispersive X-ray spectroscopy (EDS or EDX),8 and wide-angle XRD.231 

But it is difficult to detect a few metal nanoparticles with XRD. In this case, the presence of 

metal nanoparticle can only be detected by UV-Vis spectroscopy.  

In the case of yolk-shell nanoparticles containing organic residues, their content can be 

determined using various thermal analysis namely thermogravimetric analysis (TGA) and dif-

ferential thermal analysis (DTA).23,30 Fourier transform infrared 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.41,165,232 However, this technique cannot detect if they are present in a small amount. In the 

case of a core material containing ïNH2 as a functional group, Kaiser assay30 or a 

fluorenylmethyloxylcarbonyl (FMOC)232 quantification protocol can be used to determine their 

content. Rarely, some powerful methods such as UV-Raman spectroscopy,165 13C cross-polari-

zation magic angle spinning (CP-MAS),233 Nuclear Magnetic Resonance (NMR) spectros-

copy,165 and 29Si CP-MAS NMR spectroscopy233can also be used. 

In the case of magnetic yolk-shell nanoparticles (those with Fe3O4, Fe2O4),
31,185 a 

magnetisation hysteresis loop is frequently measured. The presence of fluorescent dyes232and 

folic acid23 can be detected by UV-Vis spectroscopy whereas FTIC232 and luminescent particles 

such as Gd2O3
33 are measured by photoluminescence spectroscopy. The surface charge of the 

particles depends on the presence of functional groups30 and coatings234 on them. This influ-

ences the zeta potential (ɕ-potential) and the stability of the yolk-shell nanoparticles. In order 

to measure the ɕ-potential, dynamic light scattering (DLS) is frequently used.234,235 

Proof of Core Encapsulation: Transmission electron microscopy (TEM) is the most commonly 

used method to confirm the yolk-shell morphology.30,152,232 As 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 to those of lower 

electron density.236 In the case of Ag@SiO2 yolk-shell nanoparticles, it is composed of a darker 

core and a brighter shell.216 In situ TEM is used to study the progress of reactions by Liu et al.29 

They successfully used TEM to show the electrochemical lithiation of Si@C yolk-shell nano-

particles and for monitoring the size expansion of the core.  

Scanning electron microscopy (SEM) is usually used to study the morphology of yolk-

shell nanoparticles. Although, under normal voltage, the core is normally invisible. Elevated 

acceleration voltages (5kV232, 10kV30) may enable visualisation of the core. In contrast to TEM, 

in SEM the more electron dense elements appear bright and less electron dense elements appear 

dark. EDS coupled with SEM or TEM is used to do elemental mapping (chemical composition) 

of yolk-shell nanoparticles. X-ray photoelectron spectroscopy (XPS) allows the characteriza-

tion of surface composition with a detection depth limit of approximately 10 nm.231  

Surface Area and Porosity: Nitrogen adsorption-desorption isotherms allow the determination 

of the specific surface area (SSA) of the yolk-shell nanoparticles whereas the pore distribution 

can be estimated by the Barett-Joyner-Halenda (BJH) method. The specific surface area is usu-

ally related to the size of the pore volume. This largely depends on the presence of molecules 

attached to or adsorbed on the surface. Liu et al. encapsulated magnetic iron oxide in mesopo-

rous silica.31 The specific surface area of the yolk-shell nanoparticles was measured to be 494.5 

m2 g-1 which decreased to 120.3 m2 g-1 after attachment of PEG and folic acid (FA) conjugates. 

Similarly, Kang et al. showed a gradual decrease in pore volume, surface area, and pore diam-

eter as a result of step-wise loading of hollow mesoporous silica spheres with a thermorespon-

sive polymer (GD2O3: Eu+3) core, and subsequently with a drug.33 
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2.3.5 Application  of Yolk-Shell Nanostructures 

Core-shell particles exhibit a strong electron transfer interaction between the core and 

the shell due to the maximised interfacial area of the nanoparticle core and the shell. Meanwhile, 

the yolk-shell structure comprises a nanoparticle core inside a hollow shell which allow the 

complete exposure of all active sites to be in contact with the reactant, whereas strong interac-

tions between the metal core and the shell are maintained through physical or chemical contacts 

in the structure.10 Various combinations of the core and shell provide opportunities to tune not 

only the shell morphology but also chemical and physical properties of the system as a whole. 

Recently, yolk-shell structures are gaining a lot of interest as promising candidates for cataly-

sis,151,204,237 lithium ion batteries,5,29,151,192 and in biomedicine.23,151,238 

One of the major applications of yolk-shell structures is their use as an anode material 

in lithium-ion batteries. Liu et al. have developed a yolk-shell structure which comprises the 

commercially available silica nanoparticles enclosed in a hollow carbon shell and proved that 

such an assembly can be used as an anode material with high capacity and long cycle life.29 

Moreover, the void between the shell and the core allowed the silica particles to expand freely 

without breaking the shell thereby stabilising the solid electrolyte interface on the shell sur-

face.29 Similarly, Sn@C yolk-shell structures have been integrated into a 3D nanofibrous con-

ducting structures to use them as free-standing materials for gel-type lithium-ion batteries.239 

Recently, Li et al. developed Al@TiO2 yolk shells with tunable interspace and ultra-high ca-

pacity and long charging/discharging cycle life.5 

Specially designed yolk-shell structures 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 be functionalized with desired functional groups to achieve controlled 

drug delivery and release. Yolk-shell structures with magnetic cores (Fe3O4 or Fe2O3 nanopar-

ticles) have been shown to have a very high drug loading capacity and tested as a model system 

to deliver ibuprofen.238 Such structures possess enhanced drug loading capacities as well as 

significant magnetisation strength (> 20 emu g-1). Xu et al. studied the cytotoxicity of 

FePt@CoS2 yolk shells and observed to have a high toxicity against HeLa cells.163 In a similar 

study conducted by Y. Zhu et al. dealt with the cytotoxic effects of Fe3O4@SiO2 loaded with 

Doxorubicin Hydrochloride (DOX) on HeLa cells.240 They found that the drug-loaded 

Fe3O4@SiO2 exhibited relatively greater cell cytotoxicity than that free of DOX. As said earlier, 

with a combination of shell and the optical and/or the magnetic properties of the core, yolk-

shell structures can serve both as an imaging agent as well as an anticancer drug.151,163,240ï242 

The yolk-shell particles can be considered as nano-reactors when used for cataly-

sis.3,184,203,243 The presence of the shell provides the nanoparticle with a homogeneous environ-

ment around and prevents their agglomeration and sintering. For example, Priebe et al. have 

shown the use of Ag@SiO2 yolk shells as an effective catalyst for the degradation of Methylene 

Blue using sodium borohydride.13 Similarly, Au@SiO2 yolk-shell structures were used as a 

model catalyst for the reduction of 4-nitrophenol in presence of sodium borohydride.184 The 
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shell protects the catalyst core from leaching out. At the same time, the porous nature of the 

shell allows the reactants to come into contact with the catalyst. In general, catalytic nanoreac-

tors should possess fast diffusion of reactants and products, a structure suitable to protect the 

enclosed catalyst and long-term stability. Moreover, the yolk-shell catalysts may possess cata-

lyst selectivity. Ballauf and coworkers showed that Au@PNIPAM yolk-shell nanostructures 

possess catalytic selectivity for borohydride assisted the reduction of nitroarenes.244 

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 porogen or 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 incorporation of a porogen upon 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 showed that by fine-tuning 

the surface functionality of Au@SiO2 yolk shells, the catalytic activity can be varied.22 Further 

to varying the shell porosity varying the number of cores inside the shell could also bring sig-

nificant changes in their catalytic activity.215,231 
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3.1 CHARACTERIZATION TEC HNIQUES 

3.1.1 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscope (SEM) uses 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-

nals which contain information about the sample's surface topography, morphology and chem-

ical composition.245 (Additional instrumental details are discussed in Section 8.2.1.) 

The samples for the SEM measurements were prepared by drop casting the respective 

dispersions onto silica wafers. The samples prepared on silicon substrates were viewed under 

the SEM without any additional coating. The cut wafers were pre-cleaned by sonication in eth-

anol and dried under nitrogen flow. 

In order to study the frit  surface and cross-section, the frit  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 power kit, UHU GmbH & Co KG, Bühl / Baden, Germany). 

A conductive connection was painted with a silver ink between the SEM holder and the frit  

piece. Finally, the whole assembly was coated with 20 nm conductive carbon layer using a 

carbon evaporator (Leica SCD500, Leica Microsystems GmbH, Wetzlar, Germany). The SEM 

images were 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 Transmission Electron Microscopy (TEM)  

A Transmission Electron Microscope (TEM) 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) compared to visible light (400-700 nm), the angstrom resolution 

is reached, which is thousand times higher than in conventional light microscopes.246 (Additio-

nal instrumental details are discussed in Section 8.2.2.) 

In the present work, Libra 120 (Carl Zeiss AG, Germany) operated at 120 kV was used 

to perform TEM imaging of prepared samples. Conventional and energy filtered TEM images 

(EFTEM) were obtained using Libra120 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 by a 3-windows method using 20 eV window widths. For 

elemental mapping, K-ionization edges of N and C, and L23-ionization edge of Si were used. 

Specimens for TEM imaging were prepared by drop-casting ca. 5 µL of sample dispersed in an 

appropriate solvent on the carbon coated copper grids and allowed to dry on a bloating paper. 
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3.1.3 UV-VIS Absorbance Spectroscopy 

The absorbance of light is a phenomenon which involves the energy transfer from light 

to matter most in the form of thermal energy. Electromagnetic waves in the ultraviolet (200 - 

400 nm) and visible range (400 - 800 nm) are able to induce electronic transitions in mole-

cules.247 Most absorption spectroscopy of organic compounds is based on transitions of n or ˊ 

electrons to the ˊ* excited state. This is because the absorption peaks for these transitions fall 

in an experimentally convenient region of the spectrum (200 ï 700 nm).248 UV spectroscopy 

obeys the Beer-Lambert law which relates the absorbance of a solution to the concentration of 

the absorbing species by the following equation, 

 
═  ■▫▌ 
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where A is the absorbance, I0 is the intensity of light incident on the sample cell, I, is 

the intensity of the transmitted light after passing through the sample, Ů is extinction coefficient, 

c is the concentration of the absorbing species in the solution, l is the path length of the light 

through the sample.249 (Additional instrumental details are discussed in Section 8.2.3.) 

In the present work, SPECORD 40 UV-Vis spectrophotometer (single beam, fixed slit 

width) was used to study the kinetics of catalytic reactions and performance of the catalyst, as 

well as for measuring of plasmonic spectra of samples containing silver and gold nanoparticles.  

3.1.4 Dynamic Light Scattering (DLS) 

Dynamic Light Scattering (DLS) is one of the most widely used techniques to study the 

properties of suspensions and solutions of colloids.250,251 Shining a monochromatic light beam 

on particles in Brownian motion results in Doppler shift as the light hit the moving particle. 

This, in turn, results in changing the wavelength of the incoming light. This change can be 

related to the size of the particle. From the diffusion coefficient, the size of the particles can be 

determined from Stokes-Einstein equation:  

 
▀╗
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 (3.2) 

where d(H) is the hydrodynamic particle diameter, D ï translational diffusion coefficient, 

k ï Boltzmann constant, T ï absolute temperature, and ɖ ï viscosity.252 (Additional instrumental 

details are discussed in Section 8.2.4.) 

In this work, Dynamic light scattering (DLS) measurements were performed at 25 °C 

using Zetasizer Nano S (ZEN 1600, NIBS Technology, Malvern Instruments, UK) equipped 

with 4 mW He-Ne-laser (632.8 nm, scattering angle 173°). 
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3.1.5 Gas Adsorption Measurements 

As a result of more reactive surface atoms, the solid surfaces attract gases, vapours and 

liquids to balance atomic forces. As 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).253,254 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 of both adsorbent and the adsorbate. (Section 8.2.5.) 

Here, the porosity of synthesised samples was analysed at the temperature of liquid ni-

trogen (77 K). N2 adsorption experiments were carried out employing the automatically work-

ing absorptiometer Autosorb-1 (Quantachrome GmbH & Co. KG, Odelzhausen, Germany), 

which is a volumetrically operating instrument. The evaluation of the specific surface area was 

carried out according to Brunauer, Emmett, and Teller (BET) method. The pore size distribu-

tions were determined according to the Barrett-Joyner-Halenda (BJH) method for the meso-

pores and Saito-Foley (SF) method for the micropores. 

3.1.6 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

ICP-OES is a trace level elemental analysis which uses the emission spectra of a sample 

to identify and quantify the elements present.255 The technique involves the introduction of 

sample solutions into the plasma that desolvates ionises and excites them. By identifying and 

quantifying the intensity of the characteristic emission lines, constituent elements can be iden-

tified.  

The content of gold in Au@SiO2@PSS catalyst was determined by using Agilent 5100 

SVDV ICP-OES. Four portions of catalyst sample (ca. 10 mg each) were accurately (± 0.0001 

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 gold content. 

To estimate the content of gold in the frit , Au@PS-b-P4VP micellar solution, Au@PS-b-

P4VP@SiO2 feed solution, as well as filtrate solution collected after the infiltration into P5 frit 

was analysed. For this purpose, 1.0 g of each solution was placed into a glass vial and solvents 

were evaporated on a rotary evaporator. The dried sample was digested in 2 mL aqua regia, 

heated for 1 h (boiling point). After cooling the solution was transferred to a volumetric flask. 

The solution was filled up to 25 mL with ultrapure water. This solution was measured with ICP-

OES. All calibration procedure standard solutions were matrix matched. 

3.1.7 Atomic Force Microscopy (AFM)  

Atomic Force Microscope uses mechanical springs to sense forces and piezoelectric 

transducers for scanning.256,257 The AFM measures the forces acting on the tip and sample. 

(Section 8.2.6.) In the present work, tapping mode imaging was used to study the silica depos-

ited BCP micelles. Height and phase images were simultaneously obtained using single beam 
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silicon tip with a resonant frequency of 60 ï 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 

onto pre-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 time.258 Inorganic materials, 

metals, polymers and plastics, ceramics, glasses and composite materials can be analysed in the 

form of powder or small pieces.259 In the present work, samples were measured as a powder to 

detect the degradation temperature of the polymer. TGA measurements were performed using 

TA Q 5000 thermal analyser at a heating rate of 10 K / min in air. 

