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ABSTRACT 

In this dissertation, key steps in the development of facile aqueous phase processes for the synthesis of 

metal patchy particles are presented. Starting with a two-step route to produce silver patches on silica 

nanospheres, the work demonstrate how the approach could be both simplified and generalized to 

enable the growth of noble metal patches on various cores (silica, polystyrene and titania). To achieve 

this, the unprecedented combination of heterogeneous nucleation and surface conformal growth of 

metals on the curved surfaces of non-metallic particles had to be understood.  

A key outcome of our study is evidence the electrostatics interaction is between the surface of core 

particles and metal precursors is of importance for heterogeneous nucleation, while both this aspect and 

reaction kinetics dominate the surface growth. This means that reactions can be designed to optimize 

both patch yield and morphology. Specifically, it was found that the morphology of silver patches on 

silica spheres could be varied from cup-like to dendritic by changing the reaction temperature and 

manipulating the addition rate of ammonium hydroxide. Moreover, the patch yield was also affected by 

many factors such as temperature, concentration and the thermal pretreatment of silica particles. The 

obtained patchy particles demonstrated morphology-dependent optical properties with plasmon 

resonances being tunable from the visible to the near infrared spectral regions. 

Moving beyond silver as a patch material we demonstrated that by using a modified galvanic 

replacement approach, gold/silver alloy patches could prepared on silica spheres. Here, analysis by 

energy dispersive X-ray spectroscopy revealed that the redistribution of silver in the patch was 

essential for its lateral growth over the core. The strategy for the fabrication of patches of other noble 

metals (i.e. gold or platinum) was further generalized by using cationic polystyrene particles as cores. 

The morphology of synthesized gold patches was found to be strongly influenced by the concentration 

of ascorbic acid, which played a role as both reducing agent and substrate for gold surface diffusion. 

Thus, manipulation of the concentration of ascorbic acid or the reaction pH value enabled the 

fabrication of a series of patch structures. 



In an important step towards scale-up of the patchy particle synthesis, our batch reaction approach was 

successfully transferred to a continuous flow reactor. Due to improved mixing, it brought the 

advantages of higher reproducibility and tunability of patch morphology and also enabled in-line 

spectral analysis.  

The simple processing techniques and tailored anisotropic materials produced in this work open up 

many exciting possibilities for future applications in catalysis, energy storage, optoelectronics and 

theranostics. 

Zusammenfassung 

In dieser Arbeit werden die Faktoren, die einen entscheidenden Einfluss auf die wässrige Synthese von 

Patchy Partikeln haben, beschrieben. Dazu wird ein zweistufiger Prozess zur Herstellung von Silber-

Patches auf nanoskaligen Silicakugeln vereinfacht und die Übertragung des Systems, d.h. das 

Wachstum von Edelmetall-Patches auf unterschiedliche Trägerpartikeln (bestehend aus Silica, 

Polystyrol oder Titandioxid), veranschaulicht. Um diese Ziele zu realisieren, muss der Zusammenhang 

der heterogenen Nukleation und dem lateralen Wachstum auf gekrümmten Oberflächen 

nichtmetallischer Partikeln verstanden werden. 

Das Ergebnis der durchgeführten Studie weist darauf hin, dass die elektrostatischen Wechselwirkungen 

zwischen der Oberfläche der Trägerpartikeln und dem Metall-Precursor die heterogene Nukleation 

wesentlich beeinflussen, während dieser Aspekt und die Reaktionskinetik das Oberflächenwachstum 

dominieren. Dadurch kann durch Optimierung der Reaktionsbedingungen gezielt die Ausbeute der 

Patches und die Morphologie verändert werden. Im Besonderen wird die Morphologie der Silber-

Patches auf Silicakugeln durch Modifikation der Reaktionstemperatur und der Zugaberate an 

Ammoniak beeinflusst, wodurch sich gezielt schalenartig bis dendritische Formen ausbilden können. 

Weiterhin wird die Ausbeute der Patches durch viele Parameter, wie zum Beispiel Temperatur, 

Konzentration und thermische Vorbehandlung der Silicakugeln, gesteuert. Die Morphologie der 

erhaltenen Patchy Patikeln bestimmt dabei die optischen Eigenschaften, wodurch 

Plasmonenresonanzen im sichtbaren und Nah-Infrarot Bereich eingestellt werden können.   



Abgesehen von Silber-Patches können Gold-Silber-Patches auf Silicakugeln, mit Hilfe einer 

modifizierten galvanischen Austausch/Umverteilungsmethode, hergestellt werden. Dabei haben 

Untersuchungen mittels energiedispersiven Röntgenspektroskopie gezeigt, dass die Umverteilung des 

Silbers in den Patches ein wichtiger Faktor für das laterale Wachstum auf den Trägerpartikeln ist.  

Weiterhin wird die Vorgehensweise zur Herstellung von Edelmetall-Patches (z.B. Gold oder Platin) auf 

kationische Polystyrol-Partikeln als Trägerpartikeln übertragen. Dabei wurde herausgefunden, dass die 

Morphologie der synthetisierten Gold-Patches stark von der Konzentration von Ascorbinsäure 

abhängig ist. Ascorbinsäure wirkt hier zum einem als Reduktionsmittel und zum anderen als Substrat 

für die Oberflächendiffusion von Gold. Die Variation der Ascorbinsäurekonzentration oder des pH-

Wertes kann somit die Ausbildung einer Reihe von unterschiedlichen Patch Strukturen ermöglichen. 

In Bezug auf einen weiteren Schritt hinsichtlich eines Scale-up Prozesses konnte unsere Batch-

Reaktion auf eine kontinuierliche Synthese der Patch Partikel übertragen werden. Durch weitere 

Optimierung der Mischungsbedingungen konnten Vorteile, wie eine Erhöhung der Reproduzierbarkeit, 

eine definierte Einstellung der Morphologie der Patches als auch Einführung einer 

Inlinespektralanalyse, erreicht werden.  

Die in dieser Arbeit gezeigte einfache Weiterentwicklung des Prozesses sowie die Herstellung von 

maßgeschneiderten anisotropen Strukturen eröffnen viele neue, interessante, potentielle 

Anwendungsmöglichkeiten im Bereich der Katalyse, Energiespeicherung, Elektronenoptik und 

Theranostik.
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1. Introduction 
 

1.1 Why Anisotropic Structures? 

In the last 30 years tremendous progress has been made in nanomaterial research. At the nanoscale, the 

properties of matter are dependent on its size and shape, where the quantum effects and the great 

dominance of surface atoms and molecules are responsible for novel and enhanced properties, such as 

optical properties, melting point and catalytic activity. Numerous examples are available. It has been 

confirmed that the band gap of quantum dots and the activity of metal particles vary with particle size.1 

Moreover, gold does not remain inert any more and becomes surprisingly active when the size of gold 

particles is below 10 nm and they are deposited on metal oxides or activated carbon.2 Beyond the size 

effect, the shape of nanoparticles also influences their properties.3  

Many ways to classify nanomaterials has been proposed by different authors. Commonly nanoparticles 

are grouped based on their dimensions: one dimensional system such as thin films, nanotubes and 

nanowires, two dimensional and three dimensional nanoparticles and assemblies. Here they are 

categorized into two groups based on isotropy: isotropic and anisotropic nanoparticles. In a paper from 

Sajanlal et al., anisotropic nanomaterials are defined as a class of materials having directionally 

dependent properties and being described by more than one structural parameter.3 It should be stressed 

that anisotropy discussed here is focused on shape and surface anisotropy rather than on direction-

dependent type of bulk character like magnetism or birefringence.  

In the last 15 years, the shape of particles has been identified as a major parameter to engineer their 

properties. Since the discovery of carbon nanotubes, the studies in anisotropic nanomaterials have been 

encouraged, a diverse spectrum of shape anisotropic nanomaterials have been reported, such as 

nanorods,4-6 nanotubes,7 multi-pods,8 nanocages,9,10 and nanoprisms.11,12 The anisotropic shape endows 
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particles new features and make them ideal candidates for catalytic and optical related applications. For 

instance, it has been shown that the plasmon resonance of gold nanorods was tunable throughout the 

visible, near infrared (NIR) and infrared regions of the electromagnetic spectrum through tailoring the 

aspect ratio of nanorods. Moreover, the plasmon resonance intensity was enhanced due to the shape 

anisotropy,13 something which could not have been achieved simply by tuning the size of spherical 

nanoparticles. Other studies have demonstrated that nanospherical gold nanoparticles could be applied 

in the field of biomolecular labelling and detection, cancer diagnosis and treatment, due to the fact that 

their localized surface plasmon resonances could be tuned to the NIR region, the so called biological 

window.14-16 Besides optical applications, there is considerable growing interest in the assembly of 

shape anisotropic nanoparticles into space-filling structures.17 

In additional to shape anisotropy, the term surface anisotropy has been introduced as another parameter 

to tailor the properties of nanomaterials. Glotzer used the word „dimensionality‟ to describe the 

complexity of an anisotropic structure. Figure 1.1 shows anisotropic structures with different degrees of 

„dimensionality‟. For example, the dimension A describes a change in patchiness, while dimension B 

presents the variation in the aspect ratio. Therefore, a diverse spectrum of anisotropic particles with 

peculiar properties resulting from the shape and/or patchiness could be designed and indeed many of 

them have been achieved. Glotzer has described a group of patterned particles some of which have 

anisotropic surface structures.18 The surface was modified selectively by molecules which were 

chemically grafted to the surface, or some domains of surface were covered by metal, oxide or polymer. 

Specific composition distribution and morphology are dependent on the choices of materials and 

techniques used for synthesis. Hence, the properties of these particles are determined not only by the 

composition, but also by their shape and surface chemistry. These particles with various surface 

functionalities possess the properties from individuals and meanwhile new features resulting from the 

anisotropic structure are exhibited. Another distinguished property of the particles with surface 

anisotropy is the strong directional interaction between them by either attractive or repulsive force. 

Simulations and experimental works have shown that the self-assembly of this type of particles at a 

prescribed position on surface led to the formation of ordered structures from a disordered state.17,19 
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Figure 1.1 Eight basic anisotropy dimensions defined by Glotzer and Solomon. Image reproduced with 
permission from Ref. 20. Copyright Nature. 

1.2 Patchy Particles 

Patchy particles, a type of surface anisotropic particles, are defined as particles containing at least one 

patch.17 Janus particles, named after the Roman god with two faces looking in opposite directions, are a 

special case of patchy particles, with a single patch covering 50 % of the particle surface. The study of 

patchy particles did not get as much attention as that of shape anisotropic particles, even though Nobel 

Prize laureate Pierre-Gilles de Gennes raised the concept in early 1991. He described that Janus 

particles (in his word, Janus grains) with nonpolar and polar sides would form a film at a water/air 

interface with voids which allows a chemical exchange between two sides.21 „The skin can breathe‟ is 

his original illustration of this property. In additional to the hard Janus structure, the term „Janus‟ also 

applies to asymmetric dendrimers22-24 (Figure 1.2a) or unimolecular micelles25-30 (Figure 1.2b).  
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According to the definition given by Glotzer, some macromolecules fall into this group, since they have 

anisotropic surface domains and may interact between those domains selectively. So-called 

heterografted star-shaped and cylindrical brush polymers and globular proteins were described as 

patchy molecules. In the case of proteins, the polypeptide folds into characteristic 3D structure to 

realize active function, which leads to the exposure of certain functional groups as patches on the 

surface of 3D structure. For example, the tertiary crystal structure of lysozyme, an enzyme to damage 

bacterial cell walls, revealed that hydrophobic regions were exposed and behaved like hydrophobic 

patches.31 However, there has been an ever-growing interest in colloidal patchy particles (examples are 

shown in Figure 1.2c).   

 

 
Figure 1.2 Schematized structures of (a) a Janus dendrimer,32 (b) Janus micelle, (c) spherical Janus 
particles and patchy particles with different cores and patchiness. 

According to their composition, patchy particles can be classified into three groups: polymeric, 

inorganic and polymer-inorganic patchy particles. In each category a broad spectrum of shapes could be 

introduced like spheres, dumbbells, plates and rods. The preparation of a certain type of patchy particle 

shares similar principles and fabrication strategies, and generally depends on the composition, shape 

and size of the core particles. So far many techniques have been developed; commonly used techniques 

include template-assisted approach, vapour deposition, capillary fluid flow and emulsion 

polymerization. Prior to introducing these techniques, the potential field of applications of patchy 

particles will be introduced. 

1.2.1 Potential Applications of Patchy Particles  

Owing to their chemical composition and the anisotropic structure, patchy particles not only exhibit the 

properties of disperse systems but also demonstrate novel characteristics. Their properties make them 
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interesting for many fields, such as for medical therapy, drug delivery and optoelectronic devices. In 

the following text examples of potential applications of patchy particles will be introduced.   

Application as Solid Surfactants 

De Gennes described that Janus particles with combined apolar and polar functionality would form a 

film at a water/air interface,21 indicating their function as surfactants. Amphiphilic patchy particles 

(especially Janus particles) are analogous to the amphiphilic molecules which are often used as 

surfactants. Silica particles with hemisphere functionalized with hydrophobic silane were tested for 

their ability to stabilize emulsions consisting of toluene and water.33 Over three weeks there was no 

obvious change in the phases. Calculation results suggested that Janus particles stabilized emulsion 

could lead to a negative free energy change under certain conditions and hence it was considered 

thermodynamically stable.34 In the control experiment, particles without chemical modification were 

not able to stabilize the emulsion. Moreover, the non-spherical Janus particles adopted different 

orientations at an interface, depending on the difference in the wettability of two sides and aspect ratio 

of the structure. A large difference in wettability and an aspect ratio close to a unity positioned particles 

an upright orientation, while a small difference in wettability of two regions and a large particle aspect 

ratio led to a tilted orientation.35 These findings provide the guidance to the synthesis of particles with 

the suitable shape to control the mesostructures at fluid-fluid interfaces. Apart from stabilizing the 

liquid-liquid and air-liquid interfaces, patchy particles can also function as stabilizers in polymeric 

systems. Moreover, the use of patchy particles to replace block copolymers as stabilizers can avoid the 

problems such as micellization and nonspecific absorption. Walther et al. proved that the Janus 

particles ware efficient to stabilize PMMA and PS blends.36 Furthermore, they also contribute to the 

performance of such as nanocomposite system. Through simulations Xu et al. demonstrated that Janus 

rods absorbing at interface of two polymers affected significantly the structure evolution of polymer 

nanocomposite, and the surface chemistry and the aspect ratio of Janus rods played important roles.37 

Building Blocks for Complex Structures 

Through an anisotropic surface patchy particles experience directional interactions between them, a 

structured pattern will be formed via self-assembly. Granick‟s group has made great contributions to 

the research of this topic and a direct observation of assembly was achieved.19,38,39 The used patchy 
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particles were produced by the vapour deposition technique and gold patches were positioned at 

opposite poles of polystyrene particles. Subsequently, a selective functionalization on gold patches by 

hydrophobic alkanethiol molecules caused attractive interactions between neighbours at their poles. 

Once salt was added into the concentrated particles suspension, near the bottom of a container the 

particles assembled into an ordered structure of a kagome lattice pattern, due to the fact that salt 

screened the electrostatic repulsion and the hydrophobic interaction between particles was allowed 

(Figure 1.3a). The change in the area and the position of functionalized surfaces led to the change in the 

valence, and consequently particles arranged into different patterns (Figure 1.3b).38 Moreover, the 

mixture of two types of patchy particles with core particles of different sizes and patch numbers, 3-D 

assembly could be achieved by the specific directional bonding as simulated (Figure 1.3c).40 Many 

simulations have also predicted the formation of complex structures via self-assembly by particles with 

patches at certain locations (Figure 1.3d).12,41,42 Bianchi et al. simulated the assembly of 

heterogeneously charged colloids on a charged substrate.43 By manipulating the directional forces 

between particle-particle and particle-substrate, the networks (microcrystalline gel, square-like and 

 

Figure 1.3 (a) Formation of a 
kagome pattern by the self-
assembly of particles with patches 
at poles.19 (b) Other pattern formed 
by the self-assembly of particles 
with patches of different sizes and 
locations.38 (c) Interaction between 
patchy particles of different sizes 
and morphologies led to the 
formation of different complex 
structure.40 (d) Simulated structure 
of different shapes formed by self-
assembly of patchy particles.42 
Images reproduced with permission 
from the references as indicated. 
Copyright, as appropriated, Nature, 
(2011, 2012) American Chemical 
Society. 
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triangle-like domains and flower-like particles arrangement) composed of patchy particles can be 

obtained. 

 
Figure 1.4 The dynamic and structural behaviour of Janus particles consisting of gold and polystyrene 
in response to the AC electric field intensity and frequency in a thin experimental cell, by observing the 
optical images. The dark and light parts of particles corresponded to metal and polymer hemispheres. 
Image reproduced with permission from Ref. 44. Copyright (2008) American Chemical Society. 

External electronic and magnetic fields have also been used to direct the assembly of patchy particles. 

In the work from Gangwal et al., various novel structures were formed when Janus particles composed 

of gold and polystyrene were manipulated under an AC electric field.44 Since the force exerted on 

particles and fluid medium could be tuned precisely by an externally applied filed, a dielectrophoretic 

force acting on particles caused five different patterns of particles as shown in Figure 1.4: disordered 

particles, staggered chains, 2D crystallization and 3D bundles and induced charge electrophoresis as 

electric field intensity and frequency changed. Staggered chains, 2D crystals and 3D bundles were 

formed at high frequency, while low frequency resulted in the formation of regular chains and induced-

charge electrophoretic motion. A Later work from the same group reported that structures formed via 

assembly of polymer particles with gold patches in an AC field were dependent on the relative size and 

the position of patches on the microspheres.45 Moreover, the assembly of patchy particles (Fe3O4 

capped polystyrene particles) under a magnetic field was studied.46 It was observed that the staggered 

and double chains were formed by orienting the magnetic patches facing each other along the center of 

the chain line. 
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Electric Paper Display 

The combination of electrical and optical anisotropies within a patchy or Janus particle would allow the 

substitution of the traditional electronic inks. An earlier work has demonstrated that carbon black and 

titanium oxide Janus particles could response to the electric field, because two hemispheres carried 

different charges.47 A display panel was fabricated and a color switch test was carried out. Under an 

electric field Janus spheres oriented carbon hemispheres to the negatively charged panel, and particles 

flipped when the electric field gradient was reversed. Similarly, Janus particles containing quantum 

dots and magnetic particles hemispheres changed their orientation with the direction of external 

magnetic field.48 When the magnetic hemispheres faced upward, the panel had a reddish-brown color 

under the daylight and black under the UV light, while display panel showed a white color under 

daylight and bright blue emission under UV light as the quantum dots hemisphere facing upwards. 

Using Janus particles to produce an electronic paper display would enhance the resolution and enable 

an easy access to a colored display.  

Application as Sensors 

Plasmonic patchy particles containing silver and gold nanostructures commonly have structural- and 

environmental-dependent optical properties and they are suitable for the application as sensors. 

Himmelhaus et al. designed a biosensor based on gold-polystyrene Janus particles.49 Biomolecules 

binding specifically to the gold hemispheres via linking molecules changed the surrounding refractive 

index, the plasmon resonance of gold nanoparticles demonstrated a red shift. Therefore, such a system 

can be used to sense the binding of target biomolecules, such as DNA and antibodies. An earlier work 

from Takei et al. presented a gradient-sensitive microscopic probe by using gold-polystyrene Janus 

particles.50 Thiol with ionized groups were employed to functionalize gold hemispheres, ionized form  

of molecules would promote the change of particle‟s orientation in response to the environmental pH 

under an electric field due to the electrophoretic rotation.   

Catalytic Applications 

The application of nanostructures as catalysts is of interest, for their superior activity and selectivity, 

however the catalytic ability is dependent on the size and shape of nanoparticles, which has been 

clearly demonstrated in published work about gold nanoparticles.51 Seh et al. reported the generation of 
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hydrogen from an alcohol aqueous solution photocatalyzed by gold-titanium oxide patchy particles 

under the visible light irradiation.52 The production of hydrogen was dramatically improved when Janus 

particles consisting of gold and titanium oxide were used as catalyst, while the catalytic activities of 

bare gold nanoparticles and the amorphous titanium oxide particles were extremely low (Figure 1.5). 

Simulations confirmed a great near-field enhancement at the gold-titanium interface of Janus particles, 

due to the surface plasmon resonance of gold nanostructure. The strong coupling of plasmon near field 

resonances and the optical transitions improved the optical absorption and electron hole-pair 

generation, so that the photocatalytic efficiency was improved. 

 
Figure 1.5 (a) Volume of hydrogen generated (VH2) with time under light illumination catalysed by 
Au-TiO2 particles of Janus and core-shell structures, as well as amorphous TiO2 and bare gold. (b-d) 
Simulated plasmonic near field mapping (cross-section view at z = 0) for Janus particle (b), Au@TiO2 
core-shell structure (c) and bare gold (d) by Discrete dipole approximation (DDA). (e) The proposed 
catalytic mechanism, the plasmonic excitation converted into electron-hole pairs via optical transitions 
between localised electronic stated in the band gapes of TiO2.52 Image reproduced with permission from 
Ref. 52. Copyright Wiley-VCH. 

Ghosh et al. explored the catalytic behaviour of gold nanoparticles with ligands-patterned surfaces via 

phase separation and the acetylation reaction of benzyl alcohol with acetic acid was conducted.53 They 

found that nanoparticles catalyzed the reaction with the highest activity when alkanethiol (octanethiol) 
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and 3-mercapto-1-propanesulfonic acid were used to modify surfaces with a ratio of 1:2 and the 

selectivity of catalytic reaction was close to 100 %, compared to a selectivity of 80 % for the 

conventional acid zeolite Faujasite. More examples are available to demonstrate better catalytic 

activities of patchy particles.54,55 

Applications in Bio and Life Sciences 

Both polymeric and metallic materials have demonstrated great advantages in the field of bio and life 

sciences for molecules and cell labelling, imaging, detection and treatment of tumors, drug delivery and 

release. The implementation of novel multifunctional particles will contribute undoubtedly to the 

accurate labelling, a high imaging quality, improved drug delivery and release efficiency. Owing to the 

fact that patchy particles carry various functions and possess different chemical and physical properties 

simultaneously, they are very promising candidates to be applied in the field of bio and life sciences. 

In the case of bio-labelling, the inorganic nanoparticles show different contrasts with biosamples. 

Dumbbell-like nanoparticles of FePt-Au functionalized with HmenB1 antibodies were tested for in 

Vitro molecular magnetic resonance imaging (MRI) of biological targets by detecting polysialic acid 

(PSA), since polysialic acid was recognized specifically by HmenB1 antibodies.56 Two different cell 

lines were used: target cells (CHP-134) with an overexpression of PSA and control cells (HEK293T) 

without PSA. The result clearly demonstrated that the MRI contrast in the nanoparticle-HmenB1 

treated PSA positive cells increased significantly to 133% in R2* relativity (1/T2*). In another 

fundamental study, a dual functional imaging probe based on dumbbell-shaped gold and 

superparamagnetic iron oxide (Fe3O4) nanoparticles was tested.57 The magnetic part of the particles 

allowed MRI imaging and the plasmonic gold part allowed the optical detection. Selective 

modifications, by growth factor receptor antibodies and PEGylated polymers on Fe3O4 and gold 

domains respectively, endowed the anisotropic particles a better biocompatibility and enabled them to 

bind the target molecules. Therefore, images of MR and reflection microscopy due to the magnetic and 

gold parts respectively were achieved simultaneously.  

In terms of tumor therapy, Hu et al. has developed a combined imaging and therapeutic approach by 

using Janus particles with fluorescence dye and magnetic particles hemispheres.58 Particles were 

attached to the surface of cell through nonspecific adsorption by magnetic manipulation, and an applied 



Chapter 1. Introduction 
 

 - 11 - 

spinning magnetic field created a mechanic force acting on cells so that the cell membranes were 

destroyed. After 15 minutes the majority of tumor cells were killed. Multifunctionalities render 

particles with a high biocompatibility, the ability for specific targeting, a combined imaging and 

therapeutic function. Halas‟s group has conducted studies on gold nanoshells for cancer therapy.15, 59 

The plasmon resonance of gold nanoshells was tunable in the range of 800 - 1300 nm by tailoring their 

geometry. Because of their special optical property and a good biocompatibility, they could be used for 

in vivo cancer therapy. The illumination of gold nanoshells caused the photothermal ablation of cells 

and the specific recognition of targeting cells by gold nanoshells minimized the damage to healthy 

cells. Simulation study demonstrated that size of core particles, thickness, the size of patch and their 

surface roughness affected the plasmonic response of gold Janus particles.60,61 It has been shown that 

the dipole resonance of silica particles with silver patches shifted to near–IR region with the patch‟s 

morphology and size, suggesting their potential applications in the biomedical field. The applications of 

patchy particles in immunoassay and as cellular biomarker, drug delivery have been investigated and 

reported.62-64  

Application as Nano/Micro- Swimmers 

The movement of an object at nano or micrometer scale in a controlled manner has an attractive 

application as a transport cargo.65,66 However it remains a challenge. An asymmetric structure may 

provide a possibility to achieve a directional motion of a nano- or micro-sized object, based on the 

specially defined catalytic reaction and the motion under an applied field. It has been explored that the 

autonomous motion of platinum-polystyrene Janus particles could be triggered by the catalytic reaction 

of hydrogen peroxide (H2O2) decomposition.67 One of the proposed mechanisms of particles motion 

was that the dissolution of produced oxygen from the surface (normally on the Pt patch) provided the 

particle a momentum. It also suggested that the concentration gradient generated during H2O2 

decomposition might propel the particle. In addition, other mechanisms were proposed, such as 

interfacial tension gradients and increased osmotic pressure.68 However, there is no single mechanism 

explaining the observed motions of Janus particles. Moreover, the assembled micromotor by patchy 

particles also manifested the catalytic-reaction-driven movement.69,70 Furthermore, the thermophoretic 

motion of the magnetic spherical Janus particles under the magnetic field was observed via heating the 
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magnetic patches, and the movement could be guided in a certain direction by an additional DC 

magnetic field.71 

1.2.2 Patchy Particles Synthesis Techniques  

In view of the road interest in patchy particle for a wide range of applications and also fundamental 

scientific studies, there has been much research into their synthesis. Some commonly used approaches 

will be introduced. 

Template-Assisted Approach 

This is one of the most widely used approaches to prepare patchy particles. To break the symmetry, 

particles are positioned at the gas-liquid, liquid-liquid or liquid-solid interface so that the unprotected 

surface can be modified. Usually at least three steps are involved in a simple case: (i) partial particle 

protection, (ii) modification of the exposed surface, (iii) release of particles. For example, McConnell et 

al. deposited a monolayer of amine-modified silica particles over styrene-acrylic acid copolymer film. 

With the progress of reaction silica particles sank into the film. Afterwards patches were formed by 

electrostatically depositing gold nanoparticles onto the exposed surface. The annealing step afterwards 

led to the reshaping of deposited gold nanoparticles to different morphologies (Figure 1.6a).72 The size 

of surface to be functionalized could be controlled by the immersion depth of particles in the polymer 

film.73 Finally the particles were released by removing the template. Patchy particles (called as 

multiregion particles in the paper) were produced by sputtering gold/palladium alloy onto obtained 

Janus particles. Using the same strategy, Kuo‟s group used polymer fiber as a substrate to protect silica 

nanoparticles.74 The exposed surface of silica was functionalized with aminosilane and subsequently 

covered with gold nanoparticles. Partially removing gold coating led to the formation of ternary patchy 

particles. Alternatively, etching the immersed gold nanoparticles decorated silica and deposition of 

Fe3O4 particles allowed the fabrication of a ternary structure. A recent work from Brüx et al. reported 

the fabrication of zwitterionic SiO2NH2-Au patchy particles, by fixing core particles in winkle grooves 

of elastic polydimethylsiloxane (PDMS) and the subsequent electrostatic absorption of gold 

nanoparticles.75 Additionally, microcontact printing is also an option to produce patchy particles 

(Figure 1.6 b and c). Figure 1.6b describes the preparation of a dipolar sulfate latex particles.76 A film 

of cationic surfactants was deposited on the elastomer PDMS stamp and subsequently transferred to the 
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surface of a latex monolayer. As shown in Figure 1.6c, a two-step micro contact printing method was 

applied to produce trivalent patchy particles. The contact of a monolayer of colloidal particles with 

adhesive stamps allowed transferring silane molecules to the particle surface.77 By repeating the 

printing step, opposite poles of particles were covered by two types of silanes and consequently 

particles consisted of three patches of distinct chemical compositions.  

        

Figure 1.6 (a) Fabrication of patchy particles by immersing silica particles in a polymer film followed 
by deposition of metal nanoparticles.72 Copyright. (b) Fabrication of dipolar patchy particles by 
microprinting approach.76 (c) Scheme to produce particles with two patches with the assistance of 
PDMS stamps.77  The first stamp deposited a layer silane-dye and another type of silane was deposited 
by the second stamp. Images reproduced with permission from references as indicated. Copyright, as 
appropriated, (2010) American Chemical Society, the Royal Society of Chemistry, (2009) American 
Chemical Society. 

Granick‟s group used the Pickering emulsion method to produce a large number of Janus particles.78 

The particles were trapped at the interface of oil/water after the solidification of wax. In this step the 

imbedding depth of particles could be controlled by the added amount of additive. Afterwards, the 

surface modification on the exposed surface of silica particles could be done by grafting silane. This 

method was further developed by Liz-Marzan‟s group to fabricate metal patchy particles, by attaching 
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and overgrowing gold seeds on the unprotected silica surface (Figure 1.7a).79 Asymmetric wet-etching 

of particles embedded in the water/wax interface was able to reduce the size of silica hemispheres 

exposed to water, resulting in the formation of spheres with hemispheres of different functionality or 

the mushroom-shaped particles by prolonged etching (Figure 1.7b).80 Tuning the size of the 

functionalized domain was achieved by controlling parameters such as ion strength, pH and surfactant 

addition.81 Moreover Kim et al. reported the synthesis of polymer based particles with more than one 

patches, as described by the scheme in Figure 1.7c.82 Small particles were adsorbed on the surface of 

UV-curable Pickering emulsions oil droplets, the following process was carried out to break them into 

smaller droplets, where particles were still immobilized on the surface. Exposing to UV light solidified 

the asymmetrical patchy particles 

At liquid-liquid interface, serials of patchy particles, such as F3O4-Ag, Au-silica and Ag-silica, and Au-

poly(N-isopropylacrylamide) (pNIPAm) Janus particles have been produced.83-85 For instance, 

nanoparticles (F3O4, FePt or Au) dispersed in an organic solvent were mixed with silver nitrate aqueous 

solution to form a water/oil emulsion, then the nucleation of silver on the surface of particles facing to 

the water side resulted in the formation of a snowman-like structure. Moreover gas-liquid interface has 

also been proved to be a qualified template for the production of patchy particles.86,87 The fabrication of 

a raspberry-like structure was reported, by spreading microbeads to form a monolayer at an air/water 

interface and modifying the surface exposed to water with IgG or small polystyrene particles of 

opposite charge.88 

Many further examples have been given in the literature, related to the production of patchy particles by 

immobilizing nanoparticles on a soft or hard template by covalent bonds or electrostatic forces.89-93 The 

general strategy behind these methods is to protect partial surfaces by an interface and to treat the 

exposed area. As an advantage, this technique allows the fabrication of patchy particles of all kinds of 

polymeric or inorganic materials. Each specific method allows the process of particles with different 

size ranges. However, the disadvantages of this strategy are the complex operation, and the fact that the 

number and size of patches cannot be tuned. Moreover, in most cases, a multistep process is required to 

obtain particles with a single patch. 
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Figure 1.7 Scheme of wax-based Pickering emulsion method to produce (a) gold patchy particles,79 (b) 
asymmetric particles followed by wet-etching.80 (c) Small particles were adsorbed on the surface of 
UV-curable oil droplets which would be broken into small drops by sonication and solidified by UV 
irradiation.82 Image reproduced with permission from references as indicated. Copyright, as appropriate, 
the Royal Society of Chemistry, (2008) American Chemical Society. 

Vapour Deposition Technique 

This is a direct route to break the symmetry of core particles through protecting the particle surface by 

themselves. The most commonly used and the first published technique involved the assembly of 

colloidal particles into 2-D crystalline films on a flat substrate, followed by the deposition of metal.94 

First of all, a monolayer of colloidal particles was prepared by various techniques, such as spin coating 

and dip coating. In the second step, the deposition of metal onto colloidal particles led to the formation 

of a single patch. For the production of Janus particles, the vertical deposition of metal vapour on a 

monolayer of colloidal particles is sufficient to produce a semishell on the top of particles due to the 

shadow effect.95 

Glancing angle deposition technique developed in Kretzschmar‟s group was applied to produce 

noncircular single patch or multi-patches on colloidal particles.96,97 The particles were protected by the 

neighbour particles, and the size and shape of patches could be controlled by changing the orientation 

of colloidal film or the deposition angle (shown in Figure 1.8a). With this technique, particles with 

complex patch pattern were produced. Precise control over the patch size was possible when the 

particles were positioned in the groove (Figure 1.8b)98 or the glancing angle deposition was repeated at 

different angles.99 The deposition of metal on multilayers of colloidal crystals, however, would result in 

the multi-patches and irregular geometry of the metal pattern, which was determined by the orientation 
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of colloidal multilayers (Figure 1.8c).100 Following the same strategy, Bae et al. prepared their Janus 

particles by depositing organo-silane (octadecyltrimethoxysilane) molecules on bilayer crystalline films 

of colloidal silica, so the untouched area of silica became hydrophobic.101 After the top layer of silica 

particles was removed the hydrophilic domains of silica were coated by titania. Shah et al. introduced 

their method to produce patchy kayak particles.102 The vapour deposition techniques firstly was used to 

fabricate gold-polystyrene Janus particles. Then the monolayer of Janus particles was embedded in 

poly(vinyl alcohol) (PVA) film, stretching above the glass transition temperature of polystyrene led to 

the formation of „Kayak‟ shaped patch particles. 

 
Figure 1.8 (a) Glancing angle deposition of metal on a monolayer of colloidal crystal to produce 
particles with one or two non-spherical patches.96 (b) Angle deposition on colloidal particle locating in 
a groove to obtain a patch of different geometry.98 (c) Vertical deposition on multilayers of colloidal 
crystal to produce different metal patterns.100 Images reproduced with permission from the references as 
indicated. Copyright (2008, 2009, 2005) American Chemical Society. 

This vapour deposition approach is not confined to spherical core particles, but can also be applied to 

anisotropic core structures. For example, the rod shaped silica was aligned vertically on a flat substrate 

by applying an alternating current electric field, and then gold was selectively coated on the exposed 

end of the rods in an electron beam evaporator.103 Furthermore, an anisotropic metal coating on 

spherical core particles was produced by Li et al., and 2-D arrays of amorphous titanium dioxide 

columns were grown on the top of polystyrene colloidal monolayer as template by pulsed laser 
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deposition.104 Generally, the geometry of a patch produced by this technique is dependent on the 

relative orientation of the colloidal layers to the evaporation source. One advantage of this method is 

that it allows precise control over the positioning of the patch. This method has the potential of 

scalability when the production of large domain colloidal crystal is the limiting factor. But 

reproducibility, patch size and morphology control are still unsolved by this technique. 

Emulsion Polymerization  

It has been demonstrated that emulsion polymerization was used to prepare anisotropic polymeric 

particles with dumbbell-like, acorn and snowman shapes.105,106 The process was based on the 

polymerization of introduced monomers on the core particles. Perro et al. showed that the 

polymerization of styrene on silica particles surface modified by polymerizable groups led to the 

formation of snowman-like hybrid particles.107 After that, the functionalization on the uncoated silica 

surface and polymer patch protected region resulted in the formation of particles with patches 

functionalized with two different chemical groups (Figure 1.9a). Mock et al. also investigated the 

fabrication of a type of anisotropic polystyrene 

nanoparticles in the size range of 100-300 nm.108 

A thin hydrophilic layer was coated onto the 

latex particle surface prior to swelling them with 

styrene, the second polymerization reaction 

caused the formation of a polymeric bulge on 

the primer seed particles. Their systematic work 

demonstrated the effects of the wetting affinity 

between the second polymer and polystyrene, and 

the swelling time on the final particle shapes 

(Figure 1.9b). The obtained structures varied 

from concentric core-shell structures to protrudes 

on the surface. Similar to this work, an article 

from Van Ravensteijn et al. reported the 

formation of chemically different patches of dumbbell-shaped polystyrene colloids.109 After swelling 

Figure 1.9 (a) Fabrication of snowman-like 
polystyrene-silica particles and silica particles 
functionalized with different functional groups 
by emulsion polymerisation method.106 (b) 
Scheme of formation of different structure of 
particles by seeded emulsion polymerization by 
tuning the wetting of second polymer on core 
particle surface.108 Images reproduced with 
permission from the references as indicated. 
Copyright (2010, 2006) American Chemical 
Society. 
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chlorinated polystyrene particles in styrene, the polymerization of protruded monomers on the surface 

led to the formation of a patch. Surface with different functional groups enabled further selective 

modification on two domains. Besides using polymer and silica as seeds for emulsion polymerization, 

this route could also be applied to metal or metal oxide as core particles.110-114 Xing et al. prepared 

eccentric polyaniline layer on bimetallic Ag@Au particles.115 The surface-templated polymerization of 

aniline was initiated by the reduction of silver ions in presence of gold nanoparticles, therefore silver 

formed a concentric layer on gold nanoparticles and an eccentric polyaniline layer was grown on 

Ag@Au particles. Besides, various shapes of seeds, for example silver nanocubes and gold nanorods, 

have been used to synthesize patchy particles by this approach.    

In most cases, the particles prepared by emulsion polymerization contained only a single patch. A one-

pot route to prepare polymeric multi-patch particles was reported.116 The reaction mixture consisted of a 

monomer, an initiator and polymer nanoparticles. The polymerization of monomer caused the 

formation of multi-patches with tuneable sizes, due to the phase separation of newly formed polymer 

and the original polymer. However the positioning of a patch at desired sites was out of control. The 

emulsion polymerization method is capable of scaling-up. However the effort of preparing seed 

particles is required. The production of polymeric patchy particles by a seed-free method with tunable 

morphology remains challenging.  

Phase Separation 

Ligands on the surface of particles not only provide functionalities, but also can stabilize them in the 

suspension either sterically or electrostatically. When two or more chemically different ligands were 

introduced to the surface, the phase separation driven by enthalpy or entropy might happen to minimize 

the surface energy, which led to the formation of patterns on the surface, e.g. laminar strips and 

patches. Earlier work from Whitesides‟ group claimed that thiol ligands of different lengths and end 

groups formed different domains on the surface of gold nanoparticles by phase separation.117,118 A 

direct image of this has been obtained by scanning tunnelling microscope and reported as early as in 

1994.119 Later, Stellacci‟s group systematically studied the formation of subnanometer-orders by 

spontaneous phase separation of two different ligands on gold nanoparticles (See Figure 1.10a).120 The 

shape and size of patterned domains were controllable by the composition of ligands and the size of 
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gold nanoparticles. With the decrease of the size of metallic core particles, the space between stripes 

increased, due to the larger entropy gain. The solubility of nanoparticles in ethanol and the affinity of 

the protein to nanoparticles surface were found to be affected by the ligands patterns. Atomistic and 

mesoscale simulation suggested that the formation of stripe-like structure was dependent on the tail 

length and the length mismatch relative to the curvature, when the conformational entropy gain was 

sufficient. When it was not sufficient, the distribution of ligands would change to form larger patches 

and Janus particles (Figure 1.10b).121 

 

Figure 1.10 (a) Schematic drawing of phase separation of two different ligands with various ratios on 
gold nanoparticles leading to different morphology.120 (b) Mesoscale simulation of self-assembly of 
binary mixtures of ligands with length ratios of 4:6, 4:7 and 4:13 over a spherical surface. (c) 
Mesoscale simulation of self-assembly of binary mixtures of ligands of length ratio of 4:7 on the 
surface of various curvatures.121 Image adapted with permission from references as indicated. 
Copyright, as appropriate, Wiley-VCH and (2007) American Physical Society. 

Through the phase separation of metal and polymer on gold nanoparticles surface during the polymer 

micellization, gold particles with polymeric patches of different sizes were fabricated by varying the 

ratio of hydrophobic and hydrophilic ligands during polymer micellization (Figure 1.11).122 When only 

hydrophobic ligand was used, formation of symmetric core-shell structure as shown in Figure 1.11e 

was formed, due to micelles fully covering around particles. As more hydrophilic ligands added, the 

structure tended to transit the structure to be asymmetric (Figure 1.11 c, d, f and g), which was the 

result of the competitive bonds between ligands on gold and polymer surfaces. Saito and co-workers 

have prepared polystyrene and Poly (methyl methacrylate) (PMMA) particles through phase separation 

of polymers during the solvent (toluene) evaporation.123 Under the microscope it was observed that the 

formed structure was dependent on the stabilizer type and its concentration. A bowl-like structure 

always formed in a wide range of concentration of PVA. However, patchy particles varied from the 

bowl-like shape, via acorn to a spherical shape as the concentration of sodium dodecyl sulfate (SDS) 
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increased, caused by the volume shrinkage of PS during solvent evaporation in droplets of core-shell 

and hemisphere droplets. 

Moreover, there is another route to produce metallic 

patches, based on the phase separation of alloy 

nanoparticles. A core-shell structure of FePt@CdS 

transferred into heterodimers of CdS and FePt upon 

heated up to 280 °C, due to the incompatibility of crystal 

lattices and surface tension.124 Motl and co-workers have 

reported the formation of Au-Cu2S heterodimers by 

chemically triggered phase segregation of AuCu.125 The 

AuCu alloy nanoparticles were fabricated by a seed-

based diffusion route and dispersed in the mixture of 

oleylamine and sulfur.126 Being heated to 172 °C and 

cooled down to room temperature with the bubbling of 

air, Au-Cu2S particles were formed owing to the reaction 

of copper with sulfur which was confirmed by X-ray 

diffraction, transmission electron microscope and energy-dispersive X-ray spectrum (EDX) studies. 

Through a gas phase high temperature melting/oxidation process, the oxidation of AuCu alloy above 

the melting temperature led to the formation of AuxCu1-x-Cu2O biphases nanoparticles with 

heteroepitaxial interfaces.127 Zhao et al. introduced their approach to produce Janus particles in the 

flame. A solution containing magnetic particles and silica precursors was injected to flame, the 

produced Janus particles containing domains of silica and Fe2O3, due to the phase separation in the 

liquid state during pyrolysis, were collected by a water stream used to quench the reaction.128 This 

method has the advantage of programming the desired compositions of materials. 

Microfluidic Approach 

The microfluidic approach is becoming more and more popular due to the advantage of producing a 

large quantity of micrometer-sized asymmetrical particles. The advantage also lies on the unique 

characteristics of a microfluidic system, such as fast heat and mass transfer, short mixing time and well-

Figure 1.11 Illustration of the formation 
of polymer-gold particles by varying the 
ratio of hydrophilic and hydrophobic 
ligands during polymer micellization. 
TEM images of obtained symmetric (e) 
and asymmetric (f and g) particles. 

Image reproduced with permission from 
Ref. 122. Copyright (2007) American 
Chemical Society. 
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defined reaction temperature. Microfluidic approaches could be divided into two groups: droplet based 

process and photolithographic process. In the droplet-based method, the process includes first of all the 

formation of droplets and subsequent solidification by polymerization or evaporation. Janus particles 

have been produced by mixing two parallel streams into a continuous phase, e.g. at a Y-junction as 

shown in Figure 1.12a.47 Two organic streams containing carbon black and titanium oxide particles in 

acrylic monomers were mixed in an aqueous phase and uniformed Janus droplets were formed. 

Afterwards bicolored Janus particles were obtained by thermal polymerization. Nie et al. extended this 

technique to produce bi/triphasic polyurethane microparticles.129 They added another central channel 

besides two side channels (Figure 1.12b). In this case, the ternary droplets formed only when the M1 

(the monomer with a lower value of spreading coefficient) was introduced in the intermediate channel, 

and the following in situ photopolymerization allowed to freeze the structure in a solid state. Shah et al. 

reported the fabrication of Janus superparticles by using a microfluidic device.130 An aqueous mixture 

of Poly (N-isopropylacrylamide) microgels, polyacrylic acid, acrylamide, methylene bisacrylamide and 

the photo initiator was injected into silicon oil, and the microgels precipitated on one side of droplets as 

temperature increased, the subsequent photopolymerization of acrylamide monomers stabilized the 

Janus structure. By varying the geometry of the channel, a non-spherical structure could be produced. 

For example, Janus nanodiscs of tobacco mosaic virus consisting of one domain with magnetic 

nanoparticles and another domain with palladium nanoparticles were produced by this technique.131  

Takeuchi‟s group designed a device to produce particles with multiple components.132 The device was 

composed of a microtube filled with calcium chloride at the bottom, a multibarrelled capillary with 

adjustable projection length and an acrylic holder for the capillary fixed by the screws (Figure 1.12c). 

During the centrifugation, sodium alginate solution in each capillary barrel was pumped out and 

integrated into a droplet at the exit of the capillaries due to the surface tension, and later they gelified 

into spheres. With this device, this group has synthesized magnetic Janus particles, Janus ellipses and 

fiber, and multicompartmental particles, by tuning the distance from exit of capillaries to the surface of 

calcium chloride solution (L in the Figure 1.12c) and the concentration of sodium alginate solution. 

Furthermore, the droplet-based microfluidic approach was also applicable to the fabrication of 
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multilayers eccentric and core/shell particles, by developing distinct devices. This work could be 

referred to the studies from Weitz‟s group.133 

 
Figure 1.12 (a) Production of Janus particles by introducing two organic streams in a Y-shaped channel 
of a planar microfluidic geometry.47 (b) A third channel is introduced to produce patchy particles.129 (c) 
A centrifuge-based droplet shooting device used to produce particles with multiple surface 
functionalities.132 Images reproduced with permissions from the references as indicated. Copyright as 
appropriate, Wiley-VCH, (2006) American Chemical Society, Wiley-VCH. 

 
Figure 1.13 (a) Production of magnetic barcoded particles by stop flow lithography combined with 
microfluidics.134 (b) Microfluidic device used in hydrodynamic focusing lithography for preparing 
triangle particles by stacking flow streams followed by solidification.135 Images reproduced with 
permissions form the references as indicated. Copyright, as appropriate, (2010) American Chemical 
Society, Wiley-VCH. 
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The production of patchy microparticles with random shapes becomes easier when photolithography is 

combined with a microfluidic device. The common strategy is to use side by side flow streams in a flat 

channel and lithography technique is applied to solidify the particles (the example seen in Figure 

1.13a).134 Hydrodynamic focusing lithography developed by Bong et al. demonstrated its ability to 

produce uniform particles with multicomponents of random shapes, as shown in Figure 1.13b.135 The 

streams of monomers were stacked in the z and y directions and mixed later in side of the channel, and 

UV light illuminated the streams perpendicularly to solidify materials. The shape of the produced 

particles was defined by the shape of the used mask. The triangles, cross-shaped particles and sticks 

with sandwich layers have been successfully fabricated. 

The microfluidic approach is a versatile technique to produce monodisperse multicompartment particles 

with anisotropic surface and the production is possible at a large scale, in combination with 

polymerization reaction. However, due to the limitation of the fluidic channel design and fabrication, 

the size of the resultant particles is rather large, and only polymer based patchy particles can be 

prepared.  

Electrohydrodynamic Co-jetting Approach 

Electrohydrodynamic co-jetting, including electrospinning and electrospraying, is a technique to 

produce particles and fibers by applying voltage to the solution to form droplets at the tip of needles.  In 

the last decade, this method has been successfully employed to produce patchy particles with more than 

two compartments, by incorporating two or more flows in a side-by-side configuration, and the 

functionalities could be added into the feed flows.136-138 By varying the property of the solutions and the 

voltage, the shape and size of particles could be tailored. An example is given in Figure 1.14a.139 

Titanium oxide and magnetite particles stabilized by poly (acrylic acid) were dispersed separately in 

ethylene glycol and these two suspensions were placed side-by-side. At the tip of a needle Janus 

droplets were formed by applying an electric voltage. The subsequent thermal cross-linking stabilize 

the Janus structure with nanoparticles loaded in two compartments. Tri-compartment patchy particles 

could be prepared by modifying the needle geometry (Figure 1.14b).140 In addition to the direct 

fabrication of nano- and micro-sized particles, microsections of perfectly aligned fiber bundles were 

produced by this technique. Figure 1.14c shows an example from the work of Bhaskar et al.141  
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Multicompartmental microfibers using an electrohydrodynamic co-spinning method were produced and 

collected by a spinning wheel below the needle. The monodisperse microcylinders and microdisks with 

precise aspect ratios were obtained by cryosectioning the finer bundles.  