3.2 CHEMICALS  

Table 3.1 List of Polymers Used (All polymers were procured from Polymer Source Inc. Can-

ada) 

Polymer (Com-

mercial Name) 
Structure 

Mn × 103 

g mol-1 
PDI 

ű / Functional-

ity 

PSïSH 

(P4430ïSSH) 
 

5.3 1.10 

SH functional-

ity 

> 95% 

PS-bï-P4VP 

(P9849ïS4VP) 

 

18.5-b-40.5 1.10 
ű (P4VP) å 0.3 

ű (P4VP) å 0.7 

 

Table 3. 2 List of Chemicals and Solvents  

Name Structure 
Mw 

g mol-1 
Supplier 

Ammonium hydroxide 

(28 - 30 %) 
NH4OH 35.04 

Fischer 

Chemicals 

Congo Red (CR,  Ó  

35 % dye content) 

 

696.66 
Sigma  

Aldrich 
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Ethanol (EtOH,  

absolute) 
C2H5OH 46.07 

VWR 

PROLABO 

Hydrochloric acid 

 (37 %) 
HCl 36.46 

Fischer 

Chemicals 

Methanol (MeOH) 

 

32.04 
Acros 

Organics 

Methyl Orange (MO, 

85 % dye content) 

 

327.33 
Sigma 

Aldrich 

Methylene Blue (MB, Ó 

97 % dye conent) 
 

319.85 
Sigma 

Aldrich 

Millipore water (18.2 

Mɋ ï cm at 25 °C) 
H2O 18.01 

Pure Lab 

Plus® 

Oleylamine (OlAm) 

 

267.49 
Sigma 

Aldrich 

4 ï Nitrophenol (4-NP, Ó 

99% ) 
 

139.11 
Sigma 

Aldrich 

Silver acetate, (AgAc, 

99.99 % ) 

 

166.91 
Sigma 

Aldrich 

Sodium borohydride NaBH4 37.83 
Sigma 

Aldrich 

Sodium tetrachloroau-

rate (III) dihydrate, 

 99 % 

NaAuCl4 . 2H2O 397.80 
Sigma 

Aldrich 

Tetraethyl orthosilicate 

(TEOS, 98 % ) 
 

208.33 
Sigma 

Aldrich 

Tetraoctylammonium 

bromide (TOAB, 98 %)  
546.79 

Sigma 

Aldrich 
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Trisodium citrate dihy-

drate (99 %) 

 

294.10 
Sigma 

Aldrich 

Xylene C8H10 106.16 
Acros 

Organics 

3.3 SYNTHETIC PROCEDURES 

3.3.1 Synthesis of PS-b-P4VP@SiO2 Particles 

The block copolymer micelles were prepared by dissolving the PS-b-P4VP block co-

polymer in chloroform to give a homogeneous dispersion at a BCP concentration of 0.5 mg mL-

1. It was then filtered through a 0.2 µm pore size PTFE membrane filter. In order to induce the 

micellization, a solvent exchange was done by adding an equivalent volume of methanol 

dropwise to 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 residue was redispersed in methanol to give a PS-b-P4VP micellar stock solution with a 

BCP concentration of 0.1 mg g-1. It was then refluxed for 24 hours to obtain stable spherical 

PS-b-P4VP micelles in methanol. If required, the BCP concentration was adjusted by adding 

methanol (minor weight loss during reflux). The PS-b-P4VP micellar solution with the BCP 

concentration of 0.5 mg and 2.0 mg g-1 were prepared by concentrating 0.1 mg g-1 stock solution 

on a rotary evaporator to a desired residual mass.  

 Silica sol was prepared separately by mixing 1.2 mL of TEOS with 1.25 mL of metha-

nol, 1.5 mL of deionized water, and 0.75 mL of 0.2 M aqueous HCl.260 The mixture was stirred 

for 30 min at room temperature and filtered through a 0.2 µm pore size PTFE membrane filter 

before mixing with the PS-b-P4VP micellar solution. Deposition of silica shell on PS-b-P4VP 

micelles was done by adding a measured amount 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 and washed multiple times using 

ethanol at 13,500 rpm with a high-speed centrifuge. Then the collected sediment was dried in 

vacuum at 50 °C for 3 hours. The 4VP: TEOS ratio can be varied to attain particles with differ-

ent morphologies. By removing the BCP template hollow silica particles can be prepared. 

3.3.2 Synthesis of PS-stabilized Silver Nanoparticles (AgNP-PS) 

Silver nanoparticles were synthesised using a method described by Hiramatsu with some 

modifications.261 For the particular synthesis, 0.3 mmol of silver acetate (AgAc) was mixed 

with 2.5 mL of OlAm and injected to 50 mL of boiling xylene at 160 °C under the inert 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 the formation of silver colloids. OlAm simultaneously serves the 

function of both mild reducing agent and particle stabiliser.  

In next step, 15 mL of the reaction mixture containing ca. 10 mg of as-synthesized silver 

nanoparticles were subjected to drying in a rotary evaporator to remove solvents. The dried 

nanoparticles were then dissolved in 5 mL of chloroform. Separately, 10 mg of PS-SH was 

dissolved in 10 mL of chloroform. The PS-SH solution was then added to silver nanoparticle 

dispersion in chloroform drop by drop under continuous stirring. Next, 5 mL more chloroform 

was added to the AgNP/PS mixture and left to stir for 24 hours. Thereafter PS-coated AgNP 

was flocculated by adding 10 mL of methanol and centrifuged at 13,500 rpm for 10 minutes. 

To remove the rest of OlAm and excess of PS-SH, repeated (6-8 times) centrifugation/redisper-

sion steps were performed by adding chloroform as a solvent (ca. 5 mL) and methanol as floc-

culating agent (ca. 10 mL for each step). The final product was collected and dried in vacuum 

oven at 50 °C overnight to give a fine metallic powder of ca. 11 mg.  Finally, PS-capped AgNP 

were dissolved in chloroform to give a stock solution, which has been used for further experi-

ments. 

3.3.3 Synthesis of PS-stabilized Gold Nanoparticles (AuNP-PS) 

Gold nanoparticles coated with stabilising polystyrene (PS) shell was synthesised via 

two-step method. In the first step, water-soluble AuNP stabilised with citrate ligand were 

synthesised using a similar procedure described by Brown et al. with some modifications.262 In 

the typical synthesis, 0.27 mmol (107.4 mg) of sodium tetrachloroaurate (III) trihydrate was 

added to a flask with deionized water. After one minute, 11 mL of aqueous solution of 1.0 wt. 

% trisodium citrate was added. Another 30 s later, 5.5 mL of freshly prepared ice-cold aqueous 

solutions of 0.08 wt. % sodium borohydride and 1.0 wt. % sodium citrate was quickly injected. 

The resulting volume of the reaction mixture was 500 mL. After 10 minutes of stirring, the 

solution was cooled down to room temperature.  

To modify AuNP surface with PS shell, ligand exchange step was implemented. 

Tetraoctylammonium bromide (TOAB) was used as phase transfer agent, whereas thiol-termi-

nated polystyrene was used as polymer ligand. In a typical experiment, 50 mg of TOAB was 

dissolved in 50 mL chloroform. Separately, 10.6 mg PSSH (double excess relative to the Au0 

by weight) was dissolved in 10 mL of chloroform and mixed with the TOAB solution. Then 

this mixture was added to a separation funnel containing 50 mL of aqueous solution of citrate-

stabilized AuNP. The two-phase mixture was shaken intensively until the upper aqueous phase 

appeared colourless. Organic phase with gold nanoparticles was separated and concentrated on 

rotary evaporator to the volume of ca. 10 mL. The reaction mixture was left under stirring for 

the next 24 hours at RT to ensure exchange of TOAB with PSSH. PS-stabilized Au nanoparti-

cles were flocculated by adding 100 mL of ethanol, collected by centrifugation and then purified 

by repeated centrifugation/redispersion cycles with ethanol and, subsequently, with acetone 

(three cycles with each solvent). After removal of excess of TOAB and PS-SH, PS-capped gold 

nanoparticles were transferred into a vial, dried at 50 °C in a vacuum oven overnight. Finally, 
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PS-capped AuNP was dissolved in chloroform to give a stock solution, which has been used 

for further experiments. 

3.3.4 Synthesis of Ag@SiO2 and Au@SiO2 Yolk-Shell Nanostructures 

Enclosing Metal Nanoparticle within the Core of Block Copolymer Micelles: For enclosing 

AgNP or AuNP in micellar cores of PS-b-P4VP micelles, 10 mg of PS-b-P4VP was first dis-

solved in 50 mL chloroform and mixed with a measured amount of PS-capped AgNP or AuNP 

stock solution in chloroform. For the preparation of Ag@SiO2 yolk-shells, the weight percent-

age of AgNPs was kept 40% with respect to the BCP content whereas for the Au@SiO2 yolk-

shells AuNP weight percentage was kept 20% with respect to the BCP content. After mixing 

both components, the volume of the whole mixture was adjusted to ca. 100 mL by adding chlo-

roform. Next, an equal amount of methanol (ca. 100 mL) was added. Both the solvents were 

then slowly evaporated on a rotary evaporator to induce micellization. After complete removal 

of solvents, the weighed residue was dispersed in 100 g methanol and made up to a BCP con-

centration of 0.1 mg g-1. The thus prepared dispersion was refluxed for 24 hours. After reflux, 

a mixture of AgNP (or AuNP) and PS-b-P4VP in methanol formed a long-term stable micellar 

solution containing PS-stabilized nanoparticles enclosed within PS cores of PS-b-P4VP mi-

celles was formed.  

Preparation of Silica Sol: Silica sol was prepared by mixing tetraethyl orthosilicate (silica pre-

cursor) with ethanol, water, and catalyst. Sol-gel process can be carried out in the presence of 

an acid (HCl) or a base (NH3), as a catalyst.263 Acid catalysed system results in a less cross-

linked monolith structure whereas base catalysed system creates highly cross-linked colloidal 

particles. In the present work, acid catalysed sol-gel process was used by following a synthetic 

procedure discussed above (Section 3.3.1).  

Synthesis of Ag@SiO2 and Au@SiO2 Yolk-Shell Nanostructures: For the preparation of 

Ag@SiO2 and Au@SiO2 yolk-shell nanostructures (nanoparticles) silica deposition was done 

by adding a measured volume of freshly prepared and filtered silica sol (2.4 mL, 4VP:TEOS 

400mr) to 10 g of a micellar solution of Ag@PS-b-P4VP or Au@PS-b-P4VP and vigorously 

stirring for a certain period of time (from 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 centrifugation/redisper-

sion procedure. The final product was collected and dried under vacuum at 50°C for 2 hours. 

The thus 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 behind hollow 

mesoporous silica shell with metal nanoparticle as the core. The pyrolyzed sample was then 

collected, powdered, and dispersed in Millipore water at the desired concentration prior to its 

use as a catalyst.  
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3.3.5 Synthesis of Porous Silica-supported Yolk -Shell Catalyst (Au@SiO2@PSS) 

For the synthesis of Au@SiO2@PSS catalyst, Au@PS-b-P4VP@SiO2 particles were 

prepared using a protocol as discussed in Section 3.3.4, followed by one additional synthetic 

step purposed to convert unreacted silica precursor into porous silica support (PSS). In partic-

ular, 2.4 mL of freshly prepared silica sol was added to the 10 g of the Au@PS-b-P4VP micellar 

solution in methanol and allowed to react for 2 hours. After 2 hours the mixture was exposed 

to ammonia vapour for 48 hours to complete the hydrolysis-condensation of TEOS. The unre-

acted reagents were washed out with methanol by repeated centrifugation/redispersion proce-

dure (10 min at 13,500 rpm). The obtained Au@PS-b-P4VP@SiO2@PSS was dried under 

vacuum at 80 °C for 2 hours to yield a fine pink powder. To remove the block copolymer tem-

plate, the Au@PS-b-P4VP@SiO2@PSS powder was first ground with a mortar and pestle and 

subjected to oxidative step-wise 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 mg mL-1 concentration and 

further used as a stock solution for the catalytic experiments. 

3.3.6 Fabrication of Flow-Type Catalytic Reactors by Infiltration of Au@PS-b-

P4VP@SiO2 in Porous Glass Frit  

In order to prepare flow-type catalytic reactors, Au@PS-b-P4VP particles were pre-

pared as described in Section 3.3.4. The Au@PS-b-P4VP micellar dispersion (c
BCP

 = 0.1 mg g-

1) was mineralized via a sol-gel procedure. The silica deposition was done by reacting the mi-

cellar dispersion with silica sol for 2 hours, by maintaining a molar ratio between TEOS and 

4VP as 400 mr. The thus prepared Au@BCP@SiO2 particles were collected and washed with 

ethanol to remove the unreacted precursor, unbound oligomers, water, and HCl. Finally, parti-

cles were dispersed in ethanol to give a stock solution of 0.1 mg g-1 (BCP mass based) and used 

for infiltration. The collected and washed, Au@PS-b-P4VP@SiO2 particles were then infil-

trated into porous glass frits (sintered glass frit discs, biplane, series 16, with a frit  diameter, 

d(frit) = 2.0 cm, procured from ROBU) using a water jet vacuum aspirator pump with an end 

vacuum of 16 mbar and a flow rate of 400 mL h-1. Prior to infiltration, the frits were washed 

multiple times with methanol and ethanol using the water jet vacuum aspirator pump. Frits were 

prepared with three different Au@SiO2 particle loadings, namely 0.5 mg, 1.0 mg, 2.0 mg (BCP 

mass based), respectively, by infiltration of an appropriate amount of Au@PS-b-P4VP@SiO2 

dispersion in ethanol. The frits were then subjected to a stepwise pyrolysis in the air at 300°C 

for 6 hours to remove the block copolymer template and other organic residues present if any. 

Collected filtrate was kept for further analysis. 

3.4 IN-SITU MONITORING OF SILICA SHELL FORMATION  

The whole procedure was carried out in disposable DLS cuvettes without stirring. 1 g 

of the PS-b-P4VP micellar stock solution was added to a cuvette. Next, 227 µL of silica sol was 

added and intensively mixed for 20 s. The cuvette was placed in Z-sizer and continuous DLS 
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measurements were started. The interval between successive measurements was 2 min, whereas 

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 equilibration. The 

refractive indices and viscosity were set as specified for methanol (n = 1.326, ɖ = 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 Zetasizer Nano S. DTS includes cumulant analysis and multi-

modal size distribution algorithm NNLS, which have been used for the calculation of hydrody-

namic particle size, PDI, and particle size distributions.  

3.5 CATALYTIC STUDIES  

3.5.1 Catalytic Reactions using Ag@SiO2, Au@SiO2 Yolk-Shell Nanoparticles, and 

Au@SiO2@PSS Catalyst 

Catalytic experiments 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@SiO2 and Au@SiO2 yolk-shell nanoparticles were powdered and dispersed in 

Millipore water with a catalyst concentration of 0.02 mg mL-1. Au@SiO2@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 mL-1. A measured volume of catalyst dispersion (from 0.02 to 0.5 

mL) was added to a mixture of freshly prepared aqueous solution of NaBH4 (0.9 mL, 0.2 M), 

aqueous solution of 4-NP (0.3 mL, 0.2 mM) and Millipore water (from 0.5 to 0.98 mL), such 

that total volume of the reaction mixture in all experiments was kept constant (2.2 mL). Suc-

cessive UV-Vis spectra were recorded every minute in the wavelength range 250-700 nm im-

mediately after addition of the catalyst. For Ag@SiO2, Au@SiO2, and Au@SiO2@PSS 

catalysts, evaluation of the reaction kinetics was done by monitoring the intensity change of 

nitrophenolate absorption peak (ɚmax = 400 nm) with respect to the time. Experiments on the 

catalytic degradation of Congo Red using Au@SiO2@PSS catalyst were carried out maintain-

ing experimental conditions similar to those for 4-nitrophenol. Evaluation of reaction kinetics 

was done by monitoring the intensity change of absorption peak at 498 nm with respect to the 

time. Similar experimental conditions 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 at 464 nm and 664 nm respectively. 

3.5.2 Continuous Flow Catalytic Studies  

Continuous flow catalytic experiments were carried out by connecting the as prepared 

frit  to a peristaltic pump and to a flow-through cell (1cm path length). A peristaltic pump (Is-

matec REGLO Digital 2/6 Variable Speed Pump with a flow rate range of 0.005 to 59 mL min-

1 operating at 115V/230V) was used to maintain a continuous flow through the frit and control 

the flow rate. The frit  was placed into a self-designed 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 screws. The feed 

solution was fed to the pump which in turn channelled to the frit  followed by the cuvette and 

outlet. The feed solution of Congo Red (0.067 mM) was prepared by diluting 100 mL, 0.2 mM 

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. After measuring the absorption spec-

tra of Congo Red for 10 min, NaBH4 was added as a powder to the feed solution. The amount 

of NaBH4 was calculated and weighed such that the molar ratio between Congo Red and NaBH4 

will always be 3000. Successive UV-Vis spectra were recorded every minute in the wavelength 

range of 250-700 nm. Evaluation of the reaction kinetics was done by monitoring the intensity 

change of the Congo Red dye at 499 nm with respect to time. Experiments on the catalytic 

degradation of Methyl Orange (ɚmax = 464 nm), and 4-nitrophenol (ɚmax = 400 nm) were carried 

out maintaining the experimental conditions similar to those for Congo Red. 
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4.1 IN-SITU MONITORING OF S ILICA SHELL FORMATIO N  

4.1.1 Motivation  

In the recent past, 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 permeability.83 These 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 and imaging 

agents. Such hollow nanostructures can be synthesised via a multitude of techniques such as 

hard or soft templating, chemical etching, layer-by-layer (LbL) deposition, emulsion 

polymerization, etc.  

Lately, much interest has been shed to using sacrificial templates for the synthesis of 

inorganic hollow nanostructures. Among the various templates, self-assembled block copoly-

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

advantages.264ï268 For instance, BCP has been used as templates for the fabrication of smart 

materials for drug delivery, controlled release materials, or porous catalysts.269 Self-assembled 

BCP structures can be stabilised by cross-linking one of the blocks and then disintegrated using 

an appropriately selected solvent to produce isolated hairy particles.270,271 Among the large va-

riety of block copolymers available, those composed of reactive blocks, such as poly(2-vinyl 

pyridine) or poly(4-vinyl pyridine) attract much attention. 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 nanostructures.272ï275 The lone pair of electrons at 

the pyridine unit enables the coordination with other electron-deficient species or complexation 

with additives via hydrogen bonding.276 Moreover, in protonated or quaternized state 4VP units 

can electrostatically interact with charged molecules, particles, and substrates.277 The most 

widely used BCPs are PS-b-P2VP and PS-b-P4VP. Comparably high ɢ values for PS/P4VP pair 

allows the disassembly of the matrix forming components with selective solvent without affect-

ing the shape of domains formed by the minority component.278 

Wang et al. studied the formation of hollow silica microspheres via a sol-gel process by 

using PS-b-P4VP as a sacrificial template. Block copolymer micelles were created with a PS 

core and P4VP corona.279 The silica shell was deposited on the BCP micelles, which later re-

moved by calcination. The reactive nature of the P4VP facilitates the hydrolysis-condensation 

reaction of the silica precursor (TEOS) on the outer shell of the micelle. The shell thickness can 

be changed by varying the TEOS: 4VP ratio.  

Khanal et al. employed PS-b-P2VP-b-PEO triblock copolymer templates to create hol-

low silica nanospheres (Figure 4.1).83 They first synthesised PS-b-P2VP-b-PEO micelles, 

which has a glassy PS core, an ionizable hydrophilic P2VP shell, and a hydrophilic PEO corona. 

Due to the repulsive forces among the protonated P2VP chains, the P2VP shell extends at low 

pH (< 5).60 The addition of anionic species into these micelles nullifies the positive charge of 
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the P2VP unit, resulting in a morphological change in the P2VP shell from an extended to a 

shrunken form.83,280 The authors explored these properties of the micelles to selectively deposit 

the silica shell on the P2VP block of the micelles via a sol-gel technique. The protonated P2VP 

chains act as an acid catalyst site for the hydrolysis of the silica precursor (tetramethoxysilane) 

and the negative charge of the silica at pH 4 helps them to strongly bind to the protonated P2VP 

block. The block copolymer micellar template was later removed by calcination to obtain hol-

low silica nanospheres. 

They have concluded that utili sing the reactive nature of the block copolymer templates, 

inorganic nanospheres can be prepared by selectively depositing the inorganic material in the 

targeted micro-compartment of 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 the sol-gel reaction.  

 

Figure 4.1 Fabrication of hollow silica nanosphere from PS-b-P2VP-b-PEO micelle template. Repro-

duced from Ref. 83.  

Sol-Gel Process: It involves the hydrolysis and condensation of a silicon alkoxide (eg. Tetrae-

thylorthosilicate) in presence of an acid or a base, as a catalyst.263 Acid catalysed system results 

in a less cross-linked monolith structure whereas base catalysed system creates highly cross-

linked colloidal particles. The general process of hydrolysis and condensation of the silicon 

alkoxide leading to the formation of silica particles, taking tetraethylorthosilicate as an exam-

ple, are as follows: 

 ╢░╞╒╗  ╗╞ 
▐◐▀►▫■◐▼░▼
ựựựựựự  ╢░╞╒╗ ╞╗ ╒╗╞╗ (4.1) 
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 ḳ╢░╞ ╗ ╗ ╞ ╢░ḳ 
◌╪◄▄► ╬▫▪▀▄▪▼╪◄░▫▪
ựựựựựựựựựựựựựự ḳ╢░╞ ╢░ḳ ╗╞ (4.2) 

 ḳ╢░╞╒╗ ╗ ╞ ╢░ḳ 
╪■╬▫▐▫■ ╬▫▪▀▄▪▼╪◄░▫▪
ựựựựựựựựựựựựựựựự  

ḳ╢░╞ ╢░ḳ  ╒╗╞╗ 
(4.3) 

Hydrolysis of alkoxide groups results in the formation of silanol groups while the con-

densation or polymerization between silanol groups or between silanol groups and ethoxy 

groups results in siloxane (Si-O-Si) bridges. Condensation can be increased by applying tem-

perature or by increasing the H+ content whereas, an increase in water content results in reduced 

condensation. 

The kinetics and mechanism of acid or base catalysed sol-gel reactions depend on the 

temperature, pH, type of catalyst, and composition of the reaction medium.281,282 The rate of 

condensation is very slow at pH closer to the isoelectric point whereas the gelation 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 of the sol-gel process and subse-

quently alter the properties of the formed silica particles. Silica particles synthesised using 

different acid catalysts will also differ in size and morphology. In general, the pathways, stages, 

and mechanisms of sol-gel processes are well studied as for today. If the sol-gel reaction is 

carried out in the presence of templates, it might be much more complex, especially if such 

templates are ñreactiveò with respect to the sol-gel components. In the present work, PS-b-

P4VP block copolymer micelles were used as templates for silica shell formation. The aim of 

this study was to understand the mechanism of silica shell formation and possible pathways of 

the sol-gel process taking place in the presence of reactive BCP micelles. In particular, the main 

focus was shed on monitoring the silica shell formation around the block copolymer micelles 

using acidic silica sol as a precursor and PS-b-P4VP micelles as the reactive template using 

DLS technique.  

4.1.2 Synthesis of PS-b-P4VP@SiO2 Particles 

In order to prepare the block copolymer micelles, asymmetric PS-b-P4VP block copol-

ymer with PS block as minority component with Mn (PS) = 18,500 g mol-1, Mn (P4VP) = 40,500 

g mol-1, PDI = 1.10, ű (PS) = 0.3 vol. %, ű (P4VP) = 0.7 vol. % was used. In P4VP selective 

solvents, such as methanol or ethanol, PS-b-P4VP forms micelles composed of collapsed PS 

core and swollen P4VP corona. Although PS-b-P4VP of this particular composition self-assem-

bles into cylindrical morphology in bulk, the shape of BCP micelles in P4VP selective solvents 

might be altered from cylindrical to spherical by ageing or heating PS-b-P4VP micellar solu-

tion. 

Figure 4.2 shows the steps involved in the synthesis of PS-b-P4VP@SiO2 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 PS-b-P4VP micelles were prepared via solvent 



  

Results And Discussion 

 

  55 

  

exchange method by adding methanol to the block copolymer solution in chloroform followed 

by the slow evaporation of solvents. Chloroform being more volatile evaporates faster. Thus, 

during slow evaporation of the solvent, the fraction of chloroform was gradually reduced, 

whereas the fraction of methanol gradually increased forming PS-b-P4VP micelles with col-

lapsed PS core and extended P4VP corona. After the complete evaporation of solvents, the 

obtained residue was redispersed in methanol and refluxed to obtain stable spherical PS-b-

P4VP micelles. Upon reaction with the silica sol, the extended P4VP corona gets protonated in 

the presence of acidic sol and acts as additional catalytic sites for hydrolysis-condensation re-

action of silica precursor onto the PS-b-P4VP micelles. The procedure for the synthesis of PS-

b-P4VP@SiO2 particles is detailed in Section 3.3.1. The resultant sediment was then diluted to 

required concentration for microscopical as well as spectroscopical characterizations.  

 

Figure 4.2 Schematic showing the synthesis of PS-b-P4VP@SiO2 particles.  

4.1.3 Effect of Processing Conditions on the Morphology of PS-b-P4VP@SiO2 

As mentioned earlier, the properties of the yolk-shell 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 PS-b-P4VP@SiO2 particles. Effect of various processing conditions 

such as molar ratio of TEOS: 4VP, BCP concentration, and reaction time on the morphology 

and properties PS-b-P4VP@SiO2 particles are discussed in the following section.  

Effect of the Amount of Silica Precursor: In order to study the effect of varying the amount of 

silica sol on the morphology of PS-b-P4VP@SiO2 particles, different amount of silica sol was 

added to the micellar solution whereas the BCP concentration (0.1 mg g-1) and reaction time 

(24 hours) was kept constant. The silica sol content was estimated based on the molar ratio (mr) 

between silica sol precursor (TEOS) and 4VP units. The silica deposited nanospheres were then 

collected and washed several times with ethanol using a high-speed centrifuge at 13,500 rpm. 

The purified PS-b-P4VP@SiO2 particles were re-dispersed in ethanol maintaining the initial 

concentration (0.1 mg g-1). The particle dispersion was drop-casted on cleaned silica wafers and 

characterised using SEM without any additional coating. 

P4VPPS

Micellization

Silica 

deposition

PS-b-P4VP@SiO2

particles
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Figure 4.3 shows the effect of the different amount of silica sol on the morphology of 

obtained PS-b-P4VP@SiO2 particles. The particles formed at lower molar ratio shows an inho-

mogeneous particle distribution over the substrate surface where the particles appear aggregated 

and non-uniform in size (Figure 4.3 a, d). With the increase in molar ratio to 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 though they still maintain their spherical 

shape (Figure 4.3 c, d and g, h). At higher amounts of silica sol, the excess silica precursor 

present in the acidic reaction medium might undergo further hydrolysis-condensation reaction 

leading to the formation of silica networks where PS-b-P4VP@SiO2 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, it is unmistakable that 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 of PS-b-P4VP@SiO2 particles obtained by sol-

gel process in methanol at different TEOS: 4VP molar ratios: (a, e) 100mr; (b, f) 400mr; (c, g) 1000mr; 

(d, h) 4000mr. Scale bars are 1µm (top) and 100 nm (bottom).  

Effect of Block Copolymer Concentration: Another parameter that affects the morphology of 

PS-b-P4VP@SiO2 particles is the block copolymer concentration. Micellar dispersion with 

three different PS-b-P4VP concentrations is used to study the effect of BCP concentration on 

the morphology of PS-b-P4VP@SiO2. The TEOS: 4VP molar ratio was kept constant at 400 

mr and the reaction time as 24 hours. 