 

Figure 1.14 (a) Scheme for electrohydrodynamic co-jetting system applied to produce Janus particles 
containing titanium oxide and magnetite particles.139 (b) Patchy particles with three components were 
fabricated.140 (c) Schematic diagram for producing microcylinders via cryo-sectioning Janus fibers and 
other structures produced by this technique.141 Images adapted with permissions form the references as 
indicated. Copyright, as appropriate, the Royal Society of Chemistry, (2006) American Chemical 
Society and Wiley-VCH. 

Electrochemical Approaches 

Combined with the template technique, Yang et al. has employed the selective electrochemical growth 

to produce patches on a monolayer of colloidal gold-polystyrene Janus particles. Through this process, 

various patterns, such as semishells, microcups and mushroom-like clusters were produced.142 First of 

all, Janus particles were prepared by vapour deposition, afterwards the electrochemical deposition 

process was conducted to deposit metal (silver, copper and platinum), metal oxide (e.g. zinc oxide and 

tin oxide), metal sulphides (e.g. CdS) and organic materials (e.g. polyaniline) on the gold domain of the 

single layer of Janus particles. This result was comparable to the work from Yang et al., who used 

electrophoresis method to deposit silver or gold nanoparticles on a monolayer of colloidal crystal 

template.143 

Type to enter text 
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Bipolar electrochemistry relies on the polarization of the conducting object in a strong electric field. 

The mechanism of producing patchy particles is based on the reduction of metal ions and oxidization of 

water at two opposite sides of particles under the externally applied electrical field, the reduced metal 

subsequently deposit on the substrate surface. By this technique gold patches have been fabricated on 

spherical substrates, carbon nanotubes and silver nanowires.144,145 Loget et al. immobilized glass carbon 

beads in a gel medium containing metal salts, such as chloroauric acid, chloroplatinic acid and silver 

nitrate, the electrochemical reaction occurred under a strong electric field and the reduced metal 

deposited on the surface of carbon beads.146 The size of patch was shown to be a function of the 

intensity of the electric field and the concentration of salt as well as the redox reaction kinetics. Due to 

the fact that the synthesis was carried out in a capillary, the yield of production was limited, although 

the technique could be scaled up in future. 

Surface Nucleation 

Surface nucleation is a highly promising route to produce patchy particles due to its simplicity and 

could potentially be applied to core particles of metal, oxide and polymer, as long as the nucleation 

condition is satisfied. Preformed seeds can assist the formation of patches, although some studies have 

demonstrated that the preparation of patchy particles can be prepared without seeding.  

The seed-mediated growth approach could be divided into two steps: seeding and growth. This is 

actually the classic method to prepare gold or silver nanoshells on dielectric cores, developed in Halas‟ 

group,147 albeit it is not limited to produce complete metal shells. For example, colloidal gold 

nanoparticles were attached to the surface of polystyrene particles, a mild reducing agent was used to 

reduce chloroauric acid to grow gold nanoparticles selectively on surfaces of polystyrene particles, 

homogeneous nucleation in the solution was suppressed.148 The size of gold patches could be tailored 

by varying the amount of gold salt used in the reaction. Based on the seed mediated growth, many types 

of metal-metal oxide dumbbell nanoparticles, such as Au@Fe3O4, Ag@Fe3O4 and Pt@Fe3O4, were 

fabricated.149 In the case of the patch formation without a seeding step, heterogeneous nucleation of 

metal on the core particle surface is of essential. As illustrated in Figure 1.15, both Paths a and b 

describe the heterogeneous nucleation on the surface of a preformed core particle. The growth may 

follow different modes, Path a shows an integrated overgrowth of nucleus while Path b by a diffusion 
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mode. Jang et al. reported their work of electroless deposition of gold film on PVP stabilized silica 

particles.121 Nucleation occurred on the surface with no preference once the reduction of gold, and the 

dendritic patches grew over the surface. However, the investigation of the gold deposition on CdS 

crystals demonstrated that heterogeneous nucleation of gold was more likely to take place where the 

curvature was higher and the growth was observed on the defect surface.150 Moreover, the growth of 

gold changed from surface growth (Figure 1.15 path a) to a diffusion growth mode (path b) as the gold 

precursor concentration increased.151 Additionally, metal oxide patches on metal particles can also be 

prepared by this way. Seh et al. reported the fabrication of titania patches on gold nanorods through 

direct nucleation.152 The slow hydrolysis of a titanium diisopropoxide bis-(acetylacetonate) precursor 

separated the nucleation and growth of titania on the surface, helping to produce a uniform patch 

structure. 

The growth of patchy particles has also been 

demonstrated in the gas phase. The work from 

Mehringer et al. described a method to produce 

patchy particles consisting of germanium silicon 

anisotropic in a two-stage hot wall reactor (See 

Figure 1.15).153 By using monogermane (GeH4) as 

precursor, the decomposition Ge nucleated on 

preformed Si nanoparticles and patches grew via 

the Stranski-Krastanov mode (See Section 3.1.1.2). 

The high resolution TEM analysis revealed the 

epitaxial growth of Ge on crystalline silicon. It was 

found that size and number of patches were 

affected by the process temperature and the partial 

pressure. 

Path c in Figure 1.15 describes the nucleation of 

patches taking place on a simultaneously formed 

Figure 1.15 Scheme of growth mechanisms 
during the synthesis of hybrid materials. (a) 
Direct heterogeneous nucleation and growth of 
a second phase on a seed particle. (b) Surface 
heterogeneous nucleation followed by surface 
diffusion of metal phase. (c) Simultaneous 
nucleation and growth of a core particle and 
patch. Image reproduced with permission from 
Ref. 149. Copyright Wiley-VCH. 
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core particle. Although simultaneous nucleation of both 

components does not happen so often,154 in some cases 

a one-pot synthesis was possible. This concept has 

been shown from the work of preparing Ag/AgBr 

hybrid nanocrystals, in which the nucleation of Ag and 

AgBr was found to take place almost at the same 

time.155 AgBr, precipitated by adding methanol into a 

mixture of silver ions and alkylammonium bromide 

surfactant, acted as reducing agent of silver ions and 

substrate for silver nucleation, leading to the formation 

of Ag/AgBr dimer particles. Different from the work 

mentioned above, He et al. have developed a method to produce polymer-metal asymmetric 

multicomponent nanoparticles at a liquid-liquid interface. The studies suggested that the formation of 

polymer cores and metal patches occurred simultaneously by initiating a chemical reaction.156,157 

Organic monomers e.g. aniline and inorganic precursors e.g. chloroauric acid were dissolved in an 

organic solvent and water respectively and mixed in a glass vial. At the water-oil interface, the 

oxidative polymerization of aniline was initiated by gold salt and gold ions were reduced by the 

monomer simultaneously, which led to the formation of gold nanoparticles on the surface of polymeric 

spheres. Due to the hydrophilicity, particles transferred into the aqueous solution, allowing the further 

growth and development of gold into different sizes. The obtained structures contained lollipop, frog 

egg and dumbbell, depending on concentration. Herein, a water-organic interface played roles, i) to 

control the nucleation at the interface, ii) to limit the number of nuclei and iii) to avoid the diffusion of 

procurers.  

What can be observed in the many studies into surface nucleation is that patch growth modes on the 

surface vary widely, leading to either conformal or protruded patches. This is because many factors 

have an influence on the growth of patches, like reaction conditions, presence of additive and so on. 

During the author‟s master‟s project, a two-step method was developed to produce surface conformal 

silver patches with tunable morphology on silica particles in aqueous solution at room temperature. 

Figure 1.16 The Janus-like and patchy 
particles consisting of Ge and Si produced 
by gas phase synthesis under different 
process conditions. Image reproduced 
with permission from the Ref. 153. 
Copyright Elsevier. 
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First of all, silica particles were treated with a solution of concentrated silver-amine complex, and the 

subsequent reduction of silver salt by formaldehyde led to the formation of silver patches.158 

Experiments showed that pretreatment was necessary to facilitate the heterogeneous nucleation of 

silver. It was also found that the morphology of silver patches on pretreated silica particles changed 

from cup-like structure to dendritic with varying the addition order of chemicals and their 

concentration. The approach was promising with its advantages of structural tunability and production 

scalability over most other techniques to produce patchy particles. However, questions, like how to 

improve the reproducibility and whether it is applicable to produce patches of other metals, remained 

unanswered. The present work focused on the investigation of the preparation of metallic patchy 

particles by this technique, to explore the mechanism and correlate the growth condition with the 

product and relevant properties. 

1.3 Summary  

Increasing the degree of anisotropy of nanostructures allows particles to acquire novel functionalities. 

The exploration of patchy particles is greatly motivated and significant progress has been achieved. In 

this chapter, the properties and potential applications of patchy particles have been introduced. 

However, most of examples concerned Janus particles. As far as research on the latter is concerned, the 

majority (63 %) of current research has been focused on the synthesis, according to the publications till 

2011.159 The preparation of patchy particles is rather more complicated than that of Janus particles, 

which is why the study of their properties and applications has been limited.  

The evaluation of synthetic techniques for novel nanostructures could follow some guidelines159: 

whether the produced particles have a uniform and tunable size and morphology, whether this process 

is scalable and whether the surface functionality can be changed. Although some techniques have been 

developed to prepare patchy particles, there is no such technique which can simultaneously fulfil these 

criteria. For example, as a common technique to produce patchy particles, the vapour deposition 

approach allows the precise positioning metallic patches, however it is only used to make patches on 

particles with the size of 0.5 - 10 µm, and yield is hindered due to the limitation of preparing a large 

domain monolayer or multilayers of particles. Microfluidic approach can synthesize Janus particles 

with core particles size of 10 - 100 µm at milligram scale, though the tuning of patch morphology was 
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not easily achieved. The emulsion polymerisation approach is efficient to produce a large amount of 

polymeric patchy particles with structures below 100 nm, but fine tuning of the structure is limited.  

Among all the introduced approaches, the surface nucleation technique is promising to produce patches, 

especially metallic patches. The aim of the present work is to develop an approach to prepare particles 

with metal patches by colloidal technique, allowing the morphological tuning of patches and the 

scaling-up of the production. 
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2. Motivation and Organization of Thesis 

 

2.1 Starting Point of This Work 

A simple method of producing silver patchy particles on silica was developed during the author‟s 

master‟s project.1 In this process, Stöber silica particles were treated with a silver-amine complex 

(such as ammonia, ethanolamine) at room temperature, and then dispersed into silver nitrate.2 The 

addition of formaldehyde and ammonium hydroxide led to the formation of thin silver patches on the 

silica surface. The unprecedented result was due to the direct heterogeneous nucleation and surface 

conformal growth, relying on the interaction of silver-amine complex with silica surface so that a 

large amount of silver was stored on the surface or inside of silica particles. It was found that the 

yield and morphology of the formed silver nanostructures on silica was affected by many factors. For 

instance, the pretreatment of silica particles with silver–amine complex determined the patch yield 

and patch number. When the molar ratio of monoethanolamine to silver was higher than 18, the 

majority of patchy particles contained a single patch. However when this ratio was equal to 6, more 

than 50 % of patchy particles had 3 patches. Interestingly, an alternation in the addition manner of 

ammonium hydroxide during the electroless process resulted in a morphology change and 

consequently a variation in their optical spectra (Figure 2.1). A slower addition of ammonia 

contributed to the formation of dendritic silver patches, while smaller continuous patches were 

obtained when ammonia was added in one shot. It was proposed the hypothesis that surface 

interaction between metal precursors and particle surface was essential for the heterogeneous 

nucleation and surface growth of silver patches. However, further investigations on the formation 

mechanism and optimization of the process were needed, with the aim to develop a robust and 

reproducible metallic patchy particles fabrication technique. 

In this work, approaches for the preparation of metallic patchy particles via electroless deposition 

were systematically explored and the obtained particles were fully characterized through many 
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techniques. A series of patchy particles with various compositions has been successfully prepared. 

The obtained structures were tunable by manipulate the synthetic conditions. The mechanism for the 

patch formation has been proposed. 

 

2.2 Scope of the Thesis 

Throughout this thesis, the investigations of noble metal (silver, gold and platinum) patch formation 

on spherical core particles of different materials, and their characterization are the main issues to 

discuss. In the following text the general strategies are briefly described. 

1. The core particles used in this work were limited to amorphous materials: Stöber silica, polystyrene 

and titanium oxide. The surface properties were varied by introducing various functional groups. 

2. All syntheses were carried out in an aqueous solution.  

3. The synthesis of patches was done via electroless deposition. For the investigation, silver nitrate, 

chloroauric acid, and chloroplatinic acid were chosen as metal precursors, and many commonly used 

reducing agents were selected. The influencing factors, such as temperature, surface property and 

chemical reaction rate and additives, affected heterogeneous nucleation and surface growth steps and 

were investigated to clarify their influences on the patch yield and morphology.  

4. The produced particles were characterized by observing their morphology, and the patch yield was 

determined based on SEM or TEM images, as well as optical extinction spectra. 

Figure 2.1 Silver patches on silica 
spheres with morphologies controlled by 
varying the addition rate of 0.1 mL 
ammonium hydroxide of 8 % added to 
silver plating bath after formaldehyde 
addition: (a) full amount added in <1 s, 
(b) one drop every 1 s, (c) one drop 
every 5 s, and (d) one drop every 20 s. 
Here, a single drop corresponded to 10 
μL.  The scale bars correspond to 250 
nm. Image reproduced with permission 
from Ref. 2. Copyright (2010) American 
Chemical Society. 



Chapter 2. Overview of Thesis 
 

 - 37 - 

5. Through collaborative activities simulation was used to help elucidated the patch growth 

mechanism. 

2.3 Organization of the Thesis 

This thesis contains of 8 chapters. Chapter 3 provides a theoretical background to fundamental 

aspect of the work and the characterization techniques used. The results are presented in Chapters 4 

to 7. The preparation of silver patches on negatively charged patchy particles in a one-pot route is 

introduced in Chapter 4. Here, systematic investigations have been carried out to study the influence 

of each reaction parameter. It has been found that surface properties e.g. the surface charge and 

density of charged groups played important roles in determining the patch morphology and yield.3 

However the production of gold patches on negatively charged particles by using chloroauric acid as 

the precursor was not likely, due to the lack of attractive forces with particles surfaces. Chapter 5 

shows that with the assistance of preformed silver patches, bimetallic (gold and silver) patches could 

be formed.4 In contrast, gold and platinum patches could be directly prepared on the surface of 

positively charged core particles, by using chloroauric acid and chloroplatinic acid as metal 

precursors respectively (Chapter 6).5 It was found that the growth mode was different from the silver 

case. However, this approach could be generalized to these different systems and thus tuning the 

patch morphology and consequently the optical properties was possible. Chapter 7 describes first 

attempt to transfer the batch reaction approaches used in the earlier chapters to a continuous process, 

an important step towards scale-up of the patchy particle synthesis. The efficiency was dramatically 

improved without losing the morphology control. Chapter 8 summaries the work and provides and 

outlook for studies in the future.            
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3. Theoretical Background and 
Characterization Techniques 

 

3.1 Colloidal Particles  

A colloidal system is composed of at least two phases, one phase (e.g. particles or droplets) dispersed in 

another phase, in which the size of colloidal particles is in the range of nanometers to a few 

micrometers. What defines the characteristic of colloidal particles of a certain composition is the 

physical dimension (size distribution, shape or morphology of the particle), surface property, stability 

and state of aggregation. Those aspects are generally affected by the synthetic condition and post-

functionalization. Especially the size (or size distribution) and the surface property, they are strongly 

dependent on nucleation and growth condition. The preparation of colloidal particles can be done by 

the following two strategies: condensation of a new phase (bottom up processing) and comminution of 

large particles (top down processing). Methods of a new phase condensation include chemical reaction, 

vapour deposition, dissolution and re-precipitation. 

3.1.1 Nucleation  

In the bottom-up synthetic approach, it is common to carry out the synthesis in a solution which 

contains precursors. The process of nanoparticle formation can be generally divided onto two stages: 

nucleation and growth. Nucleation is a phase transformation process to form a new phase. Once the 

supersaturation of the product is reached, precipitates or nuclei will be formed. Afterwards the growth 

of theses nuclei will proceed. Based on where the nucleation of a new phase takes place, homogeneous 

and heterogeneous nucleation can be distinguished. 

a) Homogeneous Nucleation 

Homogeneous nucleation is the spontaneous formation of nuclei in a bulk phase and does not rely on a 
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foreign material. Upon reaching the supersaturation level of a substance produced via chemical reaction 

or in supercooled solution, the system becomes energetically unstable and atoms or monomers start to 

condense. This results in a new interface and volume, contributing to the Gibbs free energy change in 

the process of homogeneous nucleation, as given below, 

 

 

Where r is the radius of a spherical cluster, γ and Vm are the surface free energy per unit area and the 

molar volume of the crystal respectively, S is the supersaturation degree defined by the ratio of 

supersaturated concentration to equilibrium concentration, R and T are the ideal gas constant and 

reaction temperature, respectively. Clearly, with S < 

1, the total Gibbs free energy (Equation 3.1) is 

positive, meaning no nucleation occurs. With S > 1, 

the term related to the volume (Equation 3.2) is 

negative. The sign of total free energy is dependent 

on the radius of cluster and total free energy passes a 

maximum (see Figure 3.1), which is the energy 

barrier for the homogeneous nucleation. The surface 

energy is unfavored until the size of clusters reaches 

the critical value. As the Gibbs free energy change is 

zero, the corresponding radium is the critical nucleus size (See Figure 3.1 and Equation 3.4). The size 

of nuclei fluctuates due to the accretion and release of atoms before size reaches the critical value. After 

cluster attains the critical nucleus size, further addition of atoms to the cluster is energetically favored, 

and the particle will grow rapidly.  

The nucleation rate, defined as the number of nuclei formed per unit time per unit volume (Equation 

Figure 3.1 Plot of total Gibbs free energy 
of clusters formation versus cluster radius, 
showing surface energy and volume free 
energy contributions.  
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3.5), is described in the form of an Arrhenius reaction velocity equation. Variations of temperature, 

surface energy and supersaturation allow control the nucleation rate. The velocity of nucleation rate 

determines the final product. A shorter nucleation period is generally regarded to produce more uniform 

particles, according to the nucleation burst mechanism. 

 
La Mer and coworkers studied the nucleation and growth of sulfur sols in a chemical reaction based 

system and proposed a mechanism of homogeneous nucleation and growth for colloids and 

nanocrystals.1 In the LaMer Model, the formation process of particles consists of three stages (Figure 

3.2a). In stage I, the concentration of atoms increases with time to reach the supersaturation level. In the 

metastable zone, the concentration is below the minimum critical supersaturation level and 

homogeneous nucleation cannot take place. In stage II the concentration reaches the critical 

supersaturation, nucleation occurs and leads to decrease in atom concentration. Once the concentration 

is below the critical supersaturation level, nucleation cannot happen. Stage III is the growth step, in 

which atoms add to the stable clusters. In such a system following La Mer mode, the final particle size 

is a function of monomer supply rate and growth rate. The final size, size distribution and structure or 

morphology of particles are determined by the reaction kinetics. Factors like concentration, temperature 

and additives play a role in nucleation and growth steps. In order to obtain monodisperse particles, the 

nucleation period should be short. When the nucleation step lasts over a longer period, simultaneous 

nucleation and growth will result in polydispersity (Figure 3.2b). 

 

 

 

 

 

 

Figure 3.2 (a) A plot of the La Mer model presenting colloids formation via nucleation and growth 
steps, which are divided into three stages. Nucleation occurs spontaneously when the concentration is 
above the minimum critical supersaturation level (Cnm, min). (b) Schematic illustration of how the 
nucleation period affects dispersity.2  Image reproduced with permission from Wiley-VCH.  

a b 
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b) Heterogeneous Nucleation 

When the nucleation of a new phase takes place on a foreign substrate (a particle or a surface layer), it 

is called heterogeneous nucleation. Compared with homogeneous nucleation, heterogeneous nucleation 

actually is more widespread in reality, since heterogeneous nucleation is more favoured energetically. 

The energy gain from partially covering the pre-existing surface lowers the energy barrier and 

encourages nucleation. Mathematically the free energy change of heterogeneous nucleation is equal to 

that of homogeneous nucleation multiplied by a factor less than unity (see Equation 3.6), which is 

dependent on the contact angle (θ) of the new species with the substrate. The rate of cluster formation is 

related to the atom deposition rate and the diffusion rate of atoms to and from the formed clusters. 

Classically, as in the homogeneous case, critical nucleus size is thermodynamically determined. In 

reality, kinetic influences due to the substrate should be considered and nucleation may take place at 

preferential sites, something which has been proved in numerous cases of metal-on-metal growth.3 

Therefore the use of heterogeneous nucleation is able to produce bimetallic and composite materials as 

well as anisotropic structures. The seed-mediated methods to produce metal coated nanostructures rely 

on the heterogeneous nucleation of metal on seeds of same material or materials with a similar crystal 

lattice. Seed-mediated method avoids homogeneous nucleation, separates nucleation step from growth 

step and allows the control of shape and size of particles. 

 
3.1.2 Growth, Size and Shape Control 

The growth of colloidal particles is the process of monomers diffusing to the surface and incorporating 

into the nuclei. Monomers diffuse from the bulk liquid phase to the particle surface through a diffusion 

layer and interact with the surface. Therefore, the surface reaction and bulk diffusion are two steps 

affecting the growth rate. When the diffusion process is the determining step of the overall growth 

process, it is called diffusion controlled growth. Many anisotropic structures, such as dendrites and 

branches, are produced due to the mass transport limitation in solution.  
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When the surface reaction controls the overall growth rate, the so-called integration controlled growth 

occurs. Herein the facets with the slowest growth rate dominate the resultant structure. It was found that 

a linear growth rate was inversely dependent on the particle radius in the diffusion controlled growth 

mode and its magnitude is much higher than that of the reaction controlled growth mode.4 A 

combination of diffusion and integration controlled growth might be found in some cases. 

 

Figure 3.3 Illustration of three modes of epitaxial growth of platinum on metal seeds. They are Frank-
van der Merwe (FM) mode, Stranski-Krastanov (SK) mode and Volmer-Weber (VW) mode. Image 
reproduced with permission from Ref. 6. Copyright Elsevier. 

When the growth of a new phase on the substrate follows an epitaxial mechanism, there are three types 

of growth mode, dependent on the match of lattice between the new crystal and the substrate.5 Figure 

3.3 shows the three modes of epitaxial growth of platinum on metal seeds. With slightly mismatched or 

matched lattices and a higher interfacial binding energy, a layer-by-layer deposition takes place, which 

is known as the Frank-van der Merwe (FM) mode. When the mismatch of lattices is high and surface 

energy is gained, 3D nucleation and growth will be pronounced by forming the islands on the substrate, 

described by the Volmer-Weber (VW) mode. In between these two extreme conditions of small lattice 

mismatch, a transition from 2D layer-by-layer growth to 3D island growth is expected. After the 
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formation of a wetting layer with the thickness of 1 - 4 atomic layers, the built-up strain energy from 

the lattice mismatch would be released by forming less strained 3D islands. This growth mode is known 

as the Stranski-Krastanov (SK) mode. 

Investigations have shown that some colloidal particles are formed by the aggregation of smaller 

subunits or primary particles, rather than atoms or molecules.7 Coalescence attachment is unidirectional 

and leads to the formation of amorphous or polycrystalline spherical particles. For example, spherical 

silica particles are commonly prepared through the hydrolysis and condensation reaction of silicon 

ethoxide. It was proposed that the resulting spherical particles were formed due to the aggregation of 

tiny silica clusters.8 It was also reported that monodisperse titanium oxide particles (0.2 - 0.5 µm) were 

composed of primary particles of 6 - 10 nm in diameter.9 Orientated attachment is the crystallographic 

alignment of smaller crystals. Although the detailed mechanism of orientated attachment is not fully 

understood yet, this process has been found to occur in many systems.10,11 

For the preparation of colloidal particles, the number of particles is determined by the nucleation step. 