As can be seen from Figure 4.4, at a low BCP concentration of 0.1 mg g-1, homogeneous 

particles of PS-b-P4VP@SiO2 was obtained. With 0.5 mg g-1 BCP concentration, the particles 

obtained seemed to be closely packed and slightly networked whereas at a high BCP concen-

tration of 2 mg g-1 a fully networked structure was obtained. Thus, by changing the PS-b-P4VP 

concentration, different morphologies varying from monodispersed homogeneous spheres to 

networks can be achieved. 
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Figure 4.4 SEM micrographs showing the silica deposited PS-b-P4VP particle morphology in methanol 

at different block copolymer concentration: (a, d) 0.1 mg g-1; (b, e) 0.5 mg g-1; (c, f) 2 mg g-1. Scale bars 

1 µm (top) and 100 nm (bottom).  

Effect of Reaction Time: The reaction time plays an important role in the silica shell growth 

around the block copolymer micelles. In order to study the effect of reaction time on the PS-b-

P4VP@SiO2 particles, the block copolymer concentration (0.1 mg g-1) and the TEOS: 4VP 

molar ratio (400 mr) was kept constant. The reaction time was varied from 6 hours, 24 hours, 

48 hours, 72 hours, up to 192 hours as shown in Figure 4.5. 

From the results obtained from the experiments done, it was observed that a BCP con-

centration of 0.1 mg g-1 is optimum to obtain spherical particles without any aggregation and 

networking. But as shown in Figure 4.5, 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 6 hours, the particles formed appeared to be closely packed with localized aggregates 

(Figure 4.5 a, b). With the increase in reaction time more distinctly spherical particle with a 

uniform distribution was formed (Figure 4.5 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. The presence of such coffee bean shaped particles can be attributed to the 

additional nucleation and formation of silica particles without the polymer template. 

Thus, from these experiments, it is very important to understand the effect of processing 

conditions on the formation of PS-b-P4VP@SiO2 particles, as these parameters play a key role 

in determining the properties of the silica shell formed. 
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Figure 4.5 SEM micrographs showing the silica deposited PS-b-P4VP particle morphology in methanol 

at different reaction time: (a, b) 6 hours; (c, d) 24 hours; (e, f) 48 hours; (g, h) 72 hours; (i, j) 192 hours. 

Scale bars are 1 µm (left column) and 100 nm (right column).  

4.1.4 Mechanism of Silica Shell Formation in the Presence of Reactive Block 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 characteristics of the shell such as thickness, morphol-

ogy, its compactness and density. Thus, monitoring the shell formation during the reaction is 

very important in predicting and controlling the final properties of such particles. Therefore, a 
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thorough understanding of the sol-gel reaction taking place in the presence of such ñreactiveò 

templates is necessary for the synthesis of core-shell nanostructures with predefined character-

istics and properties. Although the above-discussed results show that the processing 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 unclear. Thus, 

in-situ dynamic light scattering (DLS) and transmission electron microscopy were combined to 

investigate the silica shell formation on top of PS-b-P4VP micelles and to understand the mech-

anism and pathways of the process. 

Initial studies were conducted by coating the spherical PS-b-P4VP micelles, having a 

PS core and a P4VP corona, with silica shell forming PS-b-P4VP@SiO2 particles. The thus 

prepared particles were separated from the reaction mixture at different time intervals during 

silica shell deposition. Then these particles were washed and re-dispersed in ethanol. Corre-

sponding SEM, TEM, and AFM images and the height profile are represented in Figure 4.6 and 

Figure 4.7 respectively. The particle size was measured using DLS, as it is one of the most 

easily accessible and simple methods to study particle size. 

 

Figure 4.6 (a) Overview SEM; (b) Close view TEM images of PS-b-P4VP@SiO2 particles isolated from 

the reaction mixture after 24 hours of shell formation. Scale bars on image (a) 200 nm; (b) 25 nm.  

However, most of the DLS results obtained from isolated and re-dispersed particles were 

different from each other. When the PS-b-P4VP@SiO2 particles were centrifuged and then re-

dispersed, a considerable increase in the polydispersity index (PDI) and broadened size distri-

bution were detected. This difference could be attributed to the presence of particle clusters and 

aggregates which are formed during the centrifugation step when particles are compactly 

packed. The SEM and TEM image (Figure 4.6 a, b) represents the PS-b-P4VP@SiO2 particles 

which are isolated from the reaction mixture, centrifuged and re-dispersed. The isolated parti-

cles upon centrifugation settle down and form small aggregates which remain even after re-

dispersion which is evident from Figure 4.6 (a, b). The AFM image (Figure 4.7 a) also shows 

the presence of aggregated particles. The height profile (Figure 4.7 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 quality of the results. 

 

Figure 4.7 (a) Topography AFM images of PS-b-P4VP@SiO2 particles isolated from the reaction 

mixture after 24 hours of shell formation; (b) Height profile of PS-b-P4VP@SiO2 particles across the 

line on the AFM image (a).  

In order to overcome the difficulties mentioned above, the DLS experiments were done 

in-situ to monitor the silica shell formation around the PS-b-P4VP micelles. Samples with re-

spect to corresponding time were studied using TEM. Spherical PS-b-P4VP micelles were used 

as templates for monitoring the process with DLS. The PS-b-P4VP micelles were first measured 

and then a pre-determined amount of freshly prepared silica sol was added to the spherical 

micellar dispersion. The particle size evolution was monitored 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 considered as apparently measured size (dapp), which differs from the 

actual hydrodynamic particle diameter (except for those referred for PS-b-P4VP micelles).  

Figure 4.8 (a) shows the apparent size, dapp (cubes), and PDI (triangles) of the PS-b-

P4VP micelle and PS-b-P4VP@SiO2 particles as a function of time before (red) and after ad-

dition of acidic silica sol (black). The initial size of micelles was 126.7 ± 1.7 nm and PDI of 

0.083 ± 0.017. Immediately after the addition of acidic sol, dapp steeply increased up to 155 nm 

and then gradually decreased, reaching a plateau at ca. 15 hours after addition of sol. The par-

ticle size evolution was further monitored for a period of several days as shown in Figure 4.8 

(b). After a gradual decrease until the plateau is established, 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 as after prolonged reaction time indicating that no clustering or particle aggre-

gation occurs (Figure 4.8). From Figure 4.9, it is clear that the particle size distribution remains 

unchanged before 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 size, dapp, (rectangles) and PDI (triangles) of PS-b-P4VP micelles in 

methanol (red symbols) and PS-b-P4VP@SiO2 particles (black symbols) measured by intensity and PDI 

(triangles) as a function of time. The results were obtained by in-situ DLS during the initial period of 

silica shell formation; (b) Long-time behaviour of dapp (rectangles) and PDI (triangles) for PS-b-

P4VP@SiO2 particles obtained by DLS during the continuous sol-gel process.  

 

Figure 4.9 Intensity-average apparent particle size distributions (a) Before; (b-c) After addition of silica 

sol: (b) After 2 min; (c) After 3h (at a plateau); (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 acidic sol. First of all, due to the proto-

nation of pyridine units and electrostatic repulsion, the neighbouring P4VP chains of the micel-

lar corona are expected to stretch as compared to the initial state in methanol. In their protonated 
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form, P4VP chains become more hydrophilic. The protonated P4VP chains cause additional 

solvation of micellar corona, particularly with water present in the reaction mixture.283,284 Ad-

ditional solvation and possible enrichment with water subsequently lead to an increased appar-

ent particle size. 

To obtain more details about the initial stage of silica shell formation, elemental analysis 

of PS-b-P4VP@SiO2 particles immediately after addition of silica sol was performed. Figure 

4.10 shows the TEM (a) and EFTEM (b-d) elemental maps of silicon, carbon and nitrogen of 

PS-b-P4VP@SiO2 particles deposited from the reaction mixture immediately after addition of 

silica sol. As can be seen, at the early stage of shell formation, particles are surrounded by a 

silica-rich irregularly shaped corona. When particles are closely located with respect to each 

other, coronas merge suggesting their soft deformable nature.  

 

Figure 4.10 (a) Bright field TEM image; (b-d) Elemental maps of PS-b-P4VP@SiO2 core-shell particles 

deposited from the reaction mixture on TEM grid immediately after addition of silica sol: (b) Si map; 

(c) Carbon map; (d) Nitrogen map. Scale 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 with PS-b-P4VP mi-

celles, the silica sol accumulates immediately around protonated P4VP corona. Micelles sur-

rounded by sol 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 



  

Results And Discussion 

 

  63 

  

medium are known factors affecting the particle 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 compresses 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, which subse-

quently influences apparently measured particle size. 

After the initial steep increase, the apparent particle size gradually decreases and then 

reaches a plateau. During this stage, template-directed hydrolysis-condensation of silica pre-

cursor determines the hydrodynamic behaviour of particles. Protonated and, plausibly, water-

enriched P4VP coronas act as multiple catalytic sites for hydrolysis-condensation reaction. Un-

der these conditions, condensation and subsequent networking of hydrolyzed precursor should 

be more probable. In other words, in the vicinity of PS-b-P4VP micelles, the sol-gel reaction 

occurs much faster as compared to the rest of solution. 

The above-mentioned assumptions were further investigated by TEM images as shown 

in Figure 4.11. A substantial difference in particle morphology at the beginning of the shell 

formation (Figure 4.11 a, b) and after reaching the plateau (Figure 4.11 c, d) is clearly observed. 

A gradual decrease of the particle size observed by DLS can be explained as a result of locally 

accelerated condensation of sol and formation of a network like silica layer around PS-b-P4VP 

micelles. The latter, so far loose in nature, acts as a cross-linker and reduces the conformational 

entropy of P4VP chains. In 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 shape (Figure 4.11 d) indicating that at this stage the condensation process 

is still not complete. Expectedly, the increase of reaction time induces densification of the shell; 

in the following 15 hours, particles adopt well-defined core-shell morphology (Figure 4.11 e, 

f). Within this period, particles are slightly reduced in size. At this stage, the hydrodynamic 

behaviour of core-shell particles shows an opposite trend. After reaching the plateau, a 

continuous and slow increase of the apparent particle size was observed by DLS (Figure 4.11 

b) which might be a result of the gradual change in properties of the reaction medium itself. 

When reaction time was increased further, the silica shell becomes smooth and more uniform 

(Figure 4.11 g and h). Moreover, during this time period, the shell continued to grow, as can be 

concluded from the appearance of an additional outer layer in Figure 4.11 (h).  
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Figure 4.11 Overview (top) and high-magnification TEM images (bottom) of PS-b-P4VP@SiO2 

particles deposited from the reaction mixture on TEM grid: (a, b) Immediately after addition of silica 

sol; (c, d) After 3 hours; (e, f) After 18 hours; (g, h) After 2 days of silica shell formation. Scale 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 trend. According to TEM, particles adopt the largest size at the reaction stage 

which corresponds to the plateau region, i.e., when the PS-b-P4VP@SiO2 particles have the 

smallest hydrodynamic size. In contrast to the results obtained from DLS, after reaching plateau 

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 SiO2-rich but still loosely networked micellar corona leads to the visually 

larger particles (TEM); (2) networking and densification of the shell reduces the apparent hy-

drodynamic particle size (DLS). After reaching the plateau, the hydrodynamic particle size in-

creases mainly due to the changes in the environment (changes in viscosity), whereas an actual 

increase of the particle size because of the shell growth is negligibly small. 

 

Figure 4.12 Schematics depicting four stages of silica shell formation using acidic sol-gel process and 

spherical PS-b-P4VP micelles as reactive templates. Reproduced from Ref. 322.  
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Based on the results discussed above, the whole process of silica shell formation and 

growth involves the following stages: (I) sol assembly around BCP micelles, (II) hydrolysis-

condensation reaction accelerated by the protonated P4VP corona, (III) shell densification, and 

(IV) shell growth, as schematically shown in Figure 4.12. 

4.1.5 Conclusion 

The properties of the yolk-shell nanoparticles depend on the properties of the silica shell 

which is dependent on the processing conditions. Thus, it is really important to understand the 

formation of silica shell around the PS-b-P4VP micelles. The work conducted by Yang et al. 

demonstrated the synthesis of hollow silica particles through the sol-gel process of TEOS em-

ploying a quasi-hard template method using P4VP.279 The P4VP act as a reactive template to 

catalyse the sol-gel process which leads to the directed surface sol-gel process of TEOS on the 

template, thereby fabricating well-defined hollow silica spheres. The size of such spheres was 

studied using DLS and TEM. Similar works carried out by Wang et al. and Khanal et al. also 

shows the use of pyridine containing polymers such as PS-b-P4VP as a reactive template to 

fabricate hollow silica spheres.83,215 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 processing condi-

tions and the mechanism of silica shell formation through reactive templates. The whole process 

of silica shell formation on PS-b-P4VP reactive template was monitored in-situ using DLS. The 

results obtained revealed that the whole process of silica shell formation and growth involves 4 

distinct stages starting from the sol assembly around the BCP template, followed by hydrolysis-

condensation reaction accelerated by P4VP corona, shell densification, and finally shell growth.  

Although the above-described results show the time evolution of the shell formation, 

they already provide distinctive and important information regarding the pathway, stages, and 

possible mechanism of the sol-gel process which takes place in the presence of reactive tem-

plates such as PS-b-P4VP micelles. Other parameters, such as pH, temperature, the amount and 

composition of added sol, the type of solvent are also expected to have an influence on the shell 

formation. The template method provides a direct way for the encapsulation of various ñactiveò 

species, such as quantum dots or catalytically active nanoparticles, and fabrication of so-called 

yolk-shell particles. By quenching the reaction at a particular stage it should be possible to alter 

and tune the structure and properties of the shell, such as shell thickness and porosity, pore size 

distribution, shell permeability, and selectivity.  
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4.2 YOLK -SHELL NANOSTRUCTURES AS BIFUNCTIONAL CATA LYSTS  

4.2.1 Motivation  

The importance of nanoparticles 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 for minimising the use of fossil fuels, for energy harvesting, and pollution control. 

Noble metal nanoparticles, due to their totally different properties in the nano-regime, are the 

most widely studied system in catalysis. As the catalyst efficiency increase with an increase in 

surface area, nanoparticles are effective candidates due to their high surface area to volume 

ratio.285 Surface and strain drove lattice distortion, variation in electronic state density, and ox-

idation induced charge redistribution also add up to their use as an efficient catalyst.10 It was 

believed that gold nanoparticles were catalytically inactive until in 1997 Haruta and co-workers 

found the catalytic properties of gold nanoparticles and used them for oxidative reactions.286 

The catalytic properties strongly depend on the surface properties, electronic structure, and par-

ticle size of the nanoparticle.287 

Heterogeneous catalytic reactions occur on the surface of solid catalysts and involve 

elementary surface chemical processes such as adsorption of reactants from a reaction mixture, 

surface diffusion and reaction of adsorbed species, and desorption of reaction products (Appen-

dix 8.1). The accelerated rate of surface-mediated reaction is due to the presence of highly 

reactive surface atoms which facilitates the bond breaking and rearrangement of adsorbed mol-

ecules.288 However, the 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 can be minimised by 

modifying them with surfactants, low molecular weight ligands, polymers, dendrimers, or 

charged molecules. However, ligand-stabilized nanoparticles become catalytically less active 

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

Figure 4.13 Schematic showing (a) Unsupported nanoparticles in dispersion; (b) Nanoparticles at-

tached on the surface of the support; (c) Nanorattles or yolk-shell nanostructures.  

The problems associated with particle stability without affecting their activity can be 

solved by a great deal using nanoparticles incorporated into secondary supporting structures. In 

order to increase the stability of the nanoparticles, functionalized polymers,87 polyelectrolyte 

brushes,289 dendrimers,290 membranes,291 and porous metal oxides151,292 have been employed to 
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support them either by attaching the particles on the surface of such supports or by enclosing 

them inside (Figure 4.13 b and c). Among the various supports used, numerous metal oxides of 

different structure and morphologies are promising candidates. For instance, catalytically active 

nanoparticles such as Ag and Au can be coated with a reactant permeable shell with tunable 

shell porosity.22,203 Controllable integration of noble metals such as Au,24 Ag,293 Pt,219 and Pd,28 

and metal oxide supports such as TiO2,
10,219 SiO2,

10,151,294 CeO2,
27,295 Co3O4,

292 ZrO2,
17 into a 

single structure, became a hot topic as they combine both the functions of individual 

nanoparticles and the shell. This enhances the catalytic properties when compared to single 

component materials. Moreover, such metal oxide support help to solve the problems associated 

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

These structures can be synthesised via impregnation,296,297 co-precipitation,298 or dep-

osition-precipitation.299 The performance improvement can be attained by adopting more re-

fined procedures such as confinement of noble metal nanoparticles into mesoporous 

supports,300,301 modifying the support,302 by using alloys of nanoparticle instead of using a sin-

gle nanoparticle,303,304 or by encapsulating the metal nanoparticles into supports with a core-

shell structure.149,150,305ï307 Depending on the synthetic route, different supporting structures 

(Figure 4.13) can be obtained. This includes core-shell structures where a single nanoparticle 

core is uniformly surrounded by a metal oxide shell; yolk-shell or rattle-type structures with a 

fixed/movable nanoparticle core enclosed inside a hollow metal oxide shell, and sandwich 

structures constitute multiple nanoparticles as an interlayer embedded into a metal oxide shell. 

Among which the yolk-shell nanoparticles have gained much attention in the recent past owing 

to their ability to alter their properties. Due to the presence of a hollow interior these structures 

can act as nanoreactors in the field of nanocatalysis. They can also be considered as a bifunc-

tional catalyst.  

Bifunctional catalysts, which contain catalytically active metal nanoparticles and a high 

surface area support, are basic structures that exhibit high activity and efficiency for significant 

chemical reactions. Apart from stabilising the 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 reactivity.203 The 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 the product then diffuses out through the 

porous shell (Figure 4.14). Hence the porosity of the shell plays a key role in the efficiency of 

the catalysis process as a whole. 

Metal oxide-based yolk-shell nanoparticles have shown high resistance against temper-

ature or reaction induced sintering of nanoparticles, thus preserving the catalyst active. Their 

fine tunability of physical and chemical properties, as well as the functionality in both core and 

hollow shell, renders them with advanced properties. Yolk-shell nanoparticles are superior 

when compared to the existing structures with particle on supports as the former has no or 

minimal shielding effect of the core due to hollow space present. Enclosing the nanoparticles 

in a shell also prevents the leaching out of particles. Recently more focus has been shed to yolk-
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shell nanoparticles with Ag or Au core since they have great potential application in catalysis, 

battery, surface-enhanced Raman scattering, and biomedicine.   

 

Figure 4.14 Yolk-shell nanostructure as a bifunctional heterogeneous catalyst.  

4.2.2 Fabrication of Ag@SiO2 and Au@SiO2 Yolk -Shell Nanostructures 

Here, the experimental work was focused mainly on the fabrication and application of 

Ag@SiO2 and Au@SiO2 yolk-shell type catalysts. Same procedures were done in order to syn-

thesis both Ag@SiO2 and Au@SiO2 yolk-shell nanostructures. To obtain a yolk-shell 

nanostructure, for enclosing metal nanoparticles into porous silica shells, there are certain pre-

requisites: (1) metal nanoparticles (eg. AgNPs or AuNPs) should be completely covered by the 

silica shell i.e., metal nanoparticles should be large enough not to leak 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 and AuNPs should be maintained.308 Figure 4.15 shows the general 

steps involved in the synthesis of Au@SiO2 yolk-shells. Synthesis is accomplished in following 

steps: (1) synthesis and surface modification of nanoparticles (AgNP or AuNP); (2) entrapment 

of polymer-stabilized AuNP within the core of the block copolymer micelles; (3) deposition of 

silica shell to form Au@PS-b-P4VP@SiO2 particles; (4) pyrolytic removal of the block copol-

ymer template to attain silica enclosed metal nanoparticle yolk shells. 

PS-b-P4VP block copolymer with minor PS and major P4VP block acts as a structure 

directing component for both encapsulation of metal nanoparticle and deposition of silica shell. 

As mentioned above, in P4VP-selective solvents PS-b-P4VP forms micelles with collapsed PS 

cores and swollen P4VP coronas. In order to encapsulate nanoparticles within the PS core of 

the PS-b-P4VP micelles, the nanoparticles were modified with SH functionalized PS ligands. 

The selective localization of nanoparticles to the PS core of the PS-b-P4VP micelles was done 

via a solvent exchange method. The PS-stabilized nanoparticle and the block copolymer were 
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first dissolved in chloroform, a common solvent for both components. Micellisation was in-

duced by adding an equal amount of methanol which is a favourable solvent for the P4VP block. 

Upon removal of the solvents, chloroform being more volatile evaporates faster which results 

in an increased fraction of methanol in the system. This results in the formation of PS-b-P4VP 

micelles with a collapsed PS core and a swollen P4VP corona with nanoparticles selectively 

located in the PS core. The 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 was redispersed in methanol maintaining a block copolymer 

concentration of 0.1 mg g-1. The Ag/PS-b-P4VP or Au/PS-b-P4VP mixture in methanol was 

refluxed for 24 hours to obtain stable spherical micelles of Ag@PS-b-P4VP or Au@PS-b-

P4VP. 

The stable micelles were deposited with silica shell from an acidic silica sol via an acid 

catalysed sol-gel process using TEOS as the precursor. The molar ratio between TEOS and 4VP 

was kept as 400:1. After the completion of the reaction (24 hours), the particles were collected 

by centrifugation and purified from unreacted silica sol by repeated washing with ethanol. The 

pyrolytic removal of the polymeric template led to the formation of Ag@SiO2 and Au@SiO2 

yolk-shell nanoparticles. It is stated in the literature that pyridine rings in P4VP shells get pro-

tonated in the acidic sol medium and act as binding sites for negatively charged silica particles 

by forming cationic pyridine units.83,309 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 P4VP corona leaving the polymer chains partially or 

completely merged into the silica matrix which contributed to additional shell porosity upon 

the pyrolytic removal of the BCP template. For characterization purposes, Ag@PS-b-

P4VP@SiO2 and Au@PS-b-P4VP@SiO2 particles were collected by centrifugation and puri-

fied from the rest of the unreacted sol. A detailed synthetic procedure is discussed in Section 

3.3.4. 

 

Figure 4.15 Schematic showing the synthesis of Ag@SiO2 and Au@SiO2 yolk-shell nanostructures.  

4.2.3 Ag@SiO2 Yolk -Shell Nanostructures 

As an initial study Ag@PS-b-P4VP@SiO2 particles were prepared. Silver nanoparticles 

(AgNP) were synthesized using protocol reported by Hiramatsu with some modification as de-

scribed in Section 3.3.2.261 As it was mentioned before, OlAm acts both as a reducing agent and 

as a capping agent for stabilizing the particles. Commonly used capping agents to stabilize gold 

and silver are citrates, quaternary ammonium salts, mercaptans, or polymers. Using polymeric 
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ligands stable dispersions of nanoparticles can be obtained.310 Moreover, by modifying the na-

noparticles using polymers with suitable end group or side chain functionalities, metal nano-

particles can be incorporated into hydrophobic polymer domains.311 In the present work, the 

nanoparticles are to be selectively localised in the PS core of the PS-b-P4VP micelles (discussed 

below). Hence the particles are modified with thiol-terminated polystyrene. Because of the high 

affinity of thiols to metal nanoparticles, a strong bond between the particles and the thiol group 

is formed.311  

 

Figure 4.16 (a) TEM image; (b) Size distribution of as synthesised AgNPs; (c) UV-Vis spectrum of as 

synthesised AgNPs in xylene; (d) UV-Vis absorbance spectrum of Ag@PS-b-P4VP particles with AgNP 

of size 12.5 ± 2.7 nm in methanol.  

TEM investigation of the obtained particles revealed the formation of uniform spherical 

shaped AgNPs with the size of 12.5 ± 2.7 nm and narrow size distribution (Figure 4.16 a, b). 

The AgNPs were then coated with polystyrene ligand in order to selectively encapsulate into 

PS cores of PS-b-P4VP micelles. The thus obtained Ag@PS-b-P4VP micelles in methanol were 

used as templates for the synthesis of Ag@PS-b-P4VP@SiO2 particles. Ag@PS-b-

P4VP@SiO2 particles were prepared by the sol-gel method according to the modified protocol 

described in Section 3.3.4. Figure 4.16 c and d show the absorbance spectra of as synthesised 

AgNPs in xylene and Ag@PS-b-P4VP in methanol respectively. 

The electron microscopy results (Figure 4.17) revealed the morphology of Ag@PS-b-

P4VP@SiO2. The bright spots in SEM image (b) (ESB detector) indicate an existence of inclu-

sions inside of the micelles, which are attributed to the presence of silver nanoparticles inside 

silica coated BCP micelles. This was further confirmed by TEM imaging (Figure 4.17 c). 
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Figure 4.17 (a, b) SEM; (c) TEM micrographs of Ag@PS-b-P4VP@SiO2 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 silica deposited block copolymer micelles. Scale bars on image (a, b) 100 

nm; (c) 50 nm.  

Thus prepared Ag@PS-b-P4VP@SiO2 particles were then pyrolyzed in the air at 450 °C 

for 4 hours to remove the PS-b-P4VP template. After pyrolysis, Ag@SiO2 yolk-shell nanopar-

ticles are formed having Ag cores enclosed inside hollow silica shell. These Ag@SiO2 yolk-

shells were then powdered, weighed, and dispersed in water. Next, Ag@SiO2 yolk-shells were 

tested as a catalyst for borohydride reduction of 4-nitrophenol (4-NP), a model reaction com-

monly used to study various (nano)catalytic systems.312 Figure 4.18 shows successive UV-Vis 

spectra taken every minute for catalytic reduction of 4-NP in the presence of different amount 

of Ag@SiO2 yolk-shell catalyst. As can be seen, the time required to achieve complete reduc-

tion of 4-NP progressively decreases upon increasing of Ag@SiO2 content, as was expected.  

 

Figure 4.18 Successive spectra taken after every minute during borohydride assisted reduction of 4-NP 

after the addition of Ag@SiO2 yolk shells showing the decrease in peak intensity of 4-NP with respect 

to increase in time. All experiments were carried out with initial concentrations [4-NP]0  = 0.027 mmol 

L-1 and [NaBH4] 0 = 0.081 mol L-1. Amount of Ag@SiO2 in reaction mixture was: (a) 1.6×10-3 mg; (b) 

3×10-3 mg; (c) 4×10-3 mg. The total volume of reaction mixture in the cuvette was 2.2 mL.  

However, based on TEM image analysis it was found that the size of AgNPs in Ag@PS-

b-P4VP@SiO2 sample (Figure 4.19) was reduced as compared to initially synthesized AgNPs 

(compare with Figure 4.16). 

a b c

300 400 500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

A
b

s
o

rb
a

n
c
e

Wavelength (nm)

 0

 1

 2

 3

 4

 5

 10

a

300 400 500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

A
b
s
o

rb
a

n
c
e
 

Wavelength (nm)

 0

 1

 2

 3

 4

b

300 400 500 600 700 800 900
0.0

0.2

0.4

0.6

A
b
s
o

rb
a

n
c
e
 

Wavelength (nm)

 0

 1

 2
c



  

Results And Discussion 

 

72 

 

 

Figure 4.19 (a) TEM image of Ag@PS-b-P4VP@SiO2; (b) Size distribution histogram of AgNPs ob-

tained after 24 hours of silica shell deposition reaction time.  

The reasons for such changes in particle size are discussed in the following section. 