However, the size of particles is also related to the nucleation stage, since the volume of each particle is 

proportional to the number of particles. Indeed, the final number of particles is a function of the 

monomer supply rate, volumic growth rate and the molar volume of the solid. Therefore, the production 

of monodisperse particles could be controlled by two means: control of monomer supply and control of 

the growth rate. The former can be done by controlling the reaction (temperature, pH and initial 

concentration of precursor), the latter can be achieved by using additives. Another option to produce 

monodisperse colloidal particles is to separate the nucleation and growth steps. A short period of 

nucleation is possible to achieve by a fast production of monomers, and rapid depletion of monomers 

below the critical supersaturation limit stops the nucleation step, so that the remaining monomers will 

add into the stable clusters. Supersaturation quenching (by changing temperature or pH) and seeding 

are also common strategies to separate nucleation and growth steps.12-14 In a seeding method, a certain 

amount of seeds is added, the concentration of monomers is below the supersaturation for nucleation so 

that the monomers integrate to seeds. This method is more often applied to produce homogeneous 

colloidal particles. With respect to the size distribution, a concept of size distribution focusing was 

introduced.15 The critical cluster size is smaller with a high monomer concentration, and the growth of 
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smaller clusters is faster since more atoms are required for increasing the size of larger clusters. 

Therefore, the size distribution is „focused‟ with time.16 On the other hand, a slow growth causes a 

broader size distribution, because the critical size may fall within the present size distribution and 

ripening broadens the size distribution. Although recovering monodisperse particles is possible by 

separation, it is time-consuming and inefficient, and the situation is complex for anisotropic particles. 

Experimental work has proven that it is possible to narrow the size distribution by adding additional 

precursors during growth.17 Shape control in most cases refers to nanocrystals. Amorphous particles are 

mainly in the form of a sphere, by random deposition of molecules and atoms, unless they are deposited 

on a shaped template. Under an equilibrium condition, nanocrystals with a nearly spherical shape may 

even contain facets, but the aspect ratio is close to 1 in order to minimize the surface energy. During 

growth, the facet with high surface energy grows fast and will disappear; the resultant particles have 

exposed low energy facets. The formation of an anisotropic shape can be achieved by pushing the 

growth away from the equilibrium state. Increasing growth rate is an option to maintain an anisotropic 

shape, however the size distribution might be affected. A common method to control particle shape is 

to use additives, such as ions,18,19 surfactants20,21 and polymers,22 which selectively adsorb to a 

particular crystal facet, decrease the surface energy and consequently alter the growth rate. However 

the function of surfactants in the shape control is difficult to clarify. In some cases the charged 

surfactant molecules often form complexes with metal salt precursors and the chemical kinetics is 

changed.23,24 Besides that, they are also regarded as soft templates for the formation of certain 

structures.25 Biomolecules such as protein and DNA are also be used to direct the growth of gold or 

silver faceted nanocrystals.26 Another route to create particles having complex structure is through the 

oriented attachment of clusters. Anisotropic structure like wires and rods are often obtained.27 More 

methods to produce anisotropic structures have been introduced in Chapter 1. 

3.1.3 Surface Charge of Colloidal Particles 

Important aspects of colloidal particles that have been mentioned above are their shape and size 

distribution, which dominate their characteristics, such as their optical properties. Moreover, the surface 

of particles influences their stability, aggregation behaviour and interaction with solvent and other 

molecules. Herein surface charge plays a critical role. When particles are dispersed in an aqueous 
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solution, the acquisition of surface charge can be generalized through the following approaches. 

a.) Ionization or dissociation of surface groups 

Particles with functional groups can be charged through the ionization of these groups, the degree of 

which depends on the pH of the aqueous solution. For example, the surface of metal oxide particles in 

aqueous solution is positively charged when hydroxyl groups obtain protons at a pH lower than the 

isoelectric point, and negatively charged due to deprotonation at a higher pH than the isoelectric point, 

as shown for the case of aluminium oxide in Figure 3.4a. Beyond this, groups such as carboxyl and 

amino groups, which can be protonated or deprotonated, can contribute to surface charge if present. 

 
Figure 3.4 The origin of surface charge on a solid surface in electrolyte.28 Image reproduced with 
permission. Copyright Wiley-VCH.    

b.) Ions adsorption 

For particles without functional groups, surface charging can be obtained by adsorbing ions, ionic 

surfactants or polyelectrolytes (Figure 3.4b). In some cases, ions are absorbed on the surface with 

preference by forming bonds. With respect to the lack of preferential absorption, it is regarded that 

negative ions with weaker hydration activity will be absorbed in preference to ions with stronger 

hydration activity.29 Hence, due to the fact that cations are more hydrated and tend to stay in the 

aqueous solution, surfaces generated in water-based synthesis are more often negatively charged.  

c.) Ion dissolution 

The dissolution of an unequal amount of cations and anions contained in particles will lead to charge 

the surface. For instance, unequal dissolution of silver and iodide ions from silver iodide particles 
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causes a negative surface charge when excess iodide ions are in the solution, whereas positively 

charged surface with excess silver ions in the solution (Figure 3.4c). Therefore, silver and iodide ions 

are considered as potential determining ions, because their concentrations determine the electric 

potential at the surface.  

d.) Isomorphous ion substitution 

Isomorphous substitution describes the process of one kind of atom replacing another kind of atom of 

similar size in a crystal lattice with no alternation in the crystal structure. As shown in Figure 3.4d, the 

replacement of silicon (Si4+) in silicon–oxygen tetrahedra by aluminum (Al3+) to form an octahedral 

structure with six oxygen atoms leads to the building up of a negative charge. The same occurs when 

the Si4+ is substituted by Mg2+, Zn2+ or other atoms.  

When particles are dispersed in a non-aqueous solution, it is believed that the surface charge originates 

from the interaction between particle‟s surface and matrix, either by friction or by the absorption of 

ions from slightly ionized medium or impurities in the medium. Moreover, it has been demonstrated 

that particles with a low dielectric constant could be 

positively charged by medium with a higher dielectric 

constant.29  

3.1.4 Electric Double Layer 

When colloidal particles are dispersed in an electrolyte, the 

principle of electroneutrality dictates that electrolyte ions 

(counterions) with the charge opposite to the surface charge 

form a layer around particle, the so-called electric double 

layer structure. As seen in Figure 3.5, counterions are 

attracted to positively charged surface of a particle. This 

layer is called the Stern layer, the thickness of which is 

dependent on the size of the counterion. Away from the 

surface of the particle, counterions interact more weakly 

with the surface and the number of them decreases. Within 

 

Figure 3.5 Schematic representation of 
electric double layer around a particle 
with positive surface charge, and its 
surface and Zeta potentials.  
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the so-called slipping plane the ions and the particle are a stable unit, whereas beyond this boundary 

ions do not move with the particles. The potential difference between a particle‟s surface and the bulk 

dispersant is defined as the surface potential. The potential difference between the slipping plane and 

the bulk dispersant is known as zeta potential or electrokinetic potential, and is correlated with the 

surface potential and concentration of the electrolyte. Generally, the higher the counterion 

concentration, the lower the zeta potential, because the double layer is more compressed. High valence 

ions also affect the thickness of the double layer. However, when counterions (or high-valence 

counterions) are preferentially adsorbed to the charged surface (e.g. due to chemical reaction), an 

overcompensation of the surface charge might occur, leading to more ions of opposite charge to 

counterions in diffuse layer. In this situation the zeta potential might be opposite to surface potential. 

3.1.5 Colloid Stability 

Surface charge of colloidal particles influences surface absorption characteristics, interaction between 

particles, dispersibility and consequently stability. Hence, colloidal stability is an important issue to be 

considered in practice. In applications, the stability of dispersion determines its quality, property and 

processability of product, such as in the food and pharmaceutical industries and painting products. 

What governs the stability of colloidal particles in dispersion is the interaction energy. The total 

potential energy is a function of the separation 

between two particles (Figure 3.6). The shape of 

the interaction energy curve is the result of the sum 

of an exponentially decayed repulsion (electrostatic 

repulsion) term and a steeply decaying attractive 

(van de Waals) term. The maximum of the 

potential energy is the energy barrier needed to be 

overcome to aggregate. The higher the barrier is, 

the longer the system remains stable. Many factors 

affect the height of the potential energy barrier, 

such as the Hamaker constant, surface potential, Figure 3.6 Curve of potential energy vs 
particles separation.  
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type and concentration of electrolyte. 

As well known, the van der Waals forces between particles in dispersion are attractive. When there is 

no repulsive force between particles, coagulation will occur. The commonly used strategies to protect 

particles against coagulation are to stabilize them electrostatically or sterically. Here, the introduced 

diffuse ionic layer or polymer on the surface of particle can override or screen out the van der Waals 

attraction respectively, and consequently prevent particles from aggregation. 

a.) Electrostatic stabilization 

Introducing electrical repulsion is an important mechanism to stabilize particles dispersed in an aqueous 

solution or a moderate polar solvent. With two particles approaching each other, the electrical double 

layers overlap and the concentration difference between the overlapping region and the bulk causes the 

osmotic pressure to keep particles apart. The routes to acquire surface charge for colloidal particles 

have been mentioned above. Electrostatic stability is affected by factors like ion types and 

concentration, particle size and zeta potential. Introducing charged molecules to particles‟ surface is 

more often used to stabilize particles suspension. For instance, gold nanoparticles prepared by reducing 

chloroauric acid in sodium citrate are stabilized by the adsorbed citrate ions. For example, the electrical 

double layer formed by adsorbing citrate, chloride ions and cations caused the electrostatic repulsion 

and prevented particles from aggregation.30 

b.) Steric stabilization 

Charge stabilization may fail when particles are dispersed in a polar solvent with a high salt 

concentration or in a non-polar solvent. The presence of polymer stabilizes particles under this 

condition. Polymer is adsorbed onto the surface either chemically or physically. When particles covered 

by polymer get closer, polymer layers will touch as soon as the distance between two particles is less 

than twice of the polymer layer thickness. By considering a constant concentration of polymer layers, 

polymer chains might interpenetrate in layers or compress each other during this process. The increase 

of the local polymer concentration causes a free energy penalty; consequently a repulsive steric 

interaction between particles is generated to separate them. Choosing a proper solvent and controlling 

the concentration of the free polymer are of importance. In a poor solvent, when the coverage of 
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polymer on particle‟s surface is low, the polymer layers on two particles‟ surface will penetrate each 

other and the coiling up of polymers might occur, leading to particles aggregation. However, with a 

high polymer coverage in a good solvent, there would be no penetration between polymer layers and a 

repulsive force is generated during the reduction of distance between particles. Furthermore, another 

advantage of polymeric stabilization is that a narrow size distribution and shape-control can be 

achieved during particles synthesis. The absorbed polymer serves as a barrier to limit growth, and 

consequently the size and shape of particles are manipulated. 

c.) Electrosteric stabilization 

Electrosteric stabilization is due to the presence of polyelectrolyte at the particle surface. Both 

electrostatic and steric stabilization imparted by polyelectrolyte molecules can provide stability. 

Destabilization is to cause the aggregation of particles. Removing the electrostatic barrier by double 

layer compression (adding salt) or charge neutralization (e.g. changing the pH), overcharging byadding 

polyelectrolytes31 and adding the charged polymer flocculants which bridge colloidal particles, are 

effective methods to destabilize particles.  

3.2 Surface Plasmon Resonance of Noble Metal Nanoparticles 

3.2.1 Surface Plasmon Resonance (SPR) 

Under the radiation of light, the oscillation of the electromagnetic field results in the collective 

oscillation of electrons at a metal surface, known as surface plasmon resonance. SPR occurs in metal s 

at frequencies where they have a negative real and small positive imaginary dielectric constant. The 

surface plasmon is coupled to an electromagnetic wave known as a polariton, propagating at the 

interface of the metal/dielectric and confined in the perpendicular direction (Figure 3.7a). In the case of 

nanoparticles, a localized surface plasmon occurs when conduction electrons confined at the surface 

oscillate coherently, resulting from the columbic attraction between the electron clouds and nuclei 

arising a restoring force (Figure 3.7b). Localized surface plasmons are characterized by a strong field 

enhancement at the particle surface and an exponentially decaying field away from the interface.32 

3.2.2 Localized SPR in Noble Metal Nanoparticles 

Localized surface plasmon resonances in the visible and infrared spectra regions are more often 



Chapter 3. Theoretical Background 
 

 - 50 - 

observed in nanostructures of noble metals, especially gold, silver and copper. This is due to the fact 

that the plasmon frequency is pushed forwards the visible spectra region due to d-d band transitions in 

these metals, hence they display strong colour effect.33 At the nanoscale the boundary and surface 

become important, therefore their optical property is very attractive. Since the shape and size of 

nanostructure strongly affect its surface morphology, the tunable optical properties of tailored noble 

metal nanostructures are widely investigated.  

 
Figure 3.7 Schematic diagrams for (a) propagating surface plasmon at the interface between a metal a 
dielectric materials and (b) localized surface plasmon resonance of a sphere, showing the displacement 
of conductive electrons cloud relative to the nuclei. Image reproduced with permission from Ref. 34. 
Copyright Elsevier. 

The frequency and width of localized SPRs in noble metal nanostructures are related to the electron 

density, effective mass, dielectric function, particle size and shape, as well as the environment.35 Figure 

3.8 presents a diversity of calculated and experimental spectra of gold nanoparticles of different shapes 

and sizes, composition and separation between particles with the substrate. For a simple analysis of the 

SPR of metal nanoparticles with size smaller than wavelength, the qusasi-static limit is valid. Equation 

3.7 describes the extinction cross-section of a spherical particle.30 

 

Here,  a is the radius of the particle, λ is the wavelength, ε1 and ε2 are the real and imaginary part of the 

complex dielectric constant of the metal particle, and εm is the dielectric constant of the medium in 

which particle is surrounded. χ is a shape factor, for a sphere χ = 2. N is the free electron density. From 

the equation, the extinction maximizes when ε1 = -χεm.  

For a spherical particle, when ε1 = -2εm, the extinction maximum is reached. Indeed it is possible for 
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metals, such as silver and gold, to have a negative real part of metal dielectric constant at certain optical 

frequencies, given that the dielectric constant of metal is a function of wavelength, defined by the 

following equation for the real part of  ε1: 

 

Here, the plasma frequency ωp (ωp
2 = Ne2/ε0m) of bulk metal is dependent on the electron density and 

electron effective mass m (e and ε0 are the electron charge and the vacuum permittivity, respectively), 

ω is the frequency of incident light, γ is a damping factor. When γ << ω, it is expected that the real part 

of dielectric constant becomes more negative with decreasing frequency of light. Therefore, a plasmon 

resonance at a certain wavelength is observed. Although gold and silver have similar electron densities, 

the difference in the interband contribution to the plasmon resonance or the equivalent difference in the 

core polarizability leads to a localized surface plasmon resonance at around 400 nm for silver 

nanospheres and 520 nm for gold nanospheres.36 

With increasing the size of nanoparticles, the number of free electrons increases proportional to the  

volume, leading to an increase in the extinction cross-section. El-Sayed‟s group has found that a red 

shift of plasmon resonance band was observed with the increase of diameter (9 - 99 nm) of spherical 

gold nanoparticles (Figure 3.8 a and d).37 The simulation by adopting Mie theory and the discrete dipole 

approximation (DDA) also proved the same trend of a red shift from 520 nm to 550 nm, as the size of 

gold nanoparticles increased from 20 to 80 nm, due to the electromagnetic retardation in larger 

nanoparticles.38 When the size of particles is large and the polarization of particles induced by incident 

light is not homogenous, higher order-oscillation modes appear.35 The broadening of the plasmon 

resonance peak is also observed, due to reduced phase coherence. Moreover, the contribution from 

scattered light increases, due to the size of particles. 

The shape of nanoparticles has a greater influence on the resonance frequency than the size does. A 

shape factor is included in Equation 3.7. In simple terms, the shape of particle affects the restoring 

force on the electron cloud. For nonspherical particles, anisotropic structures may have multipole 

plasmon resonances, some of which were orientation-dependent. For example, gold nanorods have two 

plasmon resonances, corresponding to a transverse resonance at short wavelength and a longitudinal 
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resonance at long wavelength (Figure 3.8 b and e). It is found that the longitudinal resonance red-shifts 

with increasing the aspect ratio, while the transverse resonance is not strongly dependent on this 

parameter.39 Research results showed that silver nanorods with various aspect ratios and silver 

nanoprisms can enhance the electromagnetic field much more strongly than silver nanospheres.40  

Furthermore, the plasmon resonance of metallic nanostructure is very sensitive to the dielectric 

property of the surrounding medium. As can be seen from the extinction cross-section function 

(Equation 3.7), an increase in the medium dielectric constant εm requires a more negative real part ε1 to 

satisfy the condition for plasmon resonance, and this will lead to the red shift of plasmon resonance. 

The concentration of nanoparticles should also be considered, since interactions will take place between 

a particle and its neighbours. In this case the simple mode (Equation 3.7) is not valid any more. An 

average dielectric function for the composite media is required in order to determine the resonance 

frequency of a concentrated system (Figure 3.8c).33 Additionally, molecules interacting with particles 

surface might result in the broadening of plasmon resonance peak and the shift of peak due to the 

perturbation of the electron density of the metal or modifying the local dielectric function.41,42 In the 

case of particle supported by a substrate, the induced field acting on nanoparticles is not homogeneous 

in space, thus mulitpolar mode will be observed. For example, calculations showed that coupling of 

multipolar modes occurred when a silver sphere was in contact with an aluminium oxide (Al2O3) 

substrate, the plasmon peaks tended to lose the individual characters and became broader than these of 

isolated spheres.43 It has been shown that when the geometry of particle on a substrate is varied, very 

different spectra can be obtained.44 Plasmon coupling between metallic nanoparticles occurs, enabling 

potential applications as optical and photogenic devices, like plasmon wave guides. The coupling of 

plasmon resonances was demonstrated by examining the plasmon resonance shift with varying 

separation between gold nanoparticles. A single particle has a plasmon resonance, while two particles 

have two resonance features.45 With decreasing the distance between two particles, the plasmon 

resonance band at longer wavelength red-shifts and the intensity increases (Figure 3.8f), whereas the 

intensity of plasmon resonance at the short wavelength decreases. Linearly assembled gold nanorods 

also presented a red-shift of the longitudinal resonance, due to electromagnetic coupling of adjacent 

nanorods which decreased the longitudinal plasmon oscillation frequency.46 
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Figure 3.8 Calculated (a) and Experimental (d) extinction spectra of gold spheres with different 
diameters, (b) calculated extinction spectra of gold ellipsoids of varying aspect ratio. (c) Calculated 
extinction spectra of thin glass films loaded with increasing gold nanoparticle volume fractions. 
Experimental spectra of gold nanonorods of various aspect ratios (e) and multilayer films of glass-
coated gold  spheres with varying inter-particles distances (f). Images reproduced with permission from 
Ref. 33. Copyright (2006) American Chemical Society. 

3.2.3 Metal Nanoshells 

Nanoshells consist of a metal (e.g. gold) shell on a dielectric core (e.g. silica) and demonstrate 

attractive optical properties, owing to their large extinction cross-sections and tunability in resonance  

frequency and absorption/scattering ratio.47 The plasmon resonances of gold nanoshells can be tuned 

from the visible to the far infrared regions by changing the core/shell ratio, something which cannot be 

achieved with pure gold nanoparticles by varying their size.48 According to the work reported by 

Prodan et al., the plasmon resonance of gold nanoshells could be understood as the interaction or 

hybridization of elementary plasmon resonances supported by metallic nanostructures of geometrical 

complexity.49 Two dipole modes are produced by the interaction or hybridization between the plasmon 

responses of a nanosphere and a nanocavity, as shown in Figure 3.9a. Due to the bonding and anti-

bonding, the combination of the fundamental sphere and void modes, two resonances are produced. 

Mathematically, the frequencies of bonding (ω-) and anti-bonding (ω+) plasmon modes are described 

by the following equation: 
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Where a and b are the inner and outer radius of the nanoshell particle, l is the order of the spherical 

harmonics. For the binding plasmon mode, increasing the core/shell ratio produces plasmon modes at 

lower frequency, namely plasmon resonances at longer wavelength. This is in consistence with Mie 

theory calculations.50  

 
Figure 3.9 (a) Schematic description of plasmon hybridization in metallic nanoshells from interaction 
between spheres and cavity plasmons. Two nanoshell modes are an antisymmetrically coupled 
(antibonding) mode ω+ and a symmetrically coupled (bonding) mode ω-.49 (b) Theoretically calculated 
plasmon resonance of gold nanoshells on silica spheres over a range of core/shell radius thickness 
ratios.50 Images reproduced with permission from the references as indicated. Copyright, as appropriate, 
AAAS,  Elsevier. 

Experimentally, the thickness of metal shells on dielectric core particles of a certain size is tunable.50 

Specifically, preformed small gold nanoparticles were attached to the surface of core particles, and 

overgrowth of seeds led to the formation of a complete shell over the core particles. During the growth 

of gold nanoshells, the characteristic plasmon extinction peaks changed with time as the gold shell 

thickness increased. Varying the ratio of core/shell radius thickness allows tune the plasmon resonance 

to the near infrared region (in Figure 3.9b). Hence, many investigations have been carried out to apply 

gold nanoshells in the field of cancer therapy. Gold nanoshells can absorb light in the NIR region where 

tissues have minimal absorption and the energy is converted to heat, so tumor cells can be killed.51 

Moreover, they are also used as sensors to detect antigens of very low concentration, owing to the fact 

that their optical signal is sensitive to the surrounding environment.52 Gold nanoshells also have the 
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potential application for cancer cell detection, via surface enhanced Raman scattering (SERS) 

spectroscopy.53 

3.3 Characterization Techniques 

In this work, many techniques were employed to characterize the properties of synthesized particles. In 

the following text, these techniques will be introduced.  

3.3.1 Scanning Electron Microscopy (SEM) 

The scanning electron microscope is a common instrument to image and analyze a sample by scanning 

a focused electron beam, which interacts with the sample surface and results in the backscattering and 

emission of electrons. The technique provides information about microstructures and chemical 

compositions of the sample can be obtained. A schematic diagram of a SEM is shown in Figure 3.10. In 

general the electron beam is formed by 

an electron gun in a high vacuum, 

while electrons are accelerated by an 

electrode with a positive electrical 

potential. Several types of electron 

guns are used to produce a stable 

electron stream with a high current and 

tunable energy, such as thermionic 

electron gun (tungsten electron guns, 

lanthanum hexaboride gun) and field 

emission electron source. The latter is 

most often applied in modern electron 

microscopes. The generated electron 

beam is focused by magnetic lenses and 

is converged into a parallel steam by a 

condenser. The objective lens focuses the 

electron beam into a probe point on the 

Figure 3.10 Schematic diagram of a scanning electron 
microscope (JSM-5410, courtesy of JEOL. USA). 

Image reproduced with permission from Ref. 54, 
Copyright Springer. 
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surface of specimen. Apertures are also employed 

to exclude scattered electrons and to control the 

spot size so that the resolution is enhanced. In 

order to generate an image of the specimen 

surface, the probe spot is moved over the surface 

via scanning coils, which deflect the electron 

beam. By detecting different signals, such as 

secondary electrons and backscattered electrons, 

several detectors are used to image and analyze 

the surface of the specimen. 

Electrons interact with a specimen over a certain 

volume of its surface region. The depth of the interaction volume is related to the composition of 

material, the energy of incident electron beam and the incident angle. Generally, the interaction of the 

electron beam with a specimen is normally divided into two categories: elastic scattering and inelastic 

scattering. The former is due to the deflection of incident electrons by the nucleus or the outer shell 

electrons of a specimen. The scattered electrons are characterized by having a similar energy to the 

incident electrons and a wide directional angle change. The scattered electrons with a changed angle of 

more than 90° are called backscattering electrons, and are often used for imaging the sample. However, 

inelastic scattering is caused by a complex interaction of incident electrons with electrons and atoms of 

samples (replacing the electrons from orbits), and the energy is transferred to atoms of the sample. The 

generation of secondary electrons, which possess energy less than 50 eV and are widely used for 

imaging and analyzing, is the result of this inelastic interaction. In addition to the electrons produced 

during the collision of the electron beam with specimen, other signals are generated, including the 

emission of characteristic X-ray, Auger electrons and cathodoluminescent,54 as depicted in Figure 3.11. 

The incident electrons can penetrate into the samples for some distance before they collide with 

specimen atoms, leading to the formation of a region of primary excitation. The size and shape of this 

zone is strongly dependent on the energy of incident electrons and composition of the specimen.  