From the literature, it is well-known that silver nanoparticles are prone to dissolution under 

specific conditions. Dissolution of AgNP occurs through the oxidation of metallic AgNPs to 

Ag+ into the solution.185 The release of silver ions depends on the intrinsic physicochemical 

properties of AgNP and properties of the solution as well. The parameters that influence the 

rate of AgNP dissolution include ionic strength, pH, dissolved oxygen concentration, tempera-

ture, dissolved complexing ligands (organic matter, sulphur, and chlorine), AgNP surface coat-

ing, shape, and size.313ï317  

Figure 4.20 shows (a) UV-Vis spectra of Ag@PS-b-P4VP@SiO2 particles collected 

from the reaction mixture after different periods of the reaction time and (b) relative intensity, 

At/A0, of silver plasmon peak at 420 nm versus time obtained upon silica shell deposition. The 

UV-Vis spectra were taken immediately after the addition of silica sol and during the initial 

stage of silica shell formation. The progress of the reaction was monitored further. The meas-

urements were done by taking aliquots from the reaction mixture at a respective time and the 

measurements were done in quartz cuvette under constant stirring to avoid settling down of the 

Ag@PS-b-P4VP@SiO2. As the reaction time was increased, a substantial decrease in AgNP 

plasmon peak intensity was observed which is attributed to the dissolution of silver nanoparti-

cles. However, upon prolongation of the reaction up to 4 weeks, the plasmon peak intensity was 

reduced to ca. 40 % with respect to the initial peak values. The UV-Vis studies support previ-

ously discussed TEM results showing a decrease of AgNP size ca. 12 nm to ca. 6 nm after 

prolonged reaction with the silica sol (Figure 4.16 a, b, and Figure 4.19).  
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Figure 4.20 (a) UV-Vis spectra of Ag@PS-b-P4VP@SiO2 particles in reaction mixture taken at differ-

ent time periods after addition of acidic silica sol to the Ag@PS-b-P4VP micellar solution; (b) Relative 

intensity, At/A0, of silver plasmon peak at 420 nm versus time obtained upon silica shell deposition.  

Tai et al. studied the dissolution and stability of AgNPs in solution at a pH ranging from 

highly acidic to neutral environment.315 They observed that at highly acidic pH (~2.3) the par-

ticles started to dissolve and form larger and irregularly shaped aggregates. They also noticed 

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 dissolution and increased solution 

stability. Similar studies were conducted by Molleman to understand oxidative dissolution of 

AgNPs depending on the time, pH, and size.316 Tanya et al. studied the effect of pH, capping 

agents, and nanoparticle size on the rate of dissolution of the AgNPs.317 Upon studying the 

dissolution of silver nanoparticles 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 acidic medium of pH 3. The rate of dissolution was higher in 

the acidic medium than in the case of the aqueous medium. It was also found out that the particle 

shape remained constant while the particle size distribution became 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 reaction.316,317 

 ═▌▼ ╞ ═▌╞▼ (4.4) 

 ═▌╞▼ ╗ ═▌ ╗╞ (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 thick layer of silver (I) oxide 

(Ag2O). The Ag2O layer dissolves releasing Ag+ into the solution until the Ag2O is completely 
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dissolved. This leads to the further oxidation of metallic silver to Ag2O and the reaction con-

tinues further. The increased dissolution of silver nanoparticles in presence of an increased pH 

supports the formation of Ag2O. In presence of an aqueous medium, the surface of the Ag2O 

layer is covered with surface hydroxyl groups (Ag-OH) that undergo protonation at acidic pH 

(Ag-OH2
+).318 In the presence of protonated environment, for example in presence of acidic 

silica sol which contains both water and acid, the oxidative dissolution occurs faster. This arises 

due to the fact that the protonation tends to weaken and break the Ag-O bonds easily resulting 

in the increased release of Ag+ into the solution.317 Moreover, the thermodynamic calculations 

reveal that AgNPs are not stable at pH ranging from 4 to 12 and will dissolve completely.319 In 

the case of Ag@PS-b-P4VP the pH of added silica sol is highly acidic (between pH 0 and 1). 

As previously described, at this high acidic pH AgNPs can undergo oxidative dissolution by 

forming an Ag2O layer and release Ag+ and therefore the decrease in plasmon peak of AgNP 

with extended reaction time with silica sol. Interestingly, in the case of Ag@PS-b-P4VP@SiO2 

particles, a complete dissolution of silver nanoparticles was not observed even upon prolonged 

reaction time up to several weeks. The reasons for such results are not clear yet. One possible 

explanation might be that at later stages of the sol-gel reaction, the AgNP 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 re-adsorb onto the 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@SiO2 yolk-shell nanoparticles for catalytic application, the stability 

of nanoparticles to the reactant molecules is important. Besides stability, the size of the nano-

particle also plays a major role in its catalytic activity. Due to the partial dissolution of silver 

nanoparticles upon silica shell formation, it is not practical to obtain an efficient catalytic sys-

tem with small-sized particles for the system discussed above and the like. Considering above 

mentioned, gold nanoparticles (AuNPs) have been chosen for our further work which is dis-

cussed in the following sections. Subsequently, similar experiments were done with Au@PS-

b-P4VP and Au@PS-b-P4VP@SiO2 systems which have been proved more stable to dissolu-

tion in an acidic environment when compared to silver nanoparticles.  

4.2.4 Au@SiO2 Yolk-Shell Nanostructures 

For the synthesis of Au@SiO2 yolk-shell nanostructures, citrate-stabilized gold nano-

particles were synthesized using a similar procedure described by Brown et al..262 In order to 

selectively localise the AuNPs to the core of the PS-b-P4VP micelles they were surface modi-

fied using thiol terminated PS. A detailed synthetic procedure is given in Section 3.3.3. The PS 

stabilised AuNPs were entrapped into the PS core of the PS-b-P4VP micelles via a solvent 

exchange step as discussed before. 
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The TEM image of the obtained particles revealed the formation of uniform spherical 

shaped AuNPs (Figure 4.21 a). Figure 4.21 (b, c) shows the UV-Vis absorbance spectrum of 

the as-prepared AuNPs in water (ɚ = 540 nm) and the Au@PS-b-P4VP in methanol. 

 

Figure 4.21 (a) TEM image of AuNP; (b) UV-Vis spectrum of as synthesised AuNP in H2O; (c) UV-Vis 

spectrum of Au@PS-b-P4VP in methanol. The scale bar on the image (a) is 20 nm.  

The thus prepared Au@PS-b-P4VP micelles were deposited with silica sol maintaining 

a molar ratio between TEOS and 4VP as 1: 400. Au@SiO2 yolk-shell nanostructures were syn-

thesised using the procedure as explained by Figure 4.15 and a detailed experimental procedure 

is given in Section 3.3.4. Figure 4.22 shows the TEM image and size distribution histogram of 

Au@PS-b-P4VP@SiO2 particles separated from the reaction mixture after the deposition of 

silica shell. The black spots in the TEM image (Figure 4.22 a) reveal the presence of multiple 

AuNPs within the Au@PS-b-P4VP@SiO2 particles. 

 

Figure 4.22 (a) TEM image of Au@PS-b-P4VP@SiO2; (b) Size distribution histogram of AuNPs inside 

the Au@PS-b-P4VP@SiO2. The scale bar on the image (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 conducted. Figure 4.23 shows the UV-Vis 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, At/A0, versus reaction time. The UV-Vis absorbance spectra were taken 

immediately after the addition of silica sol and during the reaction course of silica shell for-

mation. The measurements were done by taking aliquots from the reaction mixture at respective 

time. The spectra were measured in quartz cuvette under constant stirring to avoid settling down 

of the Au@PS-b-P4VP@SiO2 particles. Unlike the results obtained from AgNPs, no decrease 

of plasmon peak intensity was observed with AuNPs even after several days (Figure 4.23 b). A 

slight increase in plasmon peak intensity (ca. 5 %) as compared to initial spectrum was observed 

in case of AuNP which can be associated with the change in reaction environment after the 

addition of silica sol.  

 

Figure 4.23 (a) UV-Vis spectra Au@PS-b-P4VP@SiO2 taken at different time periods after addition of 

acidic silica sol to the Au@PS-b-P4VP micellar solution; (b) Relative intensity, At/A0, of gold plasmon 

peak at 540 nm versus time obtained upon silica shell deposition.  

In the next step, Au@PS-b-P4VP@SiO2 particles were pyrolyzed in the air in order to 

remove the BCP template. During pyrolysis, the temperature was increased slowly up to 450 

°C and then kept constant for 4 hours. The mass loss measured by TGA, by analysing powdered 

Au@BCP@SiO2 sample prepared from a micellar solution of 0.1 mg g-1 BCP concentration, 

also provides an insight to the removal of the BCP template at this temperature. Figure 4.24 

shows the TGA curve depicting the mass loss (weight %) of Au@BCP@SiO2 sample when 

heated up to 800 °C in the N2 atmosphere. The dry powdered samples were prepared from a 

micellar solution of BCP concentration 0.1 mg mL-1.  

The TGA experiments were done in an inert (N2) atmosphere where the complete re-

moval of the BCP template was around 600 °C whereas the pyrolysis of Au@PS-b-P4VP was 

done in the 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 atmosphere result 

in deposition of carbon compounds while the 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 of the polymeric template without the 

deposition of any carbonaceous compounds and prevents crumbling of silica shell.320 
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Figure 4.24 TGA curve showing the weight loss of Au@BCP@SiO2 measured by heating up to 800 °C 

in the N2 atmosphere.  

Figure 4.25 shows the corresponding TEM images of Au@SiO2 yolk-shell nanoparticles 

obtained after pyrolysis of Au@PS-b-P4VP@SiO2 particles. The initial size obtained for the 

as-synthesized Au@PS-b-P4VP@SiO2 was estimated as ca. 60 nm, which after pyrolysis de-

creased to 50 nm due to the removal of the PS-b-P4VP template. As expected, after pyrolysis 

(Figure 4.25 a, b) the gold nanoparticles appeared enclosed inside the hollow silica shell, with 

a distinct interface between the shell and the hollow interior. Notably, an increase in the size of 

the enclosed AuNPs was also observed after pyrolysis.  

 

Figure 4.25 (a, b) TEM images of Au@SiO2 yolk-shell nanoparticles; (c) Size distribution histogram of 

AuNPs inside Au@SiO2 yolk-shell nanoparticles. Scale bars on  image (a) 100 nm; (b) 50 nm.  

Based on TEM image analysis the number-average size (dav) of AuNP before and after 

pyrolysis were 5.8 ± 1.8 nm and 7.5 ± 2.8 nm, respectively (Figure 4.22 and Figure 4.25). The 

presence of multiple AuNPs inside the silica shell can lead to the melting and fusion of nano-

particle upon pyrolysis. Therefore, after pyrolysis, the nanoparticle size distribution was broad-

ened as compared to that before pyrolysis. 
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It should be pointed that after pyrolysis the Au@SiO2 particles appeared fused together 

and formed large aggregates as shown in Figure 4.26. This fusion is a drawback since access of 

reactants to the catalytic sites located inside of such aggregates will be hindered, leading, thus, 

to a reduced activity of the catalyst. In Section 4.3 it will be shown how to prevent formation 

of such aggregates by embedding Au@SiO2 yolk-shell into a porous support. 

 

Figure 4.26 SEM micrograph showing Au@SiO2 yolk-shell nanoparticles fused into large aggregates 

after pyrolysis. Scale bar is 500 nm.  

As mentioned earlier, mesoporous yolk-shell 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 equips the catalyst 

surface freely accessible to the reactants and products.185,321 For efficient catalysis 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 Au@PS-b-P4VP@SiO2 and Au@SiO2 

yolk-shell nanoparticles, N2 adsorption experiments were performed. Figure 4.27 shows the ad-

sorption-desorption isotherms of unpyrolyzed Au@PS-b-P4VP@SiO2 (red circles) and 

pyrolyzed Au@SiO2 particles (blue circles).  

From Figure 4.27 (a) it is evident that both the samples exhibit type IV adsorption-de-

sorption isotherms with characteristic hysteresis loops, which is a characteristic feature for 

highly porous systems, in 0.4-0.9 P/P0 region. The surface area (BET) of unpyrolysed and 

pyrolysed samples differ significantly. Before pyrolysis the BET surface area of Au@PS-b-

P4VP@SiO2 particles was 150 m2 g-1, it increased after pyrolysis up to 430 m2 g-1. After pyrol-

ysis, the size of mesopores was reduced from 10 to 8 nm (Figure 4.27 b). As mentioned earlier, 

the Au@SiO2 yolk-shell nanoparticles fuse together and form large aggregates and arrange 

themselves in a closely packed manner. Moreover, the formation of such aggregates was also 

observed in the case of unpyrolysed Au@PS-b-P4VP@SiO2 particles after centrifugation and 

drying. 
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Figure 4.27 (a) N2 adsorption-desorption isotherms of unpyrolysed Au@PS-b-P4VP@SiO2 (red circles) 

and pyrolysed Au@SiO2 yolk-shell nanoparticles (blue circles); corresponding size distributions of (b) 

Mesopores; (c) Micropores. Filled and unfilled symbols correspond to adsorption and desorption pro-

cesses respectively.  

During pyrolysis remaining non-hydrolysed ethyl substitutes of TEOS are removed 

causing shrinkage of interparticle voids. The decrease in particle size after pyrolysis and shrink-

age of interparticle voids might result in the collapse of mesopores. The size of voids between 

closely packed hard spheres depends on the particle size and type of packing. In the case of 

tetrahedral packing, the size of tetrahedral void relative to the sphere diameter is 0.225. Thus, 

for closely packed hard spheres with a diameter of 50 nm and 60 nm, the calculated size of the 

interparticle void will be 11.25 nm and 13.5 nm, respectively. Though these values are larger 

than those obtained from gas sorption experiment, their ratio, d60/d50 å 0.83 (or void shrinkage) 

matches very well with experimentally obtained mesopore size ratio after and before pyrolysis 

(dpyr/dunpyr å 0.80). Considering that Au@PS-b-P4VP@SiO2 particles are not perfectly spherical 

and entirely hard (Figure 4.25 b), the interparticle voids should be smaller as compared to those 

calculated for the uniform hard spheres.139 The significant increase in BET surface area and 

micropore volume fraction after pyrolysis (Figure 4.27 a and c) are specifically attributed to the 

pyrolytic removal of the PS-b-P4VP template. As described in the previous section (Section 

4.1) the addition of silica sol leads to a sudden increase in the size of PS-b-P4VP micelle due 

to the stretching of protonated P4VP chains and additional solvation of P4VP corona.322  

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 reported by Ruthstein et al. who 

used Pluronic® block copolymers as a template for synthesis of structured mesoporous silicates 

and experimentally proved the source of the microporosity are the PEO chains trapped within 

the silica matrix.323 
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4.2.5 Catalysis Studies using Au@SiO2 Yolk-Shell Nanoparticles  

Catalysis using metal nanoparticles gained much importance in recent years. A major 

problem associated with this field of study is the quantification of the catalytic activity of na-

noparticles. In order to analyse and quantify the kinetics and thereby co-relate the size and shape 

of the particles to its catalytic activity, a well-defined model reaction is essential.324 Such a 

model reaction should have the following characteristics.289,325 

1. The chemical reaction should be well-controlled which reacts from A to B only in the 

presence of metal nanoparticle without any side reactions or by-products. 

2. A full kinetic analysis of the reaction rate should be possible as a function of time, lead-

ing to a detailed understanding of the reaction mechanism. 

3. The reaction should proceed at room temperature and in mild solvents such as water and 

there should be no degradation, coagulation, or transformation of nanoparticles during 

the reaction.  

4. A change of temperature should not lead to a 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 4-Nitrophenol using Au@SiO2 Yolk -Shell Nanoparticles 

Catalytic reduction of 4-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 

nanoparticles.324,326,327 Pradhan et al. showed the reduction of 4-nitrophenol (4-NP) to 4-ami-

nophenol (4-AP) by sodium borohydride (NaBH4) in the presence of silver nanoparticles as an 

efficient model reaction to evaluate the catalyst kinetics.328 This reaction can be catalysed by 

free or immobilised metal nanoparticles. Moreover, it can be easily monitored via UV-Vis spec-

troscopy by the decrease of the strong absorption peak of 4-nitrophenolate ions at ɚ = 400 nm 

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 catalyst because of the kinetic bar-

rier between the mutually repelling negative ions, 4-NP and BH4
-
, is very high. The reduction 

pathway can be explained using Langmuir-Hinshelwood mechanism (Appendix 8.1.3). 329 

As depicted in Figure 4.28, borohydride ions that are adsorbed onto the nanoparticle 

surface and transfer surface hydrogen species to it. At the same time, 4-nitrophenol molecules 

are also adsorbed onto the surface of nanoparticles. Through the adsorption of active species 

on the surface, an electron transfer takes place from BH4
-
 to 4-NP. Metallic nanoparticles relay 

electrons to complete the redox reaction. The adsorption of reactant species onto the particle 

surface contributes to overcoming the kinetic barrier of the reaction. 
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Figure 4.28 Mechanism of reduction of 4-nitrophenol by borohydride on the surface of metallic nano-

particles. Reproduced from Ref. 324.  

Assuming that the diffusion of the reactants to the nanoparticle surface, as well as the 

adsorption-desorption steps are fast, the reduction of 4-NP adsorbed on the surface by the 

surface hydrogen species become the rate-determining step. Since, desorption of the product 

(4-AP), the last step in the catalytic cycle, is so fast that it does not enter into the kinetic equa-

tions.7,324 Typically, the reaction is carried out in the presence of an excess of borohydride such 

that it can be considered as a pseudo-first-order reaction and the rate of the reaction is solely 

dependent on the concentration of 4-nitrophenol in the reaction mixture. This can be expressed 

by the following equation: 

 ▀╬╝╟
▀◄

 ▓╪▬▬Ȣ╬ ╝╟Ȣ╬║╗  ▓╪▬▬Ȣ╬ ╝╟ (4.6) 

where ὧ  is the concentration of 4-nitrophenol, ὧ  is the concentration of borohydride, and 

kapp is the apparent rate constant. 

In order to study the catalytic activity of Au@SiO2 yolk-shell nanoparticles, the reduc-

tion of 4-nitrophenol with sodium borohydride was chosen as a model reaction. It has been 

verified to produce only 4-aminophenol without any side products.330 Therefore, the reaction 

can be monitored by the changes in UV-Vis absorption spectra of 4-nitrophenolate (ɚmax = 400 

nm) versus time. Catalytic experiments were carried out in a quartz cuvette (1 cm path length) 

under mechanical stirring at 400 rpm. Stirring was required to obtain reproducible results on 

reaction kinetics. Au@SiO2 catalyst was dispersed in Millipore water using an ultrasonic bath 

to give the stock dispersion with the catalyst concentration of 0.02 mg mL-1. A measured vol-

ume of catalyst dispersion (from 0.02 to 0.5 mL) was added to a mixture of freshly prepared 

aqueous solution of NaBH4 (0.9 mL, 0.2 M), aqueous solution of 4-NP (0.3 mL, 0.2 mM) and 

Millipore water (from 0.5 to 0.98 mL), such that total volume of the reaction mixture in all 

experiments was kept constant (2.2 mL). Successive UVïVis spectra were recorded every mi-

nute in the wavelength range 250 ï 700 nm immediately after addition of the catalyst. Evalua-

tion of the reaction kinetics was done by monitoring the intensity change of nitrophenolate 

absorption peak (ɚmax = 400 nm) with respect to the time. 
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Figure 4.29 (a-c) shows the time-resolved change in UV-Vis spectra during the borohy-

dride reduction of 4-NP in the presence of different amounts of Au@SiO2 catalyst added. After 

the addition of a catalyst, the intensity of nitrophenolate peak gradually decreased with a sim-

ultaneous increase in the peak of 4-aminophenol (ɚmax = 300nm). The degree of 4-NP conver-

sion (Ct/C0) can be directly deducted from the UV-Vis spectra by monitoring the decrease in 

the absorption peak at 400 nm with time. As seen from Figure 4.29 the reaction proceeds with 

a very small amount of Au@SiO2. When a low amount of catalyst, 0.4×10-3 mg, was added the 

reaction completed in 50 cycles. But with an increase in the amount of added catalyst, there 

was a considerable decrease in reaction time to less than 15 minutes (Figure 4.29 b, c). For a 

catalyst amount of 1.0 × 10-3 mg, the conversion (ca.98%) of 4-NP to 4-AP occurred in 5 

minutes. At a higher amount of added catalyst, the reaction completed in less than 2 minutes 

after the addition of the catalyst and was beyond the possibility to be monitored. 

 

Figure 4.29 (a, b, c) Successive spectra taken after every minute during borohydride assisted the 

reduction of 4NP after the addition of Au@SiO2 yolk shells showing the decrease in peak intensity of 4-

NP with respect to increase in time; (d, e, f) Shows plots of ln(Ct/C0) ~ ln(At/A0) versus time at different 

concentrations of Au@SiO2 catalyst. All experiments were carried out with initial concentrations [4-

NP]0 = 0.027 mmol L-1 and [NaBH4] 0 = 0.081 mol L-1. Amount of Au@SiO2 catalyst in reaction mixture 

was: (a, d) 0.4 × 10-3 mg; (b, e) 1.0 × 10-3 mg; (c, f) 2.0 × 10-3mg. Apparent rate constants determined 

from the slopes of linear fit are: (d) 0.124 min-1; (e) 0.808 min-1; (f) 1.391 min-1.  

When the reaction is carried out with an excess of NaBH4, it follows pseudo 1st order 

kinetics.312 Thus, apparent rate constant (kapp) can be determined from the slope of the linear 

plot of ln(Ct/C0) versus time. Figure 4.29 (d-f) shows the ln(Ct/C0) plot versus time obtained 

after addition of a different amount of Au@SiO2 catalyst to the 4-NP/NaBH4 mixture with cor-

responding linear fits. At a lower amount of catalyst, an initiation time was observed which 
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could be attributed to the presence of agglomerated Au@SiO2 particles. This can, in turn, create 

a high diffusion barrier which the reactants must overcome to reach the catalyst core located 

inside the aggregates as shown in Figure 4.26. At higher amounts of catalyst, the reaction is 

still within the measurable limits but the kapp values might not be accurate.  

The efficiency of the catalyst after recovery was studied by collecting the added catalyst 

from the reaction mixture by high-speed centrifugation at 13,500 rpm followed by several wash-

ing cycles with Millipore water. After washing, the catalyst was dispersed in Millipore water 

and was then added to the freshly prepared new reaction mixture. The reaction was monitored 

for 10 minutes using UV-Vis spectroscopy for each cycle. This procedure was repeated and the 

catalyst activity was recorded up to 10 recovery cycles. Figure 4.30 (a) shows the time-resolved 

absorbance spectra during the borohydride reduction of 4-NP to 4-AP in the presence of 

Au@SiO2 catalyst after recovery. The reaction was completed in less than 5 minutes with ca. 

95-98 % conversion of 4-NP to 4-AP in the presence of the recovered catalyst. Figure 4.30 (b) 

shows the conversion of 4-NP to 4-AP for the recovered catalyst for 10 cycles. Despite the 

possible loss of some amount of catalyst during recovery, ca. 95 % conversion was achieved 

for all the 10 cycles, proving the recycling efficiency of Au@SiO2 catalyst. Slight variations in 

the reduction efficiency were observed which, however, are at the limit of experimental method 

accuracy. 

 

Figure 4.30 Plot showing (a) the absorbance spectra of 4-NP + NaBH4 after addition of recycled cat-

alyst; (b) Conversion of 4-NP to 4-AP in presence of Au@SiO2 yolk-shell catalyst for 10 recovery cycles.  

Although Au@SiO2 yolk-shell nanoparticles exhibited prominent catalytic activity and 

good recyclability, there was an aggregation of Au@SiO2 particles upon removal of the PS-b-

P4VP template. Due to these aggregates, the reactants have different access to the catalyst core 

located inside the yolk-shell nanoparticles. This, in turn, caused non-reproducible rate constants 

and irregularities in the experiment. Hence, the reaction parameters were modified to eliminate 

the above-mentioned problems. During optimising the reaction conditions on silica deposition, 

the reaction parameters such as the concentration of the components, 4VP: TEOS ratio, HCl 
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concentration in the reaction mixture has been systematically varied. It was found that all the 

parameters influenced the rate of silica shell formation as expected as discussed in Section 4.1.3 

and 4.1.4. Exceptionally, it was observed that the Au@PS-b-P4VP@SiO2 particle size only 

marginally depends on the amount of added silica sol or with the extension of the reaction time. 

Also, it was found that the mass yield of Au@PS-b-P4VP@SiO2 particles and the amount of 

AuNP@SiO2 remained equally low in 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 nanostructures due to their multitude properties have been widely studied for 

their application as a catalyst. They can be synthesized using different methods such as hard 

and soft templating. Hard template method uses selective etching of the core or the shell where 

the obtained particles can be irregularly shaped thereby negatively affecting the catalyst effi-

ciency.184 Soft templating, on the other hand, uses usually a polymer template which can later 

be removed via pyrolysis.135 In the present work, a simple and robust synthetic procedure has 

been adopted to prepare yolk-shell nanostructures with a hollow mesoporous silica shell and a 

catalytically active noble metal nanoparticle core having high catalytic efficiency and recycla-

bility when compared to similar methods reported in the literature. The procedure discussed 

here used a reactive PS-b-P4VP template for enclosing the catalytic core and for the deposition 

of the silica shell, which later on removed to obtain yolk-shell nanoparticles. The initial studies 

conducted on Ag@SiO2 showed the considerable dissolution of silver nanoparticle in presence 

of acidic silica sol when compared to the gold enclosed yolk-shell nanoparticles. Hence, 

Au@SiO2 nanoparticles were used for further experiments. The P4VP chains of PS-b-P4VP 

block copolymer being interpenetrated into the silica shell plausibly 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 the catalyst from the reaction medium with a stable catalyst 

activity is feasible because of the increased size of the yolk-shell nanoparticles when compared 

to the naked nanoparticles. Though they exhibited high catalytic efficiency, aggregation of these 

particles upon pyrolysis adversely affected the reaction kinetics in terms of reproducibility and 

rate of the reaction. Consequently, the evaluation of the catalytic activity of Au@SiO2 nano-

particles was also difficult. 
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4.3 SILICA ENCAPSULATED GOLD NAN OPARTICLE  YOLK -SHELLS 

EMBEDDED IN POROUS SILICA STRU CTURE (Au@SiO2@PSS) 

4.3.1 Motivation  

In order to overcome the drawbacks associated with aggregation and fusion of Au@SiO2 

yolk-shell nanoparticles, an alternative synthetic procedure was formulated by varying the ex-

perimental conditions which would allow preparation of catalyst with high yield and reproduc-

ible catalytic performance. From our previous experiments (see Section 4.1.4), 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 non-hydrolysed and/or in the form of siloxane oligomers in the reaction mixture. The 

hydrolysis-condensation 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 facts into ac-

count and in order to overcome the drawbacks associated with aggregation and fusion of 

Au@SiO2 yolk-shell structures, an additional step has been introduced to the previously estab-

lished synthetic procedure, where the yolk-shells are embedded in a porous silica structure. 

4.3.2 Synthesis of Au@SiO2@PSS Catalyst 

Procedure for the preparation of Au@SiO2@PSS catalyst is schematically illustrated in 

Figure 4.31. Synthesis is accomplished in following steps: (1) entrapment of polymer-stabilized 

gold nanoparticle within the core of the block copolymer micelles; (2) deposition of silica shell 

to form Au@PS-b-P4VP@SiO2 particles; (3) formation of porous silica support (PSS); (4) py-

rolytic removal of polymeric components to form Au@SiO2@PSS catalyst. 

 

Figure 4.31 Schematics showing the preparation of Au@SiO2@PSS catalyst via block copolymer tem-

plate approach.  
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Au@PS-b-P4VP@SiO2 particles were prepared by employing a similar procedure de-

scribed in Section 3.3.4 and 4.2.2 with some minor modifications. An amount of silica sol 

equivalent to 400 mr between TEOS and 4VP was added to the Au@PS-b-P4VP particles and 

reacted for 2 hours. After 2 hours of reaction (silica shell formation), the reaction mixture was 

exposed to NH3 vapours for 48 hours resulting in the gelation of the unreacted silica precursor 

in the reaction mixture and formation of Au@PS-b-P4VP@SiO2@PSS (in the form of a jelly-

like product). In order to remove unreacted components, the product was collected and washed 

with ethanol several times using a high-speed centrifuge. The washed Au@PS-b-

P4VP@SiO2@PSS was then dried under vacuum at 80 °C for 3 hours. Then the dried mass was 

manually powdered using a mortar and pestle. It was then subjected to step-wise pyrolysis at 

450°C for 4 hours to remove the BCP template. This resulted in the formation of 

Au@SiO2@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 prepared dispersion was 

later on used for morphological characterization and for catalytic studies.  