The instrument used in this work was an ULTRA 55 field emission SEM (Carl Zeiss NTS GmbH, 

Figure 3.11 Different types of electrons 
produced during the interaction of electron with 
the surface of a specimen. 
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Germany) operating at between 2 and 20 kV, depending on the sample composition. SEM samples 

were prepared on a copper grid-supported carbon film (TEM grids) or on silicon wafers. In the former 

case, particles were immobilized on the grid by dropping a small volume of the suspension onto it and 

standing to evaporate the solvent. In the latter case, silicon wafers (around 5 mm × 5 mm) were first 

cleaned separately with ethanol, acetone and water, and dried by a nitrogen stream. The sample 

suspension was then dropped onto the wafer, and particles deposited after the solvent evaporated. The 

TEM grids were held in the SEM in a specially designed holder. Silicon wafer samples were attached to 

standard stubs by a carbon tape. 

3.3.2 Transmission Electron Microscopy (TEM) 

Transmission electron microscope is an important device to characterize the microstructure of materials 

at very high magnification and provide different information. In a conventional TEM, a thin specimen 

is irradiated by an electron beam, in which electrons are accelerated by the voltage of typically 100 - 

400 kV in routine instruments. Like in the case of SEM, the electrons are emitted by an electron gun 

through thermionic, Schottky or field emission. The advantage of a field emission electron gun is to 

provide a high gun brightness and high coherence. Condensers and apertures are used to focus the 

electron beam onto the specimen. Magnetic lens aberrations limit the convergence angle of the electron 

beam to 0.5° (instead of 70° for the glass lens used in optics), and reduce the TEM resolution to the 

order of Angstroms. In TEMs, the electrons which go through the specimen are used to obtain 

information about its morphology or composition. By collecting the forward scattered electrons, the 

diffraction pattern, an image on the viewing screen, and electron energy-loss spectrum can be produced. 

Figure 3.12 shows schematically the ray diagram in a TEM in imaging and diffraction mode. 

As the specimen becomes thicker, fewer forward scattered electrons and more backscattered electrons 

are produced. Therefore, TEM has difficulties to analyze thick samples.TEM can provide very high 

resolution images of a crystal microstructure, due to the interference between elastically scattered 

(diffracted) electrons. Such a high resolution transmission electron microscopy (HRTEM) is a very 

powerful tool for the characterization of nanostructured material, and one in which a spatial resolution  

below 0.2 nm can be achieved nowadays.56 This permits the direct observation of crystal lattices, 

defects, grain boundaries and other atomic scale structures. 
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Figure 3.12 Schematic “ray” diagrams of a TEM in imaging and diffraction mode.55 

A further technique which can be performed in some TEMs is scanning transmission electron 

microscopy (STEM). In this case the electron beam is scanned over the specimen and backscattered or 

secondary electrons are obtained, rather similar to SEM. Nevertheless, the higher electron energy of 

STEM enables certain special techniques like high-angle annular dark field (HAADF) STEM. The 

latter is a higher resolution imaging technique with strong atomic number contrast and is favoured for 

the formation of 3D reconstruction of specimens via electron tomography. In this work, two TEMs 

were used, a CM 300 UT (Philips, Eindhoven, Netherlands) using a LaB6 anode and having a point 

resolution of 0.17 nm and a newly installed Titan3 80 - 300 (FEI Company, Eindhoven, Netherlands) 
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with a spherical aberration corrector enabling a point resolution of 0.1 nm. The Titan3 80-300 was 

equipped with energy dispersive X-ray spectroscopy (EDX), with a high angle annular dark field 

scanning TEM (HAADF-STEM) detector and a Gatan imaging filter (GIF) for electron energy loss 

spectroscopy (EELS). The sample was prepared by immobilizing particles on carbon film supported on 

a cooper grid by dropping a small volume of the suspension onto it and standing to evaporate the 

solvent. 

3.3.3 Dynamic Light Scattering (DLS) 

The application of dynamic light scattering is to characterize the size distribution of colloidal particles 

in a suspension, based on the scattered light by randomly moving particles. This technique offers a 

good accuracy, a short measurement duration and good reproducibility. When a monochromatic and 

coherent light beam goes through a suspension and hits the moving particles, light will be scattered 

with a slightly different frequency due to the Doppler effect. The frequency shifts, angular distribution, 

polarization and intensity of scattered light are dependent on the size, shape and material of the 

particles. The scattered light interferes with that of neighboring particles either constructively or 

destructively. The intensity of the scattered light from dispersion therefore fluctuates with time around 

an average value due to Brownian motions. Such fluctuation can be analyzed by performing an 

autocorrelation function on the signal. For monodisperse particles the autocorrelation function decays 

exponentially. By fitting this function, the diffusion coefficient of the particles can be deduced. Hence, 

the hydrodynamic radius of particles can be calculated by applying the Stokes-Einstein equation, given 

the solvent viscosity and temperature. 

In this work, a Malven Zetasizer Nano instrument was used to measure size distribution via dynamic 

light scattering as described above. This device could also be used to measure the zeta potential of 

particle dispersion. For this measurement, a suspension containing nanoparticles diluted in a 

background electrolyte (typically KCl) was injected into a cell with electrodes at either end. When an 

electric field is applied across the electrolyte, charged particles are attracted towards the electrode of 

opposite polarity. Viscous forces exerted on the particles tend to oppose this movement. At equilibrium, 

particles move with a constant velocity. The velocity of particle‟s movement and the applied electric 

field are related by the electrophoretic mobility µE, which is the function of the zeta potential through 
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the Henry equation (Equation 3.10), 

                   

where ε is the dielectric constant of the medium, η is the viscosity, f(κα) is a function which tends 

towards the value of 1.5 for a very thin double-layer (the Smoluchowski limit) or 1.0 for a thick double-

layer (the Hückel limit). In the Zetasizer Nano, the particle velocity is determined via Doppler 

velocimetry technique. As with DLS, this uses the Doppler shift of high scattered from moving 

particles to determine details of their motion. 

3.3.4 X-ray Diffraction (XRD) 

X-ray diffraction is a non-destructive technique to detect the structure of a material. Diffraction occurs 

when an X-ray beam hits atoms of the material and is scattered elastically. In a crystalline material the  

scattered X-rays interfere with each other and the intensity of diffraction is the function of the 

wavelength, angle of incident X-ray and atomic arrangement of the material. Bragg‟s law relates the 

distance between crystal planes to the diffraction angle and wavelength. The latter two parameters are 

known, therefore the distance between crystal planes can be calculated. An XRD device contains three 

basic elements: an X-ray source, a sample holder and an X-ray detector. X-rays are generated by 

heating a filament to produce electrons, which are accelerated by an electric field to bombard the target 

material, in most cases copper, cobalt, chromium and molybdenum. Only when the energy of electrons 

is high enough to remove the inner shell electrons, the characteristic X-ray spectra will be produced. As 

electrons from K, L and M shells are removed; electrons from higher energy orbitals fall to lower 

energy orbitals by emitting a photon of high energy. The common X-rays are Kα line (λ = 1.54 Å for 

Cu, λ = 0.7 Å for Mo) corresponding to the transition from L shell to K shell. A primary beam 

monochromator is equipped to filter out unwanted radiation. In the powder XRD measurement, a flat 

and homogeneous sample surface is required.  

The detection of X-ray photons is based on the interaction with atoms inside the detector, which 

includes many types for selection, such as scintillation, proportional, semiconductor detector and 

photographic film. The recorded diffraction intensity is the function of the angle. During the 
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measurement, the X-ray beam is reflected off the sample at an incident angle of θ. The assignment of 

peaks to crystallographic planes allows us to identify the material, phase and orientation of crystalline 

materials, by comparing with exiting libraries. Furthermore, the crystallite size can be calculated by the 

Scherrer equation, with the known width at half maximum or integral broadening of peak, the Bragg 

angle, X-ray wavelength and a shape factor. In the field of colloidal science, the application of XRD is 

not limited to characterize the atomic structure and size of nanocrystals; it is also an important 

technique to confirm the interaction of elements with each other in a complex system, e.g. the 

formation of alloys. 

In this work metal containing samples were analyzed by an XRD using a D8 Advance instrument 

(Bruker AXS GmbH, Germany) with CuKα radiation (λ = 0.15405 nm). The diffraction experiments 

were conducted at 2θ values ranging from 10° to 80° with a step size of 0.141°and a step time of 2 s, 

with an applied potential of 30 kV and 40 mA current. The sample for the measurement was prepared 

by drop casting the suspension onto the holders with a vicinal (911) Si crystal of diameter of 25 mm 

(Bruker AXS GmbH) which comprise low background. 

3.3.5 Ultraviolet-Visible-Near Infrared Spectroscopy (UV-Vis-NIR) 

UV-Vis-NIR spectroscopy is used to obtain the absorbance or extinction spectrum of a chemical 

compound in a solution, particles in suspension or a solid specimen. The energy levels of a simple 

molecule are well separated, and excitation from one level to a higher level occurs as photons are 

absorbed. In a complex molecule, the energy gaps between energy levels are small so that photons in 

UV and visible regions can excite the transition, therefore in the spectrum an absorption peak at the 

corresponding wavelength will appear. Beyond this, light absorption in the infrared or far infrared 

regions can also take place, since vibrational and rational energy levels are closer and light absorption  

might cause the vibrational or rotational changes .  

For the measurement in a simple form, a sample is placed between a light source and a photodetector, 

the intensity of light is collected before and after the sample and compared at each wavelength ranging 

from the UV region to visible region, with a blank for background correction. At a single wavelength, 

the function of absorbance with the concentration is described by the Beer-Lambert Law. Over a wide 

range of wavelengths, the data is plotted by absorbance or extinction intensity as a function of 
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wavelength, which can provide qualitative and quantitative information for a given compound. For the 

characterisation of colloidal particles, the UV-Vis-NIR spectrum is sensitive to the size, shape and 

composition of the particles and their chemical environment. For the case of plasmon resonant 

nanoparticles UV-Vis-NIR spectroscopy is an essential technique to investigate the position and shift of 

plasmon resonance peaks.  

In this work, an UV-Vis-NIR spectrophotometer (Lambda 35 from PerklinElmer, Waltham, USA) was 

used to measure the extinction spectra of dispersions, scanning a range of 190 - 1100nm. The sample 

was contained in a plastic cuvette and a reference containing only the solvent was placed in the second 

beam of the instrument. Due to the size of the particles used, it was considered the measured spectra to 

represent the extinction rather than absorbance of the dispersions. 
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4.  Investigation of the Formation of Silver 
Patches on Negatively Charged Particles 

 

Previous work on the synthesis of silver patches on silica particles was carried out with a two-step 

procedure.1 First, silica particles were treated with a silver-amine complex for a certain time which 

depended on the type of complex. Afterwards, the treated silica particles were dispersed in a silver 

nitrate solution. The addition of formaldehyde as the reducing agent and ammonium hydroxide led to 

the chemical reduction of silver ions and consequently the formation of silver patches on silica surface. 

In the proposed mechanism of silver patch formation, electrostatic interaction between cationic silver-

amine complex and negatively charged silica surface was regarded very critical for the for the 

heterogeneous nucleation, and the conformal growth of silver on silica was affected by the interaction 

as well. The result demonstrated the production of patchy particles with very high yield (approximately 

100%, defined as the portion of particles possessing at least one patch), and the number of patches per 

particle and the morphology of silver patches were strongly affected by the composition of the silver-

amine complex and the addition manner of ammonium hydroxide solution. The obtained patches could 

either have a cup-like structure or a dendritic morphology, depending on the synthetic condition.  

The formation of patches via heterogeneous nucleation and surface growth differs from the seed-

mediated method which has been commonly used to prepare nanoshells structures. With the previous 

method, no seed was introduced to the surface of the core particle, instead that the silica surface was 

loaded with a large amount of silver ions through the pretreatment by the silver-amine complex. The 

pretreatment actually facilitated the heterogeneous nucleation of silver on the surface. Although by this 

approach the patchy particles could be produced with a very high yield (100%) and tunable patch 

numbers and morphology, it came with a few disadvantages. First of all, this approach involved multi-
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steps and was time-consuming. The treatment of silica particles with the silver-amine complex took 

between 2 hours and 24 hours or even longer, dependent on the type of amine used to prepare the 

complex, followed by washing the particles three times with water to remove the excess silver-amine 

complex. Secondly, the final product was quite sensitive to the composition of silver-amine complex 

for the pretreatment and the age of treated silica cores. Consequently, the reproducibility was not as 

good as expected. Therefore the motivation was to seek a simple route, in which no pretreatment was 

necessary for the metal patch formation. Meanwhile, the growth mechanism needed to be confirmed 

and the control of patch formation should be understood for the generalisation of the method. 

In this chapter, the preparation of silver patches on silica particles will be discussed. Many influencing 

factors e.g. temperature, core particles and addition manner of chemical were systematically 

investigated. A comprehensive mechanism was proposed and this method was successfully extended to 

make silver patches on other types of core particles with negatively charged particles. 

4.1 Experimental Details 

4.1.1 Synthesis of Silica Particles by Stöber Method 

Silica particles used in the whole work were synthesized by the Stöber method. A standard synthesis 

was carried out by following the recipe: 5.6 g tetraethylorthosilicate (TEOS, VWR International 

GmbH, Germany) was added rapidly to a vigorously stirred mixture of 74 mL absolute ethanol (VWR 

International GmbH, Germany), 10 mL pure water and 3.2 mL ammonium hydroxide (32 %, Merck 

GmbH, Germany). Stirring was ceased after 10 minutes and the reaction was allowed to proceed for 

three hours. Afterwards the produced silica particles were washed three times by centrifugation and re-

dispersion in absolute ethanol. Silica particles were then dried under vacuum at 60 °C for at least 12 

hours. Portions of silica powder were calcined at 800 and 1000 °C for 6 hours at ambient atmosphere. 

The particles synthesized by this recipe had a diameter of around 280 nm.  

 4.1.2 Synthesis of Silver Patches on Silica Particles 

The standard synthesis of patchy particles was carried out by the addition of a portion of 10 µL of a 

silica suspension (50 mg/mL) into 10 mL of 100 µM silver nitrate solution, followed by addition of 50 

µL of 37 % formaldehyde and 50 µL of 8 % ammonium hydroxide. Herein three types of silica 

particles were used, namely those dried after the Stöber synthesis, and those which had been calcined at 
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800 and 1000 °C. The affecting factors, including temperature and aging effect, heat treatment of silica 

particles, and addition manner of chemical and time effect were investigated.  

4.1.3 Synthesis of Silver Patches on other Core Particles 

Amorphous titanium oxide 

Similar to the synthesis of silver patches on silica particles, a titanium dioxide suspension (25 mg/mL, 

420 nm in diameter, Corpuscular Inc.) of 40 µL was firstly added into silver nitrate (20 mL of 100 µM) 

at 50 °C. After 30 min a portion of 50 µL of formaldehyde (37 %) was added followed by the addition 

of 50 µL of an ammonia solution of8 %. 

Anionic polystyrene particles 

The anionic polystyrene (PS) particles used for the preparation of patchy particles were synthesized by 

emulsion polymerization of styrene.2 A mixture of sodium dodecylsulfate (0.07 g) and sodium 

bicarbonate (0.12 g) in 136 mL water was filled into a 250 mL round bottom flask, and another mixture 

of styrene (20 wt%) and hexadecane (3.5 wt%) was added to the reactor under stirring. The content was 

deoxygenated under nitrogen flow for one hour. After the temperature was increased to 75 °C, 

potassium persulfate (0.21 g) was added to start the polymerization process. Six hours later, the mixture 

was cooled down and particles were separated from the mother solution and washed with water by 

centrifugation and re-dispersion in an ultrasound bath. The final suspension had a concentration of 16 

wt% with the particle size around 380 nm.  

The silver patches on polystyrene particles were synthesized by adding a PS suspension of 10 µL into 

10 mL of 100 µM silver nitrate solution, with aging of 30 min at 50 °C. The volumes of formaldehyde 

and 8 % ammonia solution added into solution were both 50 µL. The addition of ammonium hydroxide 

was spread over 25 s and 50 s to tune the morphology of the patches. 

4.2 Results and Discussion 

The one-pot route was quite similar to the earlier two-step process, except the omitted pretreatment step 

and elevated temperature. This indicated that the pretreatment of silica with the silver-amine complex 

was not critical, but reaction condition was of importance. In the following text, the results of patchy 

particles preparation under different conditions will be presented and discussed. 
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4.2.1 Temperature and Aging Effect 

Compared with the two-step approach to produce patches at room temperature, the direct nucleation 

and conformal surface growth on untreated silica cores at room temperature following the standard 

procedure did not result in a very good yield. Therefore, the first parameter examined was the 

temperature at which the reaction was carried out, since it affects the chemical reaction rate, nucleation 

and diffusion. The core particle used in this first work was silica calcined at 800 °C. The latter was 

chosen because it yielded the best result in the two-step approach of the earlier work.1 In order to 

examine the effect of reaction temperature, the same reactions were carried out at 30, 40, 50, 60, 70 and 

80 °C. The results showed that well-controlled temperatures at which reaction took place and the 

mixing time of core particles with silver nitrate prior the initiation of chemical reaction strongly 

affected the patch yield and patch morphology.  

 
Figure 4.1 Silver patches on silica particles (calcined at 800 °C) were synthesized at temperature from 
30 °C to 80 °C without prior aging. The scale bars correspond to 500 nm.3 Images reproduced with 
permission from Ref. 3. Copyright Wiley-VCH. 

The SEM images presented in Figure 4.1 show the influence of temperature on the formation of patchy 

particles. At each temperature silver patches could grow on many silica particles and most of them 

contained only one large patch. However change in the patch yield and morphology with the 
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temperature was evident. At lower temperatures like 30 °C, the patch had a cup-like structure. As 

temperature increased, the formed silver patches experienced a morphology transition to a dendritic 

structure. At 50 °C a rather mixed structure was observed, and the cup-like patches contained some 

holes and dendritic branches. At higher reaction temperatures of 70 and 80 °C, the dendritic structures 

fully developed, a phenomenon known to occur when a growth process moves further from 

equilibrium.4 Moreover, free silver particles formed due to homogeneous nucleation were also 

observed, structure of which was temperature-dependent: irregular shapes at low temperature and 

spheroids at higher temperatures, especially at 70 and 80 °C.   

 
Figure 4.2 Silver patches on silica particles (800 °C calcined) were synthesized at temperatures from 
30 °C to 80 °C with prior aging silica in silver nitrate for 30 minutes. The scale bars correspond to 250 
nm.3 Images adapted with permission from Ref. 3. Copyright Wiley-VCH. 

Meanwhile, another set of samples was synthesized under the same conditions, except that before the 

addition of the reducing agent and ammonium hydroxide, the solution containing the silica particles and 

silver nitrate was aged for 30 min at the corresponding temperature. Figure 4.2 shows the SEM images 

of samples wherein the silica particles had been pre-aged, corresponding to the non-aged samples 

shown in Figure 4.1. It was believed that absorption equilibrium of silver ions on the surface was 

realized via electrostatic interaction and temperature of the mixture was homogenized during this aging 

time. Similar to the results of the non-aged case, a morphological transition of silver patches from a 

continuous cup-like structure at low temperatures to a dendritic structure at higher temperatures was 

observed, as well as the production of silver nanostructures via homogeneous nucleation. In contrast to 
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Figure 4.1, the quality of the patches was much better on the aged 

silica with more particles containing a single patch. 

The patch yield was affected not only by the temperature, but also 

by the aging time, as shown in Figure 4.3. In order to compare 

quantitatively the effect of temperature and aging process on the 

patch formation, the patch yield for each sample which was shown 

in Figures 4.1 and 4.2 was calculated by counting more than 200 

particles. In the non-aged case the patch yield tended to increase 

with reaction temperatures to a constant value over 60 %, before 

decreasing again at the highest temperature (80 °C). However, the 

patch yield could be improved by pre-aging silica particles in silver 

nitrate for 30 minutes at the reaction temperature. This led to the 

yield up to 75 % obtained at a reaction temperature of 70 °C. As seen 

in Figures 4.2 and 4.3, the synthesis at 50 °C was able to achieve a 

comparable patch yield (70 %) to that obtained at 70 °C, since less free silver nanoparticles were 

formed at this temperature.  

The patch yield could also be improved by adjusting the amount of silica particles involved in the 

reaction at 50 °C. This changed the number ratio of silver atoms to silica particles. A set of experiments 

was designed by varying the total surface area, namely the concentration of silica particles, while the 

other synthetic parameters were kept the same. It should be pointed out that the standard concentration 

of silica particles used in other samples was 50 µg/mL, exceptional samples would be specifically 

labelled. Varying the number of silica particles in the system was achieved by simply adding silica 

suspension of various volumes into silver nitrate. Figure 4.4 shows the synthesis results with different 

amounts of silica particles pre-aged in silver nitrate at 50 °C. Clearly, the patch morphology and yield 

varied. Specifically with the lowest concentration of silica particles, there were more free silver 

particles formed by homogeneous nucleation. Consequently, the patch yield was lower than 30 %. 

Increasing the concentration of silica particles to 25 µg/mL (final concentration after mixing) raised the 

patch yield to 95 %, however the patches had a dendritic structure, which was formed apparently in the 

Figure 4.3 The patch yield vs 
temperature for samples with 
and without aging silica in 
silver nitrate (100 µM) for 30 
minutes at the temperature 
before the chemical reaction. 
Image reproduced with 
permission from Ref. 3. 
Copyright Wiley-VCH. 
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diffusion growth mode. Further increases in the silica concentration led a decrease of the patch yield, as 

shown in Figure 4.4. At a medium concentration of silica (50 µg/mL), the obtained patches had mixture 

structures of continuous cup-like structures and dendrites, while at higher concentration (75 µg/mL and 

100 µg/mL) the patch structure transformed to the dendrites. The effect of the amount of silica particles 

on the patch yield was due to the variation in the total area available for the heterogeneous nucleation 

of silver on silica. A low concentration of silica particles meant a smaller total surface area and 

provided less chance for heterogeneous nucleation, because the probability of silver atoms interacting 

with the surface decreased. Therefore a low yield was obtained. However, a high concentration of silica 

particles in the same reaction volume (50 - 100 µg/mL) caused a reduction of silver atoms relative to 

the number of silica particles, consequently leading to a low patch yield and irregular patches.  

 
Figure 4.4 SEM images of samples prepared with different silica particles concentrations, and the 
patch yield was plotted against the silica concentration. The silver patches were formed by reducing 
silver nitrate at 50 °C followed by prior aging of silica particles (800 °C calcined) for 30 minutes at this 
temperature. The concentration of silica particles was varied from 10 to 100 µg/mL. The scale bars 
correspond to 500 nm. Images reproduced with permission from Ref. 3. Copyright Wiley-VCH. 
 
All of the obtained patchy particles, regardless of with or without prior aging silica particles in silver 

nitrate, demonstrated the same morphology transition related to the temperature, and the same trend of  

the optical property changing with the temperature was observed, as shown in Figure 4.5 a and b. In 
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both cases, the spectra of particles obtained at lower temperatures (30 - 50 °C) had three features: a 

sharp peak at around 330 nm corresponding to the out-of-plane quadrupole resonance, a minimum at 

400 - 500 nm and a broad peak in the near-infrared region corresponding to the dipole resonance, which 

were in good consistence with the various plasmon resonance modes of thin cup-like silver patches. 

Due to inhomogeneities in patch number per particle and patch size, the dipole resonance was broad. 

The increase in the intensity of the dipole resonance with the temperature indicated an increase in the 

patch yield, given that patches remained a cup-like structure at temperatures below 50 °C. Above 50 °C 

the normalized intensity of peaks at 330 nm and near infrared region reduced, and a new peak at around 

400 - 500 nm emerged. The latter was close to the plasmon resonance of spherical silver nanoparticles.5 

As seen in Figures 4.1 and 4.2 more free silver particles were produced at elevated temperatures, which 

attributed to the strong extinction at 400 - 500 nm. Furthermore, the decrease in the extinction intensity 

of NIR region was consistent with a decrease in the patch yield. The shift of the maximum extinction 

peak at longer wavelength with temperature as the result of changes structures of silver patches was 

more clearly presented in the 3D diagram (Figure 4.5c).  

 
Figure 4.5 Normalized UV-vis spectra of silver patchy particles at temperatures between 30 °C and 
80 °C (a) without and (b) with prior aging of silica particles in silver nitrate for 30 minutes. Spectra in 
3D format (c) were the same as those shown in (b). Images adapted with permission from Ref. 3. 
Copyright Wiley-VCH. 
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The results have confirmed the dependency of the patch yield and the patch morphology with aging 

process, temperature and the number of silica particles. The formation of silver conformal patches on 

silica was the result of heterogeneous nucleation and surface growth. In order to answer the question of 

why those factors have an effect on the patch yield and morphology of patches, understanding how 

nucleation and surface growth were affected was required, since they determined patch yield and 

morphology respectively. During the aging process, silver ions were more likely to attach to the silica 

surface via electrostatic interaction. Upon the reduction of silver ions, the concentration of silver atoms 

increased abruptly and reached the supersaturation, leading to the nucleation of silver in the solution 

homogeneously or heterogeneously on the silica surface. The results demonstrated that heterogeneous 

nucleation was preferred, owing to the fact that the energy barrier for heterogeneous nucleation is 

smaller than that of homogeneous nucleation. Moreover, according to the classic nucleation theory, the 

free energy became more negative as the temperature increases6 and the cirical nuclei size might be 

smaller at higher temperature. Hence, the probability of nucleation increases with temperature, and 

heterogeneous nucleation is more likely to occur at a low temperature than homogeneous nucleation. 

This explained the obtained results of the patch yield increasing from 30 % at 30 °C to 75 % at 50 °C. 

A patch yield of approximate 95 % was achieved by halving the amount of silica particles, albeit with 

changes in the patch morphology. As the temperature was increased to 70 and 80 °C, the patch yield 

decreased slightly, while the amount of free silver nanoparticles increased (indicated by the optical 

spectra and the SEM images in Figures 4.1 and 4.2). It suggested a higher probability of homogeneous 

nucleation. A fast reduction reaction at higher temperatures led to a dramatic increase in the 

concentration of silver atoms and consequently promoted two competitive processes: heterogeneous 

and homogeneous nucleation. Homogenous nucleation resulted in the decrease of the yield. Here it 

should be pointed out that the number of silver nanoparticles produced in the absence of silica particles 

changed with the temperature: a small amount of large complex shapes produced 30 °C while a large 

amount of smaller spheres at 80 °C, as shown in Figure 4.6. This was in agreement with the results 

shown in Figures 4.1 and 4.2. The increasing of particles number was due to the production of a large 

amount of small nuclei at higher temperatures. Therefore, the nucleation of silver on silica was 

thermodynamically and kinetically controlled. 
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The temperature-dependent morphology change of silver patches was due to the change of growth 

mode. At lower temperatures, a cup-like structure was obtained, which indicated that the integration of 

silver atoms determined the growth rate of patch and the diffusion maintained a fairly regular growth 

velocity in all directions. In contrast, the dendrites formation at higher temperatures might suggest an 

insufficient diffusion of silver atoms compared to a fast surface interaction, as introduced in Chapter 3. 

Differently spheroidal free silver nanoparticles were formed at higher temperatures, while the branched 

structures at lower temperatures. It could be due to the significant change in the particle numbers and 

chemical reaction rates. 

 

Figure 4.6 SEM images of silver nanoparticles produced under the same condition as samples shown in 
Figure 4.1 and 2 in the absence of silica particles. Scale bars correspond to 100 nm. Images reproduced 
with permission from Ref. 3. Copyright Wiley-VCH. 

4.2.2 Effect of Thermal Treatment of Silica  

The probability of heterogeneous nucleation determined the patch yield. Apart from the temperature, 

other parameters also have effects on the heterogeneous nucleation, such as surface tension and 

supersaturation (See Chapter 3, Equation 3.6). In this part the influence of the silica surface property on 

the patch formation will be discussed. Three types of silica particles treated differently were used: one 

dried at a vacuum oven at 90 °C after Stöber synthesis, and others had been calcined at 800 °C and 

1000 °C for 6 hours. The aim of calcination was to vary the density of hydroxyl groups on the silica 

surface. The SEM images of samples produced under the same condition with three different types of 



Chapter 4. Silver Patches on Silica 
 

 - 75 - 

silica are shown in Figure 4.7. Obviously, the obtained patchy particles with vacuum-dried silica had 

the lowest yield and the worst quality, compared to those with calcined silica particles. The detachment 

of silver patches from the silica surface indicated a poor adhesion. However, the patch production on 

800 °C calcined silica had a yield of around 60 % without aging and 70 % with aging process (see the 

diagram in Figure 4.8). Surprisingly the patch yield on 1000 °C calcined silica was close to 80 % 

without ageing and approaching 100 % with 30-minute aging. 

 
Figure 4.7 SEM images of silver patchy particles which were synthesized at 50 °C. The core particles 
used were dried only, 800 °C and 1000 °C calcined. In the upper row, the silica particles were not aged 
in silver nitrate, in the lower row the particles were aged for 30 minutes at 50 °C before the addition of 
formaldehyde and ammonia. Scale bars correspond to 500 nm. Images reproduced with permission 
from Ref. 3. Copyright Wiley-VCH. 

As known, the formation of silica spheres by the Stöber method is the result of the hydrolysis of a 

silicon precursor (TESO was used in the synthesis) and the subsequent condensation polymerization. 

The types of groups that may exist on the silica surface are shown in Scheme 4.1. Hydroxyl groups 

result from the condensation reaction of TEOS and the hydroxylation of silicon dioxide when silica 

particles are dispersed in an aqueous solution. Surface hydroxyl groups could be divided into three 

types: isolated silanols, germinal silanols and vicinal (or bridged) silanols. The concentration as well as 

distribution of hydroxyl groups determines the surface property and consequently their chemical 

activity. A sufficient amount of hydroxyl groups makes particle‟s surface hydrophilic, and the 

adsorption of other species onto the surface is supported by the formation of hydrogen bonds with 
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hydroxyl groups or by a donor-acceptor reaction. Except the existence of silanols and siloxanes, water 

molecules are able to form networks with the surface hydroxyl groups via hydrogen bonds. However, 

multilayers or a single layer of water will lose when silica is treated at 25 - 190 °C in vacuum. 

 

Previous studies have managed to calculate the silanol groups number on a completely hydroxylated 

surface for 100 silica samples, an average value of 4.6 OH/nm2 (least-squares method) or 4.9 OH/nm2 

(arithmetical mean) is reported,7 independent of the origin and structure of amorphous silica. Thermal 

treatment is one of the methods to decrease the concentration of silanol groups on surface. The removal 

of hydroxyl groups occurs step by step when the temperature is elevated. In the temperature range of 

190 - 400 °C, the total amount of silanols decreases significantly. The concentration fraction of isolated 

silanol groups increases, whilst that of vicinal silanols decreases and they will be completely removed 

at 400 °C. When the temperature is above 400 °C, the surface of silica continues to lose more silanol 

groups, while the concentration of siloxane groups increases. As the temperature is close to 800-900 °C 

no germinal is able to be detected. At above 900 °C, there are less and less isolated silanols, the amount 

of siloxane keeps increasing. Until at 1200 °C, it is regarded that only siloxane groups cover the 

surface. During the procedure of removing the hydroxyl from surface, increased concentration of the 

siloxane groups leads to a decrease in the adsorption of other species, and the surface becomes more 

hydrophobic. Reversing back to a hydroxylated surface from a siloxane-covered surface is a very slow 

process at room temperature, even with an excess of water. 

Scheme 4.1 Types of silanol groups and siloxane 
groups on the surface of amorphous silica 
produced by the Stöber method. 

Figure 4.8 Chart of patch yield of the samples 
corresponding to samples shown in Figure 4.7. 
Images reproduced with permission from 
Ref.3. Copyright Wiley-VCH. 
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The observation from the synthetic result under the same conditions told that a better patch yield was 

obtained by using 1000 °C calcined silica particles. According to what was described above about the 

thermal treatment of silica particles, silica surface with a low concentration of silanols and a high 

concentration of siloxane was more favoured for the heterogeneous nucleation of silver on the silica 

surface. It has been proposed that silver ions could bind directly with siloxane groups8 and cations 

adsorption at silanol sites was more favored at higher temperatures.9 Beside that, a change of the 

surface energy due to the surface tension may also affect the nucleation of silver on silica surface. 

4.2.3 Effect of Aging Time 

The studies described in Sections 4.2.1 and 4.2.3 demonstrated clearly the importance of ageing 

silica particles in silver nitrate before conducting reductive reaction to achieve a high yield and a better 

quality of patches. The hypothesis was proposed that an equilibrium of silver ions with silica surface 

(electrostatically or covalently) and a homogenized temperature profile of solution were reached during 

the aging process. To understand the aging effect, the aging time was varied between 15 to 120 

minutes. 1000 °C calcined silica particles were used for each synthesis. 

 
Without aging, the patch yield and the quality of silver patches were poor (Figure 4.7), and the 

corresponding extinction intensity at longer wavelength was lower (see the extinction curve in Figure 

4.9). Although the sample made with 15-minute aging showed a dramatic extinction enhancement at 

longer wavelength, the patch yield could not be improved significantly (Figure 4.9). Approximately a 

yield of 100 % was achieved when the silica particles was aged for 30 mins, which was in a good 

agreement with the strongest extinction peak, in contrast to the other four samples. The patches formed 

with 60-minute aging were observed to have a similar morphology of that obtained with 30-minute 

aging. But, the extinction intensity at longer wavelength decreased, suggesting the decrease of the patch 

yield. When the aging time was extended to 120 minutes, a large amount of branched silver particles 

via homogeneous nucleation was produced. Therefore, the intensity of the dipole resonance decreased 

due to the low patch yield. The result might tell us that an aging time equal to or shorter than 15 mins 

was not enough to reach an absorption or thermal equilibrium. After aging silica in silver nitrate for 30 

minutes, a large number of silver ions surrounded silica particles via electrostatic forces or covalent 
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bond so that the yield was approximately 100 %. However, longer aging times (60 and 120 mins) might 

cause an immobilization of silver ions on surface through covalent bonds with siloxane groups so that 

the diffusion of silver was limited and consequently the patch yield was affected. A competing process 

such as the rehydroxylation of silica surface, known to be enhanced at higher temperatures, might have 

a minor effect.10 Therefore, the interaction of metal precursor with the surface is essential for the 

fabrication of patchy particles with a high yield and a uniform structure.  

 
Figure 4.9 SEM images and UV-vis extinction spectra of samples with aging silica particles (1000 °C 
calcination) in silver nitrate for 0 (SEM image shown in Figure 4.7), 15, 30, 60 and 120 minutes at 
50 °C. Scale bars correspond to 500 nm. Images reproduced with permission from Ref. 3. Copyright 
Wiley-VCH. 

4.2.4 Effect of Chemical Reaction Kinetics 

Previous work based on the two–step approach demonstrated that patch morphology was tuneable by 

varying e.g. the addition rate of ammonium hydroxide and addition order of chemicals. In this one-pot 

approach, a temperature-dependent morphology transition from continuous cup-like structure to 

dendrites was observed (Section 4.2.1). The change of the reaction rate related to the change of 

temperature was assumed to be one of the reasons. Therefore, further investigations were carried out to 

control the chemical reaction by varying the addition of ammonium hydroxide and the concentration of 

reactants.   

First of all, the addition rate of ammonium hydroxide was examined. The addition of 50 µL ammonia 

solution was controlled over 1, 10, 25 and 50 s. From the SEM images shown in Figure 4.10, it was 

observed that the morphologies of silver patches changed from cup-like structures to dendritic 
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structures when the addition was slower, the same as observed in the two-step synthesis process. The 

extinction spectra (Figure 4.10) show the corresponding optical properties for these structures. For the 

sample fabricated by the one-shot addition of ammonia (1s), the extinction peak at near-IR was outside 

of the measurement range of the spectrometer. As the addition of ammonia was within 10 s, the cup-

like patches became serrated at the edges. The dendritic structure was fully developed at very slow 

addition rate of ammonia (within 25 and 50 s). The latter was due to the diffusion limited growth mode. 

The optical change due to the structure was complement to what was observed in temperature effect 

experiment shown in Figure 4.1. The formation of dendrites led to a blue shift of the dipole resonance. 

The decreased intensity of dipole resonance also suggested the reduction of the patch yield which was 

not obvious from SEM images, when the addition of ammonia was within 25 and 50 s. Moreover, the 

sample (ammonia addition within 50 s) showed a very broad peak between 550 nm and 950 nm, 

possibly due to the formation of large free silver structures and inhomogeneous patch structures.  

The effect of ammonia concentration on the patch formation was explored. For a better comparison, the 

concentration of all the reactants were kept the same but the volume of ammonia solution added drop-

wisely to the system was varied related to the concentration of ammonia solutions. The concentrations 

of ammonia stock solution were tuned from 8, 10 and 16 %. The SEM images of the produced samples 

are shown in Figure 4.11 a, b and c. Apparently, the patches synthesized with a large volume addition 

of ammonia solution of a low concentration (50 µL of 8 %) had a higher yield and more uniform 

structures were obtained, whilst a higher concentration of ammonium hydroxide (16 %) with a small 

addition volume resulted in the formation of very poor patchy particles with a yield lower than 10 %. 

Indeed, the addition of a higher concentration of ammonia solution was over a shorter period. Beside 

the fact that the addition of ammonia might affect chemical kinetics, the insufficient mixing and 

consequently the concentration inhomogeneity could also lead to the patches of various structures. 

Although this reaction was not completely the same as the Tollens reaction, silver ions complexing 

with ammonium solution might take place. In the previous work it has been demonstrated that poor 

patches were formed when formaldehyde was added after ammonia, due to the slow reduction of 

ammoniacal silver complexes. 
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Figure 4.10 SEM images and UV-Vis spectra showing the influence of the addition of 50 µL 
ammonium hydroxide (8 %) within 1, 10, 25 and 50 s on the patch morphology. The patches on silica 
particles calcined at 1000 °C were fabricated by aging silica in silver nitrate for 30 minutes at 50 °C. 
Scale bars correspond to 500 nm. Images reproduced with permission from Ref. 3. Copyright Wiley-
VCH. 

When ammonium hydroxide was replaced by a strong base, such as sodium hydroxide (NaOH), the 

result was totally different. As can be seen from SEM image Figure 4.11d no conformal patch was 

formed, silver nanoparticles were formed via homogenous nucleation and contacted with the silica 

surface due to the dry effect. As known, a high pH is required for the reduction of silver nitrate by 

formaldehyde, and the use of strong base will cause a dramatic increase of the pH value of the solution, 

chemical reaction is dramatically accelerated. When the sodium hydroxide solution was added, leading 

to the burst of silver atoms over a short period and homogeneous nucleation occurred.   

In this reductive reaction, formaldehyde is the reducing agent and its reduction ability is dependent on 

the pH value of the solution, as illustrated below. Raising the pH value by adding ammonium 

hydroxide triggers the reaction to take place in the direction of forming metal silver. It must be pointed 

out that this reaction was similar to the Tollens reaction, however there were some differences. First of 

all, formaldehyde reduced silver ions instead of silver-ammonia complex (Equation 4.1), although a 

small amount of complex might be formed. Second, this reaction was much faster than the Tollens 

reaction; the reaction was complete in 15 seconds after the ammonia was added.  
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Figure 4.11 SEM images of patch showing the effect of ammonia concentration added to the system. 
The specific amount of ammonia was (a) 50 µL of 8 %, (b) 40 µL of 10 %, (c) 25 µL of 16 % of an 
aqueous solution. (d) Sample produced by using NaOH to elevate the pH of solution. The scales of (a, b 
and c) and d correspond to 500 nm and 250 nm respectively.   

           2Ag++HCHO+2OH-→2Ag+HCOOH+H2O            Equation 4.1 

Here an excess amount of formaldehyde was used to reduce silver nitrate. During the experiment, it 

was observed that the color of solution changed immediately to light blue when a very small amount of 

ammonia (added in dropwise) was added into the solution. It indicated silver nucleating on the silica 

surface. When ammonia was added by one shot, a high reaction rate resulted in the burst of silver 

atoms. The growth of patches under this condition was more integration limited, suggested by 

formation of continuous cup morphology (Figure 4.10). When ammonia was added slowly, the reaction 

was slowed down due to the relatively low pH value and possibly the coordination of silver ions with 

ammonium hydroxide, consequently the surface diffusion limited the growth of patch. That was why 

conformal dendrites were formed on the surface of silica particles.  
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Figure 4.12 SEM images of silver patchy particles produced by using silver nitrate of 150 µM and the 
addition of ammonia in (a) one shot, (b) 25 s and (c) 50 s. The scale bars correspond to 250 nm. 

In the most of syntheses, a solution of silver nitrate with a concentration of 100 µM was used, 

according to the previous work of two-step approach. A high concentration of silver nitration would 

lead to a fast chemical reaction rate, and led to more homogeneous nucleation and the formation of 

thicker patches. With a slight increase in concentration of silver nitrate to 150 µM, as shown in the 

Figure 4.12a, the patch yield decreased dramatically and the patches had poorly defined dendritic 

structures. Within the 25 s of ammonia addition, the patch yield was improved and a dendritic structure 

was obtained, but the size of patches varied and free silver nanoparticles were formed. A slow addition 

of ammonia solution (in 50 s, Figure 4.12c) led to irregular and island-like silver structures formed on 

silica, along with a great decrease in the patch yield. Therefore, the formation of Ag patches on the 

silica surface required careful control over the addition manner and concentration of reactants. 

4.2.5 Patch Formation on other Negatively Charged Core Particles 

In additional to silica particles, spherical amorphous titanium dioxide nanoparticles and polystyrene 

nanoparticles were used. Both titanium dioxide and polystyrene synthesized with potassium persulfate 

had negative zeta potentials of - 25.66 ± 1.02 mV and - 26.44 ± 1.73 mV (in 0.1M KCl), respectively. 

The patch synthesis was carried out under the same condition as the silica case, namely aging core 

particles in a solution of silver nitrate of 100 μM at 50 °C for 30 min prior to the addition of 

formaldehyde and ammonia solution. The SEM images of products with TiO2 and polystyrene as core 

particles are shown in Figure 4.13. Silver patches formed on both types of core particles, and the 

morphology transition of silver patches on anionic PS surfaces by varying the addition of ammonia 

hydroxide wasalso observed (Figure 4.13 b and c), same as seen in Figure 4.10. The hydroxyl groups 
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on titanium dioxide11 and persulfate groups on polystyrene which contributed to the negative charges 

on surfaces would attract silver ions onto the surface by electrostatic interaction or covalent bonds; 

hence the direct heterogeneous nucleation was possible to take place once silver ions were reduced, 

while the growth mode was dependent on the specific condition and but independent on composition of 

core particles. The latter issue will be discussed in Chapter 6. 

Figure 4.13 SEM images of silver patches on amphorous titanium oxide (a) and polystyrene particles 
(b and c) synthesized with 100 µM silver nitrate at 50 °C with prior 30 min treatment. For sample b and 
c, the addition of ammonia was controlled in the time range of 25 s and 50 s respectively. The scale 
bars correspond to 500 nm. 

4.2.6 Growth Mechanism of Silver Patches on Negatively Charged Core Particles 

Tuning the patch formation by either affecting the chemical reaction or influencing the interaction of 

silver with silica surface has been investigated in details, and the formation of silver patches was 

reproducible on titania and anionic PS core particles.  

A formation mechanism of silver patches on spherical surfaces with negatively charged surface was 

proposed, as illustrated in Scheme 4.2. The formation of silver patches on core particles could be 

divided into two steps: heterogeneous nucleation and surface growth. First of all, silver ions (Ag+) 

would interact with a negatively charged surface via electrostatic force or covalent bonds during the 

aging process, which was critical for the patch growth. The surface property of core particles (e.g. 

functional groups and charge density) affected the interactions of ions or metal atoms with particle‟s 

surface, and consequently affected patch yield, patches‟ morphology and their adhesion to the surface. 

Upon the addition of ammonia, silver ions were reduced by formaldehyde and the nucleation occurred 

right afterwards as supersaturation was reached. Heterogeneous nucleation has lower energy barrier 

than homogeneous nucleation, and the nuclei would form on the silica surface. However a fast chemical 

reaction due to high concentration or high temperatures etc. would lead to more homogenous 
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nucleation, meanwhile heterogeneous nucleation was suppressed. Consequently a low patch yield was 

obtained. 

The subsequent growth step determined the morphology of the patches. As depicted in Scheme 4.2, the 

growth mode can be differentiated into an integration limited growth and a diffusion limited growth. 

The former led to continuous dens patches (top) and the latter caused the formation of dendrites 

(bottom). Experimentally, it has been found that temperature, the addition of ammonia and the chemical 

concentration were the influencing factors. For example, at high temperatures or with a low addition 

rate of ammonia, dendritic patches were produced. The continuous dense patches were formed at low 

temperatures and with a fast addition of ammonia. By varying these parameters, the structure of patches 

could be tuned. 

 
Scheme 4.2 The proposed growth mechanism of silver patches on a silica surface. 

The investigations indicated that the formation of patches was thermodynamically and kinetically 

controlled. In order to grow silver patches on core particles, a few conditions need to be satisfied: 

whether there is an attractive force between silver ions and the surface, whether the surface is wettable 

to silver, and the right chemical reaction rate has to be chosen (with moderate concentrations of 

reactants, at proper temperatures). By manipulating the relevant parameters, high patch yield and 

morphology tunability could be achieved. With an understanding of the structure formation mechanism, 

this approach could be generalized by using other metal precursors and core particles, and different 

types of patchy particles could be produced.    

4.2.7 Preliminary Study of Growth Kinetics 

During the synthesis, it was observed that the color of the solution changed immediately after the 

addition of ammonia. For each sample, the solution was kept mixing for another 5 minutes to ensure a 
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complete reaction. The in situ optical measurement was carried out to acquire kinetic information of 

patch growth. The operation was illustrated in Scheme 4.3.   

 
Scheme 4.3 A sketch of in situ optical measurement during the growth of Ag patches on silica surface.  
 
Optical fibers were fixed onto the two facing sides of a quartz cuvette to deliver light to the sample and 

transfer the light to the photometer (ocean optics USB 2000). The quartz cuvette was placed on a 

magnetic stirring plate. Once the reaction started, the spectra were collected every 0.5 s. A mixture of 

silver nitrate and silica particles was preheated at a certain temperature and maintained for 30 minutes. 

Afterwards, a small portion of the mixture was transferred into a quartz cuvette, and a very small 

volume of ammonium hydroxide was added by one shot. The temperature variation over the short 

measurement time was neglected. The spectra of samples made at room temperature, 50 and 70 °C 

were collected from 800 nm to 300 nm every 0.5 s, as shown in Figure 4.14. The profile of the spectra 

was consistent with those shown in Figure 4.5. It could be seen that the intensity of spectra increased 

with time and a plateau was reached in 11s, 7s and 4 s at room temperature, 50 and 70 °C respectively, 

indicating that the reaction was complete. 

The interpretation of the in situ spectra can give us the information about the patch growth kinetics. 

Mathematically, the raw spectra were integrated from 300 to 800 nm which covered the dipole and 

quadrupole resonances, the area was divided by that of the spectrum collected at last, at 14 s and 8 s at 

room temperature and higher temperatures (50 and 70 °C) respectively, and was plotted against time to 

produce normalized growth curves, as presented in Figure 4.15a. The curves have an S-shape and fit the 

Boltzmann sigmoid having the form:  
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where Ai is the initial extinction value, Af is the final extinction value, X0 is the center and dx is the 

time constant. The reciprocal of the time constant 1/dx was related to the maximum gradient, and used 

as the rate of reaction. The calculated growth rate was shown in Figure 4.15b for samples synthesis at 

three different temperatures. 

 
Figure 4.14 In situ extinction spectra measurement of patchy particles synthesis at room temperature, 
50 and 70 °C, data was collected every 0.5 s.  

Since direct monitoring the silver ions concentration was not possible by using this setup, the reduction 

rate of silver ions was not clear. The obtained kinetic curves in Figure 4.15a contained contributions 

from two parts: nucleation of silver on the silica surface and patch growth. These two steps may 

overlap. Here it was assume that reductive reaction of silver nitrate by formaldehyde was very fast and 

did not limit the nucleation and growth of silver patches. Moreover, the ultrasmall silver clusters 

containing a few atoms could not be detected optically by this setup. In the S-shaped curve, as reported 

in the work from Bullen et al.,12 the initial induction period (with in 1s) corresponded to the nucleation 

regime, in which a large number of stable nuclei were formed, followed by the growth period. In this 

case, the induction time of these three samples were quite comparable within the short time regime. 