4.3.3 Characterization of Au@SiO2@PSS Catalyst 

Figure 4.32 (a-c) shows SEM and TEM images of a) Au@PS-b-P4VP@SiO2@PSS and 

(b,c) Au@SiO2@PSS, respectively. Both SEM and TEM images show the presence of PSS-

embedded Au@SiO2 particles 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 4.32 (a) SEM image (ESB detector) of Au@PS-b-P4VP@SiO2@PSS sample before pyrolysis: 

Bright dots pointed with arrows correspond to Au@PS-b-P4VP@SiO2 particles embedded in porous 

silica support; (b, c) TEM images of Au@SiO2@PSS catalyst obtained after pyrolysis. Inset on images 

(a) and (b) show the schematic of corresponding structures. Scale bars on image (a) 400nm; (b) 200 

nm; (c) 50 nm.  

Figure 4.33 (a-c) shows the adsorption-desorption isotherms of Au@PS-b-

P4VP@SiO2@PSS and Au@SiO2@PSS samples and corresponding pore size distributions in 

mesopore and micropore regions. Both samples exhibit characteristic type IV isotherms with 

almost similar N2 uptake at relatively low pressure, as well as continuous uptake in the range 
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of 0.1-0.8 P/P0, indicating the presence of both mesopores (Figure 4.33 b) and micropores 

(Figure 4.33 c). After pyrolysis, the BET surface area decreased from 870 m2 g-1 to 690 m2 g-1. 

The size of the mesopores increased after pyrolysis from 5 nm to 6 nm whereas the content of 

the micropores has been slightly reduced.  

 

Figure 4.33 (a) N2 adsorption-desorption isotherms of unpyrolyzed (Au@PS-b-P4VP@SiO2@PSS, red 

circles) and pyrolyzed (Au@SiO2@PSS, blue squares) samples; corresponding size distributions of (b) 

Mesopores; (c) Micropores. Filled and unfilled symbols correspond to adsorption and desorption pro-

cesses, respectively.  

The results shown in Figure 4.33 (a-c) is noticeably different as compared to Au@PS-

b-P4VP@SiO2/Au@SiO2 discussed in Figure 4.27. Moreover, the changes in microporosity 

and mesoporosity after pyrolysis show an opposite trend. Taking into account that Au@PS-b-

P4VP@SiO2 and Au@PS-b-P4VP@SiO2@PSS samples are prepared under different condi-

tions, such differences were expected and can be explained as follows. In the case of Au@PS-

b-P4VP@SiO2, silica shell deposition was carried out under acidic conditions while the for-

mation of the porous silica structure was done via the two-step acid-base catalysed sol-gel pro-

cess. The reaction was 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 different pH.331 This approach has been used to 

synthesise highly porous xerogels.332 It is a well-known fact that the two-step acid-base cata-

lysed sol-gel process produces silica network with a higher degree of cross-linking, reduced 

microporosity, but with a larger and broader distribution of mesopores.333 Upon pyrolysis of 

Au@PS-b-P4VP@SiO2@PSS, along with the removal of block copolymer template, a reduc-

tion of the overall pore volume, surface area, and micropore fraction takes place. Pyrolytic 

treatment induces additional condensation of the neighbouring hydroxyl and alkoxy groups on 

the pore surface. Due to this reason, an increase in the mesopore size and partial closure of 

micropores occur.334 This results in a more compacted structure with a decreased micropore 

volume and surface area but an increased average mesopore size. Since the contribution of 

Au@PS-b-P4VP@SiO2 particles in Au@PS-b-P4VP@SiO2@PSS being negligibly small, N2 

sorption results shown in Figure 4.33 (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 that PS-b-P4VP 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@SiO2 particles from aggregation and/or fusion. These features provide reactants with an 

easy access to the surface of encapsulated gold nanocatalyst. 

4.3.4 Reduction of 4-Nitrophenol using Au@SiO2@PSS catalyst 

In order to investigate the catalytic activity of Au@SiO2@PSS catalyst, reduction of 4-

nitrophenol (4-NP) with sodium borohydride was chosen as the model reaction.312,324,335 The 

powdered Au@SiO2@PSS catalyst was dispersed in Millipore water using an ultrasonic bath 

to give the stock dispersion with the catalyst concentration of 2.0 mg mL-1. The rest of the 

conditions for catalytic experiments were kept similar to Au@SiO2 catalysis (Section 4.2.6). 

 

Figure 4.34 (a) Successive UV-Vis spectra taken every minute during borohydride reduction of 4-NP 

after addition of Au@SiO2@PSS catalyst and 4-NP conversion plot (At/A0 ~ Ct/C0) versus time (inset); 

(b) Plots of ln(Ct/C0) ~ ln(At/A0) versus time at different concentrations of Au@SiO2@PSS catalyst. All 

experiments were carried out with initial concentrations [4-NP]0 = 0.027 mmol L-1 and [NaBH4] 0 = 

0.081 mol L-1. [Au0] in reaction mixture was: (1) 0.0136 ppm; (2) 0.0273 ppm; (3) 0.0545 ppm; (4) 

0.1091 ppm. Apparent rate constants determined from the slopes of linear fit are: (1) 0.0854 min-1; (2) 

0.1297 min-1; (3) 0.2881 min-1; and (4) 0.5286 min-1.  

Figure 4.34 (a) shows the time-resolved change in the UV-Vis spectra during borohy-

dride reduction of 4-NP in the presence of Au@SiO2@PSS catalyst. After addition of the 

catalyst, the intensity of nitrophenolate peak gradually decreased, whereas the peak of 4-ami-

nophenol (ɚmax = 300 nm) increased as the reaction proceeded. The degree of 4-NP conversion 

(Ct/C0) can be directly deducted from the UV-Vis spectra by monitoring the decrease in the 

absorption peak at 400 nm with time (Figure 4.34 a - inset). When the reaction is carried out 

with an excess of NaBH4, it follows pseudo 1st order kinetics.312 Thus, apparent rate constant 

(kapp) can be determined from the slope of the linear plot of ln(Ct/C0) versus time. Figure 4.34 

(b) shows the ln(Ct/C0) plots versus time obtained after addition of different amounts of 

Au@SiO2@PSS catalyst to the 4-NP/NaBH4 mixture with corresponding linear fits. 
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As can be seen, the concentration of gold in the reaction mixture (0.1091 ppm) was 

sufficient to achieve ca. 95% conversion of the 4-NP in 5 minutes. At [Au0] = 0.136 ppm com-

plete reduction of 4-nitrophenol 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, t0, required for the surface restructuring of the nano-

catalyst and/or for passing reagents through the porous shell is well below 1 minute.324,336 These 

features direct to the following points: (1) despite the 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 directly compared with kapp values for other analogues reported 

elsewhere. To normalise the apparent rate constants, some authors use catalyst weight or the 

number of moles. Alternatively, surface-normalized rate constants are often used to characterise 

and compare the efficiency of catalytic systems having nanocatalysts of different size.337 In the 

present work, the rate constants were normalised by the gold content (Km) and nanocatalyst 

surface area (Ks).  

The gold content in Au@SiO2@PSS catalyst was estimated as 0.060 ± 0.002 wt. % or 

3.0×10-6 mmol mg-1 with respect to the total silica content by ICP-OES analysis. In order to do 

this, four portions of catalyst sample (ca. 10 mg each) were accurately (± 0.0001 mg) weighed 

and individually digested in 2 mL boiling 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 content. A 

detailed analytical procedure is discussed in Section 3.1.6. Specific surface area of gold per unit 

mass of Au@SiO2@PSS catalyst was determined to be 1.92 × 10-5 m2 mg-1. The normalised 

rate constants for this reaction are Km = (1.75 ± 0.40) × 104 s-1 mol-1 L and Ks = 2.52 ± 0.60 s-1 

m-2 L, respectively. (Calculations done in order to estimate the AuNP content and the specific 

surface area of AuNP in the catalyst is given in Section 8.3). 

In the present work, the obtained results on 4-NP reduction were compared with other 

analogous yolk-shell type systems reported in literature up to date.160,184,231,338ï342 In Figure 

4.35, the reaction rate constants normalised by the nanocatalyst surface area (Ks) and the gold 

content (Km, in moles) are plotted against the specific surface area.  

It is evident that Ks value obtained for Au@SiO2@PSS catalyst is almost 4 times higher 

as compared to that reported by Shaik and co-workers and up to 3 orders of magnitude higher 

as compared to other analogous systems.338 The difference in catalytic activity becomes even 

more pronounced if Km values are compared (Figure 4.35 a, b). Km value for Au@SiO2@PSS 

catalyst is one to three orders of magnitude higher as compared to those reported for other 

analogues. An additional interesting fact is the dependency of Km or Ks 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 AuNP size. These observations can be 

directly related to the size-dependent catalytic activity of AuNP based yolk-shell nanoparticles. 

The studies did by Fenger et al. on the size-dependent catalytic activity of CTAB-stabilized 
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AuNP can be taken into account in this case.343 However, a thorough investigation is needed in 

this aspect before coming to any conclusion as the catalytic efficiency of the yolk-shell nano-

particles depends on the synthetic methods, the size of the core and the shell, distinct void vol-

ume, shell porosity etc. Besides, other parameters such as catalyst concentration, the 

concentration ratio of the reactants also need to be considered, since they also affect the reaction 

kinetics. 

 

Figure 4.35 The comparison of normalised reaction rate constants (a,b) Km  and (c,d) Ks determined 

for Au@SiO2@PSS catalyst (red star) with values reported in the literature for analogous catalytic 

systems: black circles ï Lee08 184 green triangles (left) ï Shaik14 338 green diamond ï Chen14, 342 blue 

rectangles ïWu11 160 pink hexagons ï Jeong15 43 cyan triangles (down) ï Tan10 231 dark yellow trian-

gles (up) ï Mondal15 339 brown pentagons ïChen11.341  

Table 4.1 summarises apparent rate constants (kapp) and rate constants normalised with 

respect to the molar catalyst concentration in the reaction mixture (Km) and catalyst surface area 

(Ks). In all cases, the nanoparticles are considered as spherical particles for simplicity. Numer-

ical values, which are reported in corresponding publications, are shown as it is. Other values 

were re-calculated based on experimental data provided for each particular system. 

Table 4.1 Summary of the reaction rate constants for catalytic reduction of 4-NP reported in 

the literature for various Au@SiO2 yolk-shell catalysts and some analogues. 
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Sample name dAuNP 

nm 

S*AuNP 

m2 g-1 

ɤAu/cat 

wt. % 

kapp 

s-1 

Km 

s-1 mol-1 L 

Ks 

s-1 m-2 L 

Ref.a) 

Au(43)@SiO2 

Au(67)@SiO2 

Au(104)@SiO2 

43 

67 

104 

7.2 

4.6 

3.0 

4.6 

17.4 

65.0 

3.9×10-3 

5.6×10-3 

1.4×10-2 

1.6×102 

6.0×101 

4.0×101 

1.1×10-1 

6.6×10-2 

6.9×10-2 

184 

Au@SiO2-10 

Au@SiO2-26 

Au@SiO2-36  

10 

26 

36 

31.1 

11.9 

8.6 

n/a 

 

5.3×10-4 

3.5×10-3 

5.9×10-3 

2.3×103 

1.4×103 

8.8×102 

6.0×10-1 

5.9×10-1 

5.2×10-1 

338 

Au@meso-SiO2 15 b) 20 b) 37.1 1.3×10-3 1.4×102 3.3×10-2 342 

0.5-Au@HSNs 

1.0-Au@HSNs 

2.0-Au@HSNs 

2.8 

3.3 

4.5 

111.9 

94.1 

69.0 

1.2 

2.5 

4.9 

6.5×10-4 

1.0×10-3 

7.8×10-4 

1.2×102 

8.9×101 

3.5×101 

5.5×10-3 

4.8×10-3 

2.6×10-3 

160 

 

SiO2-Au@SiO2 

SiO2-Au@SiO2-H2O 

SiO2-Au@SiO2-cal 

SiO2-Au@SiO2-NH3 

5 b) 62.1 n/s 

 

4.0×10-3 

6.6×10-3 

7.1×10-3 

1.3×10-2 

1.9×101 

3.1×101 

3.3×101 

6.0×101 

1.5×10-3 

2.5×10-3 

2.7×10-3 

4.9×10-3 

340 

Au@SiO2@SiO2 15.1 20.6 3.76 1.7×10-3 1.8×101 4.4×10-3 231 

Ag@SiO2 

Pd@SiO2 

AgPd@SiO2 

2.8 b) 

2.8 b) 

2.8 b) 

204.3 

178.3 

191.3 

n/a 

 

4.2×10-4 

5.8×10-4 

8.0×10-4 

4.0×101 

2.1×101 

5.5×101 

1.2×10-3 

1.1×10-3 

2.7×10-3 

339 

GMS c) 2.0 b) 155.3 n/s 3.5×10-3 1.4×102 4.5×10-3 341 

Au@SiO2@PSS 

(present work) 

7.0 d) 32.0 0.060 n/ae) 1.75×104 2.52 139 

a) References are given in the reference section with same numbers as mentioned in the table; 
b) Approximate size / particles with broad size distribution / no data on particle size distribution; 
c) AuNP intercalated in mesoporous silica (GMS); 
d) Median AuNP size determined from descriptive analysis of TEM images; 
e) kapp varied depending on the amount of added Au@SiO2@PSS catalyst. 
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4.3.5 Reduction of Organic Dyes ï Congo Red, Methyl Orange, and Methylene Blue 

Various dyes such as Congo Red (CR), Methyl Orange (MO) (anionic), 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 need for an efficient 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 Azo Dyes: A plausible mechanism of azo dye degradation in 

presence of metal nanoparticles such as AuNPs can be explained as shown in Figure 4.36. This 

reaction proceeds with the adsorption of reactive species onto the nanoparticle surface. The 

borohydride ions act as a hydrogen source and deliver surface hydrogen species which are ad-

sorbed onto the nanoparticles. Metal nanoparticles activate 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 conjugation.344 This eventually results in azo bond cleavage and in the formation of lower 

aromatic by-products. Moreover, the metal nanoparticles act as an electron relay and electron 

transfer takes place via the metal nanoparticles from the BH4
-
donor to azo dye (CR, MO) ac-

ceptor.345 

 

Figure 4.36 Plausible reduction mechanism for Congo Red and Methyl Orange. Reproduced from Ref. 

344.  
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