After the induction period, a rapid increase in the extinction area was observed, and it reached a 

plateau, indicating that the growth step was over. The time needed to complete the growth of patches 

became shorter at higher temperatures. The maximum slopes of these curves corresponded to the 

rapidly increasing region quantitatively and presented the rate parameter of the patch formation, 

derived from the nucleation and growth steps. However, the size distribution of silver patches on silica 

particles so far was not easy to determine, a direct relation of size increasing with time was therefore 
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not possible. But the results demonstrated that the patch growth rate at 70 °C was nearly two-fold of 

that at 50 °C, and 3-fold of the room-temperature case. This result was consistent with the obtained 

structure. With respect to the various morphologies obtained at different temperatures, the dendrites due 

to the diffusion limited aggregation were obtained at high formation rate (at higher temperatures), while 

continuous cup-like patches grew with a slow rate (at room temperature (RT) ). 

   
Figure 4.15 (a) The integrated extinction spectra area between 300 nm and 800 nm was plotted as the 
function of time for samples prepared RT, 50 and 70 °C. (b) The growth rate of silver patches on silica 
surface was plotted as the function of temperature. 

Herein, only the temperature effect on the patch formation kinetics was studied. How the other 

parameters e.g. concentrations of reactants impacted on patch formation kinetically was unclear. A 

more delicate setup equipped with concentration and pH detectors should be designed, the effect of  

reaction kinetic on patch formation (patches growth rate and their morphologies) would be able to be 

revealed quantitatively. Moreover, if size distribution of silver patches on silica particles can be 

measured, the correlation of the size evolution under different synthetic conditions with time would be 

established, this will allow us to quantitatively relate the growth mode to the chemical reaction kinetics, 

and the prediction of patch morphology can be achieved. 

4.2.8 Optical Property of Silica Particles with Silver Patches   

The structure-dependent optical property of silver patches on silica was attractive, and it has been 

shown that the plasmon resonance could be tuned in the range from the visible to the NIR regions. The 

understanding of the correlation between the optical property and structure allows us to design a 

structure with the desired optical property and to optimize the synthesis process. Lots of work have 
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reported the simulated extinction spectra of plasmonic materials, especially nanostructures made of 

gold or silver.13-15 As been introduced in Chapter 3, the optical properties of plasmonic structures are 

sensitive to the geometry. For example, the shift of plasmon resonance peaks with the aspect ratio of 

nanorods,16 or with changing shell thickness to core dimension ratios for nanoshell.17 Breaking the 

symmetry will result in the change of the light coupling mode. It has been shown that a nanostructure 

with reduced symmetry has more tunable plasmonic resonance features, local field enhancements and 

strong directionally scattered light, compared to a corresponding symmetric structure.18 Previous work 

on the reduced symmetry of silver or gold nanoshells, so-called nanocups, nanocaps or semi-shells, has 

demonstrated their optical properties experimentally and theoretically by finite different time domain 

(FDTD),19,20 discrete dipole approximation (DDA),21,22 finite element method (FEM).23 Their studies 

suggested that the plasmon resonance was in response to the orientation of the nanostructure with 

respect to incident light and the shift of the resonance peak was dependent on the size of gold or silver 

nanocups.24 In the work from Ye et al., the simulation of the extinction spectra of gold semishell by 

FDTD demonstrated that the dipole plasmon shifted to longer wavelength firstly with decreasing the 

size of the semishell and again blue shifted.18 Another work reported the different plasmon modes of a 

silver semishell of 20 nm thickness on a polystyrene core generated by different orientations, and the 

surface roughness of the outer shell caused the broadening and redshift of the resonance peak.21 

However, they did not simulate a series of silver or gold semishell coverages on the surface. The FEM 

based method was used to simulate the optical property of silver patch on silica with varying coverage 

(conducted by the group of Prof. Leugering). In Figure 4.16a a typical FEM grid used for numerical 

simulation is shown, a silica core had a diameter of 250 nm and the coverage of a silver patch of 15 nm 

thickness in this image corresponded to 20 %. The calculated extinction spectra of silica particle with a 

single silver patch with the coverages from 10 to 100 % are shown in Figure 4.16b. 
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Figure 4.16 (a) FEM grid of a silica particle of a diameter of 250 nm with 20 % surface covered by a 
silver patch of 15 nm thickness. (b) FEM based numerical simulation of extinction spectra of silica 
cores with silver patch of different coverages from 10 to 100 %. 

From the spectra diagram, it could be seen that the patchy particles had multiple features distributed 

from 300 to 1300 nm. Although the assignment of these resonance peaks was not clear so far, the 

observation of resonance peaks shifting with respect to the patch coverages was not affected. First of 

all, the intensity of the quadrupole resonance at around 330 nm, same as observed in the experiments, 

decreased with the reduction of silver patch size. Moreover, the dipole resonance at longer wavelength 

showed a red shift at first until the coverage of the silver patch reached 50 % and then blue shifted. The 

red shift of the resonance peak compared to that of silver nanoshells (100 % coverage) could be 

attributed to the charge building up at the nanoaperture (the edge of open nanoshells) and the 

hybridization of the dipole resonance of the core/shell structure with the dipole resonance of the 

nanoaperture.18 The blue shift was caused by the change of geometry and higher concentration of 

electromagnetic field lines inside of the metal.25 However, it was noticed a discrepancy between the 

calculated and experimental spectra. The collected extinction spectra of samples in the aqueous 

solutions did not demonstrate as many fine features as simulated ones. The relative intensity ratio of 

dipole and quadrupole resonance also showed different characters. These discrepancies were caused 

first of all by the size and the thickness of patches and the diameter of core particles. The synthesised 

silica particles had a diameter of 280 nm. On the other hand, the polydisperse patch size, the roughness 

of patch surfaces as well as the structure of the patch rims would also cause the shift of resonance 
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peaks.19,25 The synthesized patches had broad size distribution and the number of patch per particle 

varied. Moreover, the patches had the shapes of cup-like structure and dendrites, the optical property of 

such a mixture so far could not be simulated. Furthermore, the discrepancy was the result of 

interactions of plasmon resonances if dimer, trimer or high ordered clusters exist. Nevertheless, the 

simulation showed a correlation between the optical property and the size of the patch. Plasmon 

resonances could be shifted beyond 1300 nm in the NIR region. With the obtained calculated spectra of 

single patch particles, the calculation of the patch yield of a homogeneous sample of particle with a 

single patch would be possible based on the collected optical extinction spectra.  

4.2.9 Stability Study of Silver/Silica Patchy Particles 

It is well known that silver nanostructures are not stable and they may undergo shape evolution in the 

solution. The surface of silver nanostructure could be oxidized to form a layer of silver oxide. 

Moreover, the dissolution of silver into the aqueous solution by forming Ag+, due to the high mobility 

of silver.27-29 The dissolution of silver in the presence of halide ions via the so-called oxidative etching 

has been investigated, which led to the structure change.30,31 In addition, the high interfacial free energy 

of a structure or the presence of defects, the decay of structure occurred over a certain time to minimize 

energy for fixed volume. When the surface of a nanostructure was not protected by the capping agent, 

the shape transformation would happen, such as the decay of silver or gold nanorods to nanospheres,32 

the transformation of silver nanobars with sharp corners and edges to round-profiled nanorice,33 and 

silver triangles to nanodiscs.34 The change of surface attached species and the structural deformation 

will lead to a change of the extinction spectrum and the surface activity. Here, the study of the patchy 

particles structural stability was carried out by simply monitoring the extinction spectra of the aqueous 

suspension of patchy particles. As shown in Figure 4.17, the freshly synthesized particles had the 

features at around 330 nm and 750 nm. After two days, the same suspension was characterized by 

photometer again after sonification in an ultrasound bath; a blue shift and a significant broadening of 

the plasmon resonance peak at around 700 nm were observed, indicating a shape change of the patches. 

Meanwhile, an obvious color change of the suspension was visible to the naked eyes. This drawback of 

bad stability is an obstacle for the further study and application of silver patchy particles. There are 
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several methods to protect the patches by coating the patches with polymer and sugar which have been 

commonly used.36-39 

 

4.2.10 Surface Modification of Patchy Particles 

The synthesized patchy particles contained simultaneously silver and silica domains on the surface, and 

this chemically heterogeneous surface allowed selective modification. The functionalization, on one 

hand, was an approach to tune the surface property. On the other hand, the modification on silver 

patches also could be an option to prevent silver patches from structural decay, dissolution or oxidation. 

The most commonly used reagents to bind silver or gold are the molecules with thiol groups (-SH), 

which have a very strong affinity to silver and gold. Therefore, 1-dodecanethiol was chosen to modify 

silver patches, which resulted in hydrophobic and hydrophilic domains on the surface simultaneously. 

After the synthesis, patchy particles were transferred to ethanol and an excess amount of 1-

dodecanethiol was added. 30 minutes later, the particles were washed to remove unreacted 1-

dodecanethiol molecules. The functionalization experiments were repeated to treat patchy particles with 

different core particles (silica, anionic polystyrene particles and amorphous titanium dioxide). Figure 

4.18 shows the SEM images of silver patchy particles before and after functionalization. Before 

modification, the silver patches were conformal and showed either continuous cup or dendritic 

morphologies, due to the varied synthetic conditions. However, the patchy particles with different core 

particles reacted to the chemical modification differently. In all three cases, the detachment of silver 

patches was observed, but it seemed that the adhesion between silica surface and silver was stronger 

Figure 4.17 Extinction spectra of samples of silver 
patches on silica particles were collected right after 
synthesis and after two days.35 Image reproduced with 
permission from Ref. 35. Copyright (2012) American 
Chemical Society. 
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than the other two cases. More silver patches were stripped from the surface of polystyrene particles, as 

seen from the corresponding SEM image, and the hollow silver structures held smaller volumes and 

were deformed. In the case of TiO2, the situation was not better than that of PS spheres: a large number 

of particles still lost their silver patches. On the positive side, the detachment indicated that the 

chemical modification of silver patches was successful.  

 
Figure 4.18 SEM images of silver patches formed on the surface of silica, anionic PS and amorphous 
titania particles before and after functionalization with 1-dedecanethiol. The scale bars correspond to 
500 nm for silica and TiO2, and 300 nm for PS particles.  

With respect to the detachment, the size of and the structure of the silver patch should be considered. In 

the case of PS and titanium oxide particles as core particles, where silver patches had the structure of 

dendrites instead of continuous cup-like structure, an excess amount of thiol reagent might diffuse 

through the porous structure of the patches to react with the inner surface of patches. The strong 

hydrophobic interaction would strip silver patches from the surface of core particles. It also seemed that 

smaller patches were easier to detach, as can be seen from the SEM image of the sample of silica 

particles with silver patches. It should be mentioned that a large amount of 1-dodecanethiol was added 

into the suspension, both sides of the patches might be modified and it cause the detachment of patches 



Chapter 4. Silver Patches on Silica 
 

 - 93 - 

due to hydrophobic-hydrophobic interaction. The adhesion of silver to core particles is also essential for 

the structural stability. 

4.2.11 Formation of Hollow Structures 

In Figure 4.19, the detached silver patches formed cage-like structures after the modification with 1-

dodecanethiol, regardless of their morphologies. An alternative way to produce pure silver cage-like 

structures was to remove the core particles by chemical etching. Hydrofluoric acid (HF, 1 %) was used 

to remove silica. The synthesized patchy particle was washed with water and mixed with HF solution 

for 30 minutes, and cage-like silver structures were obtained. As shown in Figure 4.19 (a and b) the 

cages retained their structural integrity even for the dendritic patches. The TEM image (Figure 4.18c) 

proved that the silver patches were polycrystalline. On the branches of the dendrites the contrast varied, 

many false stacking defects (Figure 4.19e) and twin boundaries (Figure 4.19f) were observed. This 

crystalline structure was consistent with the formation of dendritic patches by the diffusion limited 

growth. The defect-rich structures also explained their poor structural stability in the aqueous 

suspension. The rearrangement of silver relaxed the structure, optically the colour of the suspension 

changed, and plasmon resonance peak demonstrated red shifts and broadening.  

The extinction spectra of nanocages made from cup-like and dendritic patches are shown in Figure 

4.20. In contrast to the patchy particles, similar features were observed, both the quadrupole and dipole  

resonances were still present. Because the patches might encounter the problem like shrinkage and 

branches breaking into small pieces after removing cores, especially for dendritic patches. Therefore, 

the new formed silver nanostructures had a very broad size distribution. This explained why the 

plasmon resonance at longer wavelength broadened significantly.  
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Figure 4.19 SEM (a, b) and TEM (c-f) images of silver cages formed by using 1 % HF to dissolve 
silica from silver patchy particles synthesized with silica core treated at 800 °C, at 50 °C with 30 min 
pre-aging. The ammonia addition was controlled with in (a) 10 s and (b) 25 s. The scale bars 
correspond to 250 nm. The TEM images correspond to the sample shown in b. The scale bars of d and 
(e and f) correspond to 100 nm and 10 nm respectively. Images (a and b) reproduced with permission 
from Ref. 3. Copyright Wiley-VCH. 

 

Figure 4.20 Extinction spectra of hollow cages formed by etching patchy particles with HF. 
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4.3 Summary and Conclusion 

In this chapter, an optimized one-pot technique to produce silver patches on silica particles was 

introduced. It has been demonstrated that the morphology and yield of silver patches were affected by 

the synthetic parameters, such as the temperature, concentration, and addition of ammonia, as well as 

the silica surface property. By using 1000 °C calcined silica a patch yield of 100 % could be reached 

when the synthesis was carried out at 50 °C with 30-minute aging. Meanwhile, this approach was 

applicable to other particles with negatively charged surfaces, such as polystyrene and titanium dioxide. 

Furthermore, the morphology of patches showed tunability, by varying the addition of ammonium 

hydroxide or changing the reaction temperature, from cup-like structure to dendrites. Based on those 

observations, a mechanism for the patches formation was proposed. The attractive interaction of metal 

ions with the surface was a critical precondition. Furthermore, the chemical kinetics was also of 

importance for the formation of patches. Extreme conditions (too fast or too slow) would make the 

synthesis fail. In the previous work, formaldehyde was replaced by a strong reducing agent (sodium 

borohydride) and no patch was formed on silica. This suggested that the chemical reaction kinetic 

profile should be compatible with the kinetics of patch formation. The reducing agent, the metal 

precursor and the additive should be chosen wisely. Simulations demonstrated that plasmon resonance 

of silica particles with a single silver patch was tunable from the visible region to the near IR region by 

varying the size of the patch. This was in good agreement with the experimental results. 
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5. From Silver to Gold: Bimetallic Patches on 
Negatively Charged Particles 

 

Multimetallic nanostructures possess novel and superior properties over monometallic nanostructures. 

Several multimetallic materials have been reported to have different sizes, shapes and compositions.1, 2 

One of the common routes to synthesize bi-/multi-metallic nanoparticles is the seed-mediated method, 

in which the second metal is introduced and deposits onto the monometallic particle as a template. 

Another strategy is to use a galvanic replacement reaction to produce bi-/multi-metallic nanostructures. 

Galvanic replacement reaction takes place between a less reactive metal N salt and a more reactive 

metal M.  A typical redox reaction is described below:  

pM (s) + qNp+ (aq) → qN (s) + pMq+ (aq) 

When a more reactive metal M is added into the solution containing ions of a less reactive metal N, the 

more active metal M is oxidized while the less reactive metal ions are reduced, which might result in 

the deposition of metal N on M. For example, copper can be replaced by silver and silver can be 

replaced by gold. If the valences of the metal oxidation state are different (p ≠ q), pores or voids might 

be formed, dependent on the specific reaction condition. By applying the galvanic replacement 

reaction, the production of metallic shells or hollow structures can be achieved. Ag@AgAu core/alloy 

shell was obtained by the galvanic replacement reaction by mixing silver nanoparticles with gold ions.3 

Xia and coworkers prepared nanocaged hollow or porous structures of metals by this strategy.4 For 

instance, when silver nanocubes as templates reacted with gold ions, the replacement of silver atoms 

started on one of the facets, through alloying and dealloying the pores formed and finally nanocages of 

gold were obtained as the reaction proceeded. 



Chapter 5. Bimetallic Patches on Silica 
 

 - 99 - 

In Chapter 4, the synthesis of silver patches on negatively charged particles (silica, titanium oxide and 

PS) through the one-step approach was discussed, and relevant parameters were investigated. 

According to the proposed patch formation mechanism, the deposition of metal by reducing a precursor 

in the form of MLy
x- (L is the coordinated element) on a negatively charged particle surface was 

unlikely to take place with a high yield. Therefore, the synthesis of gold patches directly on silica was 

not possible by using chloroauric acid (in which gold ions are in the form of AuCl4
-). Since gold is 

another noble metal which has optical properties similar to that of silver but with higher chemical 

stability, it can be a good substitution for silver. Considering that galvanic replacement reaction can 

take place between silver and gold ions, gold/silver bimetallic patches could be fabricated by this way. 

The following approach was designed to produce bimetallic patches on silica particles, as shown 

Scheme 5.1:   

   
Scheme 5.1 A general approach to synthesize gold/silver patches on silica particles.5 Image reproduced 
with permission from Ref. 5. Copyright (2012) American Chemical Society.  

Briefly, small silver patches were formed at first by one-pot method introduced in Chapter 4 and gold 

precursors were introduced afterwards. Both the galvanic replacement reaction and the reduction of 

silver and gold ions by reducing agent led to large bimetallic patches. The details of the investigations 

are described in the following text. 

5.1 Experimental Details 

5.1.1 Synthesis of Silica Particles 

Silica particles with Hydroxyl groups: The synthesis of silica particles was carried out by a modified 

Stöber method. 26.4 mL of 32 % ammonia (Merck GmbH, Germany) was added into a mixture of 497 
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g of absolute ethanol (VWR International GmbH, Germany) and 62 g of Millipore water under mild 

stirring. Then 50 mL of TEOS (VWR International GmbH, Germany) was added. After gentle mixing 

for 5 hours, particles were separated by centrifugation and redipsersed in water. Particles were washed 

by ethanol to remove unreacted chemicals, and dried in a vacuum oven over night at 90 °C. The 

obtained particles had diameter around 200 nm.  

Thiol groups (-SH) decorated silica particles: The samples of silica particles with thiol groups in 

surface were prepared by two methods.  

(a) Post-functionalization with 3-mercaptopropyltrimethoxysilane (MPS, Sigma-Aldrich, Germany) 

The surface functionalization of silica was carried out by mixing different amounts of MPS and 0.1 g 

silica particles in absolute ethanol under stirring for 2 days to make sure the reaction was complete. In 

order to obtain different coverages of -SH, the amounts of MPS used were 2, 5, 50, 100 and 400 µL for 

5 individual syntheses, respectively. The particles after functionalization were washed with ethanol 

three times and dried in a vacuum oven overnight.  

(b) In situ functionalization during the synthesis 

Another method to synthesize silica particles with thiol groups was to use MPS as silicon source. The 

synthesis recipe was the same as the synthesis by using TEOS as mentioned above, except that the 

same amount of MPS was used to replace TEOS. An alternative way was to use both MPS and TEOS 

as precursors. Particles synthesized by this way had a uniform size distribution. Briefly,  a portion of 2 

mL of 32 % ammonia was mixed with 49.7 g of absolute ethanol. After 20 minutes, 5 mL of TEOS was 

added under mild stirring for 1 hour, followed by the addition of MPS of various volume (0.513, 0.941 

and 1.25 mL). The reaction was stopped after 5 hours by centrifugation to separate the particles. Before 

being dried in a vacuum oven, particles should be washed with ethanol. 

5.1.2 Synthesis of Ag/Au Patches on Silica  

In a typical synthesis, a silica suspension (10 mg/mL) of 200 µL was added to 200 mL of silver nitrate 

solution of 5 µM. The mixture was heated to a certain temperature. After 30 min, a portion of 37 % 

formaldehyde (8 mL) was added into the solution, followed by the addition of 800 µL ammonium 

hydroxide (32 %) under intense stirring. After 15 seconds, an aliquot of the solution of k-gold (25 mg 



Chapter 5. Bimetallic Patches on Silica 
 

 - 101 - 

potassium carbonate from Sigma-Aldrich and 1.5 mL of 25 mM HAuCl4 from Roth GmbH mixed with 

water to 50 mL, aged in the dark at least for 12 hours) was added. The details about the amount and 

other variations are included in the text.   

5.1.3 Quantitative Characterization of the Patch Composition 

The characterization of patches by annular dark-filed scanning TEM was carried out using a Titan 80 - 

300 microscope (FEI Company, Eindhoven, Netherlands). Energy dispersive X-ray (EDX) 

spectroscopy was used to map the composition of a single patch and to determine the average patch 

composition. The spectra were recorded by simultaneously illuminating representative ensembles of 

patchy particles.  

To quantify the EDX spectra precisely, a reference alloy (50 at% Au, 50 at% Ag) was prepared by 

melting 1.500 g Au granules (fine gold) and 0.822 g Ag granules (fine silver) in a ceramic crucible. The 

slight mass loss below 1 % (mass of noble metal granules prior to melting: 2.323 g, mass of final 

nugget after alloying: 2.307 g) was attributed to the evaporation of Ag. It was considered in the 

experiment as the k-factor. The chemical homogeneity of the nugget was verified by EDXS 

measurements (in the scanning electron microscope) at various positions. For the analytical TEM 

measurements a sample was prepared by cutting, grinding, dimpling, and Ar-ion milling. Combined 

with reference samples spectra, the compositions of gold and silver in patches could be determined.  

5.1.4 Characterization by X-ray Diffraction 

The patchy particles were analyzed by X-ray diffraction (XRD) using an X‟pert Pro diffractometer 

(Philips Analytical, Netherlands) using Cu Kα radiation (λ = 0.15405 nm). The diffraction experiments 

were conducted at 2θ values ranging from 2° to 80° with a step size of 1 s. The patchy particles were 

synthesized according to the same recipe as described above, however with 250 mL of silver nitrate 

solution, and the amount of the other components was increased proportionally. Before the 

measurement, patchy particles were washed three times with water and were casted onto an aluminium 

holder to let the water evaporate.  

5.2 Results and Discussion 

5.2.1 Synthesis of Gold Patches on Silica Particles without Preformed Ag Patches 

Based on the results obtained from the silver patches synthesis, it was not expected that gold patches 

would form on silica surface, when formaldehyde was added to the mixture of silica particles and gold 
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ions in the form of [AuClx(OH)4-x]- (x ≤ 4). The SEM image of the corresponding product was in 

agreement with the speculation, as shown in Figure 5.1. The gold nanostructures did not form on the 

surface, while the attachment of gold particles to the silica particles could be the result of the drying 

effect during the preparation of the SEM sample. It was actually due to the lack of attractive interaction 

between the silica surface and gold ions of [AuClx(OH)4-x]-, which was a common gold precursor and 

value of x was dependent on the pH of the solution. Therefore heterogeneous nucleation of gold was 

not likely to take place on the silica surface and no patch would be formed. 

5.2.2 Patch Formation with Preformed Silver Patches  

According to the strategy introduced in Scheme 5.1, the process to 

produce silver/gold patches can be divided into a step of silver 

patches formation and a step for bimetallic patches formation. 

Silica particles were dried only to remove ammonia and ethanol 

from the synthesis procedure, and the patch synthesis was carried 

out at 45°C with pre-aged silica particles in silver nitrate solution 

for 30 minutes. In Figure 5.2 the first image shows the preformed 

silver patches of various sizes on silica surface with a high yield. 

The extinction spectrum (the black curve in the last image of 

Figure 5.1) of this sample had two prominent features: a narrow 

peak at 330 nm and a broad extinction band at 775 nm, consistent 

with what was observed before (see Chapter 4). Apparently, the size of the silver patches was much 

smaller, due to the low concentration of silver nitrate solution used for the synthesis. It explained why 

the dipole resonance peak was observed at around 775 nm. After the formation of silver patches, the k-

gold solution (commonly used in the synthesis of gold nanoshells) was added into the mixture. When 1 

mL of k-gold was introduced, it was observed from the extinction spectrum that the narrow out-of plane 

quadruple resonance peak at around 330 nm disappeared and the extinction maximum shifted to 850 

nm. This might be due to the change of patch composition and patch size. According to the SEM 

image, the patches became larger and thicker. Interestingly, there were some holes in the patches, as the 

results of replacing silver by gold and inhomogeneous deposition of metal atoms on the surface. As 

Figure 5.1 Silica particles 
were added into the solution of 
gold ions followed by the 
addition of formaldehyde. The 
scale bar corresponds to the 
200 nm. Image reproduced 
with permission from Ref. 5. 
Copyright (2012) American 
Chemical Society. 
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more k-gold was added, the size and thickness of patches increased further, as demonstrated by SEM 

images. In the case of 8 mL of k-gold addition, almost 50 % of silica surface was coated. It should be 

mentioned that the patch yield of each sample of bimetallic patchy particles was as high as that of the 

initial silver patchy particles (100 %). Optically, the dipole resonance peak shifted further to NIR 

region when more k-gold was added. The dipole resonance was located at 1019 nm for the sample with 

the addition of 8 mL k-gold. Surprisingly, no free nanoparticle could be observed in the SEM images. 

This was also confirmed by measuring the extinction spectrum of the supernatant, which was separated 

from particles by the slow centrifugation of the growth solution. The extinction intensity of the 

supernatant was below 0.02 and no obvious feature was observed (Figure 5.3b, dark blue curve). 

Actually under this synthetic condition without silica, nanoparticles around the size of 70 nm (estimated 

from the SEM image in Figure 5.3a) were produced and could be easily observed from SEM. Particles 

had a strong resonance peak at around 550 nm as shown in Figure 5.3b, similar to the resonance peak 

from pure gold nanospheres. This set of control experiments demonstrate that there was no 

homogenous nucleation of gold or silver, at least no free silver nanoparticle was formed before the 

addition of k-gold solution, and the patch growth did start from the preformed small silver patches 

which were formed through heterogeneous nucleation.  

Galvanic replacement reaction takes place when silver nanoparticles are mixed with gold ions. Could 

gold patches be produced by employing a galvanic replacement reaction? Was the excess amount of 

formaldehyde necessary? To answer these questions, an experiment to synthesize patchy particles 

without using an excess amount of the reducing agent was designed and carried out. In other words, 

only the galvanic replacement reaction was allowed to take place. The patchy particles that were 

formed after the addition of formaldehyde and ammonia were collected and washed to remove 

unreacted chemicals. After redispersing in water, particles with silver patches were mixed with the k-

gold solution. Figure 5.4 shows the patchy particles before and after the galvanic replacement reaction 

with the addition of k-gold solution of 8 mL. Clearly, the patchy particles after the addition of k-gold 

had a very poor quality: the majority of metal patches detached from the surface and the structure was 

very porous. This result demonstrated that the galvanic replacement reaction alone could not form 
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stable patches on silica, and it is indicated indirectly that the excess amount of the reducing agent was 

necessary. 

 

Figure 5.2 SEM images and the corresponding extinction spectra of silver/gold patches formed by 
addition of 0, 1 mL, 3 mL, 5 mL and 8 mL of K-gold to silica particles where silver patches were pre-
formed at 45 °C before the addition of k-gold. The scale bars correspond to 200 nm. Image reproduced 
with permission from Ref. 5. Copyright (2012) American Chemical Society. 

 
Figure 5.3 (a) SEM image of silver/gold nanoparticles produced at the same condition as the patchy 
particles in the absence of silica particles. The scale bar corresponds to 200 nm. (b) Extinction spectra 
of the sample shown in (a) and the supernatant of the gold patchy particles suspension. Image 
reproduced with permission from Ref. 5. Copyright (2012) American Chemical Society. 
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It should be emphasized that silica particles used the preparation of bimetallic patches were not 

thermally treated (non-calcined). The Stöber silica particles after the synthesis was dried in the vacuum 

at 90 °C overnight, and then silica particles were dispersed in Millipore water at a concentration of 10 

mg/mL. The experiments introduced in Chapter 4 (the preparation of silver patches on silica) indicated 

that the synthesis with silica particles calcined at 1000 °C gave the best patch yield (approximately 

100 %), whilst a patch yield of 40 % with the untreated silica particles. Why was it possible to use the 

untreated silica particles to produce bimetallic patchy particles with such a high yield (see Figure 5.2)? 

The reason can be found in the reaction condition: specifically the concentrations of silica suspension 

and silver nitrate solution were much lower. In the previous case of preparing pure silver patches on 

silica, the reactions were carried out with a silver nitrate solution of 100 µM , a silica suspension of 

0.05 mg/mL and addition of 50 µL ammonia of 8 %. However, for the synthesis of bimetallic patches, 

the concentration of silver nitrate and silica particles were decreased to 5 µM and 0.01 mg/mL, 

respectively, while a 4-fold higher ammonia concentration was used. In such a diluted system of silver 

nitrate, the homogenous nucleation was suppressed; however heterogeneous nucleation was able to take 

place. Therefore the obtained products had very high yield with very few free silver or gold particles. 

With the aim to understand patch growth, the role of preformed silver patches and structure tuning, a 

series of experiments were carried out. In the following content, all the results are shown with untreated 

silica as core particles. 

 
Figure 5.4 SEM images show the silver patchy particles before (a) and after (b) the galvanic reaction 
with k-gold. No reduction of silver or gold ions by formaldehyde took place. The scale bars correspond 
to 200 nm. Image reproduced with permission from Ref. 5. Copyright (2012) American Chemical 
Society. 
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5.2.3 Temperature Effect on Patch Formation 

The patchy particles shown in Figure 5.2 were produced at 45 °C, at which the highest yield was 

achieved. The samples made at 40, 50 and 60 °C are shown in Figure 5.5. Before the addition of k-gold, 

small silver patches formed on the silica surface with diverse patch yields. SEM images showed a good 

consistence with the collected spectra, a typical quadrupole resonance from silver patches at around 340 

nm was observed. However, the dipole resonance was located at different positions. The dipole 

resonance of the sample synthesized at 40 °C was at close to 800 nm, whilst it was at around 650 nm 

for the one synthesized at 60 °C. That was due to the formed silver patches having different sizes. The 

size of patches was smaller, due to that a large amount of smaller nuclei were formed at higher 

temperatures (discussed in Chapter 4). 

At 40 °C, the resultant patchy particles apparently had a low yield and more particles contained a single 

patch. With increasing the amount of gold salts added to the mixture, the plasmon resonance peak 

shifted to longer wavelength. By correlating the extinction spectra with the SEM image, the strong shift 

to near IR region was an indication of the enlargement of patches whilst maintaining the thickness 

constant, as predicted by the simulation (See Section 4.2.8). At a higher temperature (60 °C), the patch 

yield was apparently increased, and small bimetallic patches were obtained and more particles were 

coated with more than one patch, according to the SEM image (last column in Figure 5.5). The growth 

process did not lead to a great red shift of the strongest extinction peak at longer wavelength with the 

addition of k-gold, probably owing to a smaller size gain during the growth. The SEM image of this 

sample demonstrated the growth of patches happened rather in the thickness. Moreover, the narrow 

extinction peak also suggested a narrow size distribution of the obtained patches, consistent with the 

observation from the SEM image. 

 The above results suggested a thermodynamically and kinetically controlled growth of the bimetallic 

patches. The increased patches yield and the number of patches per particle by a faster reaction was in 

good agreement with the results shown in Chapter 4. However, different from the pure silver patches 

formation, the phenomenon of the temperature-dependent morphology formation was not observed. 

However, the morphologies of the metal patches obtained at 40 and 60 °C were different. Large patches 

formed at 40 °C had a more conformal structure and wetted the silica surface, while patches obtained at 
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50 and 60 °C seemed less wetting the silica surface. Nevertheless, gold/silver patches preferred 

growing thicker rather enlarging the coverage on the surface. 

 
Figure 5.5 SEM images of gold patchy particles synthesized at reaction temperature of 40, 50 and 
60 °C before (above) and with the addition of 8mL of k-gold (middle), and the corresponding extinction 
spectra with cumulative amount of k-gold are shown below. The scale bars correspond to 200 nm. 
Image adapted with permission from Ref. 5. Copyright (2012) American Chemical Society. 

5.2.4 Effect of K-gold Solution Addition 

The same amount of 8 mL k-gold solution was added either in one shot or within a certain time scale 

(25 s or 150 s), to explore the effects of changing the concentration profile of gold ions on the samples 

preparation. SEM images of the obtained patchy particles are shown in Figure 5.6. The fast addition of 

k-gold led to the formation of patches of different sizes and with multiple patches, and free 

nanoparticles with irregular shapes were produced as well. Additionally, it was also observed from 

SEM images that some patches were detached from silica core particles as the result of the fast 



Chapter 5. Bimetallic Patches on Silica 
 

 - 108 - 

reaction, even though the cup-like shape was maintained. The fast addition of k-gold led to an instant 

increase in the concentration of gold ions and consequently resulted in a fast reductive reaction. Under 

this condition, the deposition of metal on cores was expected to be fast and the homogenous nucleation 

of metal might take place. 

The second sample shown in Figure 5.6 was synthesized by successively adding eight 1 mL of k-gold 

solution within 25 s. During this process, the concentration of gold ions was kept at a relative low level 

but the variation was small, therefore the reduction reaction of gold ions and the growth of patches 

were slower in comparison with the previous case of the short growth period. The obtained patches had 

larger sizes and a more conformal structure, and very few free metal nanoparticles were produced. All 

these benefited from the continuous growth. Interestingly, the sample made with the addition of the k-

gold solution within 150 s did show different patch morphology. Firstly, the patches were much thicker 

and the patch size varied greatly. Secondly, the shape of patches was quite irregular. A presumable 

reason might be the multiple growth steps during the addition of gold ions, because the k-gold was 

added by four times of 2 mL aliquots within 150 s. The concentration of gold atoms increased after 

each addition, and gold atoms would be consumed by the growth. This might have led to the multi-

growth steps that thickened the patches. 

 
Figure 5.6 SEM images of patchy particles synthesized at 45 °C with the addition of 8 mL k-gold 
within time periods of 1 s, 25 s and 150 s. Scale bars correspond to 200 nm. Image reproduced with 
permission from Ref. 5. Copyright (2012) American Chemical Society. 

5.2.5 Effect of Time Interval between Addition of Ammonia and K-gold Solution 

The effect of time interval between the addition of the ammonia solution and the k-gold solution was 

studied. In general the time interval in all the experiment shown above was controlled to be within a 

minute. A typical product is shown in Figure 5.7 (the first one from left), with a high yield, conformal 
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structures (see the inset) and many large patches. However, as the time interval was increased to 10 or 

30 minutes, apparently the yield decreased significantly (Figure 5.7). Considering the same silver patch 

yield under the same synthetic condition before the addition of k-gold, the decrease of patch yield of 

the final products indicated that some of the initially formed silver patches might be dissolved and 

rearranged during the post-aging and/or the growth step of the bimetallic patches. Besides the change in 

the patch yield, the morphology of the patches did show subtle but noticeable alternations. The contact 

angle of patches with silica surface became larger (see insets) and patch thickness increased more 

greatly than the size. Furthermore, it was easy to see that the contact angle of the silver patches with 

silica surface was much smaller that of the gold-rich bimetallic patches with the same surface. In other 

words, silver patch was more wetting silica surface than gold-rich bimetallic patches. Considering the 

samples shown in Figure 5.1 and Figure 5.7, silver ions might act as „glue‟ to bind patches to surface 

and contribute the conformal growth. Hence, the non-lateral growth of metal patch could be due to the 

loss of silver from the silica surface during the process of 30 minutes post-aging. Further proof will be 

given to illustrate the function of silver, and the reasons that caused the thick patches will be explained. 

 
Figure 5.7 SEM images of gold patchy particles synthesized at 45 °C. The time interval between the 
formation of silver patches and addition of k-gold was varied from 1 minute to 30 minutes. The scale 
bars correspond to 200 nm. Image reproduced with permission from Ref. 5. Copyright (2012) American 
Chemical Society. 

5.2.6 Analysis of Patch Composition 

The formation of bimetallic patch particles under various conditions was introduced. Although it has 

been demonstrated that preformed silver patches were critical for the preparation of bimetallic patches 

on silica, it was not clear what roles small silver patches played, were they the sacrificed templates or 

seeds? In many studies, metallic silver particles acted as scarified templates for the growth of gold 

nanostructures via the galvanic replacement reaction, metal silver was oxidized and silver ions were 

released into the solution.6-8 Along with the reaction, silver would be replaced by gold step by step. Was 
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it the same in this case? If not, what was the 

concrete composition of patches and how was 

the distribution of silver and gold atoms in a 

patch? Neither optical spectra nor SEM images 

could tell us about the composition or 

distribution of silver and gold in patch. 

Qualitative and quantitative characterizations 

were required to answer these questions. 

The XRD pattern of bimetallic patchy particles 

is shown in Figure 5.8. The peaks observed at 

38.2, 44.4, 64.6, and 77.5° can be assigned to (111), (200), (220), and (331) crystal planes of either 

silver or gold.9,10 Due to their similarity in the crystal structure of silver and gold, the XRD pattern 

could not provide enough information to determine the composition.   

An analytical transmission electron microscope is a robust technique, which permits the microstructure 

analysis, has a high imaging resolution and can measure the composition at a higher spatial resolution. 

Annular dark-filed scanning TEM (ADF-STEM) has a very high atomic number contrast, and allows us 

to distinguish silica from metal. The STEM images shown in Figure 5.9a are corresponded to the 

samples made with various amounts of k-gold solution added to the reaction. The structural 

development during the successive addition of k-gold was more clearly observed than from the SEM 

images (shown in Figure 5.2). Silver patches (without k-gold addition) were smaller and their surface 

was dense and smooth. After the addition of a small amount of solution with gold ions (0.5 mL), holes 

started to appear on silver patches and the structure was rather porous, due to the galvanic replacement 

reaction between metal silver and gold ions. In the sample with 1mL k-gold addition, the holes were so 

large that the surface of silica could be seen through them. It seemed that the structure was composed of 

fine spheroidal grains. However, with more gold ions added (2 and 4 mL), the holes disappeared and 

thickness and size of patches increased with the deposition of metals. Based on these observations, it is 

hypothesized that the original silver patches were replaced and reconstructed. It was also observed from 

these STEM images that in the samples with the k-gold solution (≥ 1mL) some of the patches were 

Figure 5.8 XRD pattern of obtained gold/silver 
patches formed on silica nanospheres with labels 
indicating the reflections. Image reproduced with 
permission from Ref. 5. Copyright (2012) 
American Chemical Society. 
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peeled off from the surface, due to the galvanic replacement reaction. This issue will be addressed later 

in detail. But the variation in the patch thickness disabled a direct differentiation of silver from gold 

through the atomic contrast mechanism in ADF-STEM, hence energy dispersive X-ray spectroscopy 

(EDXS) was utilized complementarily to acquire a reliable composition result of the patches. Both a 

composition map of a single patch and the average patch composition were provided by this technique.  

 
Figure 5.9 (a) ADF-STEM images of metal patches formed on the preformed silver patches with the 
addition of k-gold of 0, 0.5, 1, 2 and 4 mL. The scale bars correspond to 100 nm. (b) Raw EDXS of 
patchy particles which are shown in (a). All spectra were normalized to the Ag Kα1 + Kα2 peak. (c) 
The plot shows the ratio of silver to gold used in the patch synthesis and the determined average 
composition of patches by EDXS.5 The black dash line was the fitting of the measured data point, 
whilst the red dot line was the theoretical patches composition calculated according to the amount of 
silver and gold involved in the reaction without considering the loss. Image adapted with permission 
from Ref. 5. Copyright (2012) American Chemical Society. 

It was assumed that the composition of patches was homogenous in each sample, EDXS analysis of a 

wider area was carried out by detecting around 50 particles for each sample, the spectra were collected 

by illuminating simultaneously representative ensembles of patchy particles. By comparing with a 

standard sample with a known atomic ratio of silver to gold, the composition of patchy particles could 

be drawn from the EDX spectra as shown in Figure 5.9b. The error coming from the measured count 

rated by a long exposure time was as small as 1 %. The spectra were evaluated according to the Cliff-

Lorimer method by using the net intensities of Au Lα1 + Lα2 (IAu) and Ag Kα1 + Kα2 (IAg) emissions 

lines as labeled in the figure.11 The concentration of gold atom was calculated by applying the 

following equation,  
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CAu=IAu/(IAu+KAu,Ag • IAg)                  Equation 5.1  

Where the factor KAu, Ag was determined by from the standard reference (KAu,Ag = IAu/IAg • CAg/CAu), the 

value was 1.63 ± 0.66. The overall error of the statistics calculation of the composition was less than 

5%. 

The atomic ratios of gold to silver referring to the composition calculated from EDXS and amount of 

metallic precursors used for the synthesis were plotted and shown in Figure 5.9c. The diagonal dot line 

is the theoretical values of the ratios, while the dash line corresponds to the measured data points. The 

measured atomic ratio of gold increased linearly with the amount of k-gold, with the values slightly 

higher than the theoretical ones. This suggested that the patches consisted of both gold and silver, and a 

small amount of silver was lost, owing to the dissolution in the solution. Furthermore, an EDXS map of 

a patch synthesized with the addition of k-gold solution of 0.5 mL, shown in Figure 5.10, illustrated the 

distribution of gold and silver in a patch. There was no particular accumulation of gold, except at the 

edge of patch gold was slightly enriched, indicating that both silver and gold took part in the lateral 

growth of patches. All the results demonstrated that silver was neither completely replaced by gold nor 

acted as seeds. Indeed, silver was redistributed and contributed to the bimetallic patch growth by 

involving in multiple reactions, because the excess amount of reducing agent was used. Silver oxidized 

by Au ions was reduced by formaldehyde and redeposited on patches, along with a parallel reduction of 

Au(OH)4
- by formaldehyde. As the result of these three chemical reactions, the patches could grow on 

the silica surface. 

Figure 5.10 STEM image (left) and 
EDXS map (right) of a silver/gold 
patch formed by the addition of 0.5 
mL of k-gold into the silica 
suspension with preformed silver 
patches. The scale bar corresponds to 
25 nm. Image adapted with 
permission from Ref. 5. Copyright 
(2012) American Chemical Society.  
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5.2.7 Formation Mechanism of Bimetallic Patches on Silica 

Based on the discussion described above, it was confirmed that silver/gold bimetallic patches were 

formed by the assistance of the preformed silver in the presence of an excess amount of the reducing 

agent. A growth mechanism for bimetallic patches was proposed, as illustrated in Scheme 5.2.   

   

Scheme 5.2 The proposed mechanism for the silver/gold bimetallic patches of (a) conformal growth 
and (b) non-conformal growth. Image reproduced with permission from Ref. 5. Copyright (2012) 
American Chemical Society. 

In section 4.2.6, the growth mechanism of silver patches on silica particles has already been presented, 

which will not repeat here. The small silver patches (in orange) grew on the non-calcined silica 

particles in a diluted system (See Section 5.2.1). Meanwhile a tiny amount of silver ions (in green) was 

expected to distribute over silica surface and in solution, given that silver was mobile and a small 

amount of silver might exist in the solution. Once gold ions were added into the system, three types of 

chemical reactions would take place, all of which contributed the formation of bimetallic patches. It 

was hypothesized that there were three main routes determining the patch growth. Scheme 5.2a 

describes the surface conformal growth of the patches. A galvanic replacement reaction took place 

between silver and gold ions as described in Equation 5.2 (Path A step 1 and Path C), because the 

standard electrode potentials for Ag+/Ag and AuCl4
-/Au are 0.8 and 1.002 V respectively. The gold ions 

in the K-gold solution used were believed to be in the form of Au (OH)4
-, which is much easier be to 

reduce than AuCl4
-.12 

  3Ag (s) + Au(OH)4
- (aq) = Au (s) + 3Ag+ (aq) + 4OH- (aq)          Equation 5.2                                                                 
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Therefore, metallic Ag0 was oxidized and Ag ions was released from patches, and Au ions were reduced 

to Au0 (step 1 in Path A). The good match of crystal lattices between Au and Ag (4.0768 and 4.0682 Å 

for Au and Ag, respectively)13 allowed the deposition of gold onto silver. In the Figure 5.2 the second 

image of a sample with a small amount of k-gold, the surface of patches was quite rough and holes 

were formed resulting from the dissolution of silver and the deposition of gold, since three silver ions 

were released to reduce one gold atom. However, due to the existence of the excess amount of 

formaldehyde, Ag ions could be reduced again to Ag0 (Equation 5.3) and the re-deposition of silver on 

patches would happen either onto of patches (the last step in Path C) or at the edge of patches (step 3 in 

Path A).  

 2Ag+(aq) + HCHO (aq) +3OH- (aq) = 2Ag (s) + HCOO- (aq) + 2H2O  Equation 5.3 

When the replacement reaction occurred close to the edge of a patch, the released silver ions might be 

interact with the silica surface that leading to increase in the local concentration of silver ions (step 2).  

Silver atoms will deposit at the edge of patch through a reduction reaction (step 3, Equation 5.3). The 

process of the galvanic replacement reaction and the reduction of the released silver ions happened 

cyclically, allowing the conformal surface growth of patches. In addition, the lateral growth of patches 

on the surface was mainly due to deposition of silver at the edge of the patches. Meanwhile, the 

reduction of gold ions by formaldehyde and the deposition of gold atoms to patches also took place in 

path B (Equation 5.4), contributing to the thickening of patches. 

3HCHO (aq) + 2Au(OH)4
- (aq) + OH- = 2Au (s) + 3HCOO- (aq) + 6H2O     Equation 5.4 

With these reactions going on, the holes on the surface disappeared as more and more gold ions were 

involved in the reactions, and subsequently deposition of silver and gold filled the holes. The parallel 

reactions through Path A, B and C caused a homogeneous distribution of silver around the patches (as 

demonstrated by the EDXS mapping in Figure 5.10) without showing a dramatic loss in the total 

amount, proved by the quantitative result in Figure 5.9c. During the growth, Path A contributed to the 

broadening of patches, while Path B and Path C led to the thickening of patches. It should be pointed 

out that the alloying between the gold and silver might take place, due to the diffusion of silver and 

gold, and this phenomenon was distinct at higher temperatures.14   
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Figure 5.7 shows the samples with different time intervals between the initial silver patches formation 

and bimetallic patches formation. The patches had cup-like structures with different geometries for a 

short time interval, whilst the patches were less and less conformal with time period increased from a 

minute to 30 minutes. The formation of thicker patches with a large contact angle could be explained 

by the mechanism shown in Scheme 5.2b. After the formation of silver patches, the amount of silver 

ions around silica particles would change during the incubation period at higher temperatures and they 

might redistribute in the whole system. With a short time interval, the growth was conformal (Scheme 

5.2a). After 30 min of incubation, a new equilibrium of silver distribution was reached and 

consequently the step 3 in Path A was not likely to happen, presumably due to the low concentration of 

silver ions around particles. Hence, the metal depositions were more frequent onto the surface of 

patches. Therefore the patches were smaller but thicker. According to the observation, silver was more 

wetting silica surface comparing to gold, which explained a larger contact angle of the patches with the 

surface obtained with 30 min of time interval, when less silver was involved lateral growth of patches. 

Moreover, the mechanism could also explain the patch structure formed at higher temperatures. Due to 

the diffusion of silver at higher temperatures and very chemical reaction, the step 3 in Path A was not 

favoured, because silver ions released from galvanic reaction would be consumed instantly. The 

deposition of gold and silver onto the top of patches led to thicker patches. 

Under the same synthetic condition, silver/gold bimetallic patches could grow on the surface of anionic 

polystyrene particles (SEM images shown in 

Figure 5.11). Before the addition of solution 

of gold salt, silver patches preformed on 

polymer particles were very small. With more 

Figure 5.11 SEM images of samples 
prepared by adding (a) 0 mL, (b) 1 mL, (c) 
3 mL, (d) 5 mL k-gold solution into the 
solution containing the silver patchy 
particles (a) on anionic polystyrene 
particles. The scale bars correspond to 300 
nm. 
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gold salt being added into the reaction, the size of the patches increased and had a broad size 

distribution, which might be the result of different interactions of metal atoms with the surface and 

variation of the concentration of core particles. Nevertheless, bimetallic patches could be produced with 

the assistance of silver, regardless of the composition of core particles. 

5.2.8 Stability Study 

One of the motivations to prepare gold/silver bimetallic patches on silica was to improve the chemical 

and structural stabilities of patches. Gold is a good substitution of silver because it has similar optical 

properties but a more inert character. The obtained results have demonstrated that silver/gold patches 

on silica spheres had tunable plasmon resonances in the range from 650 to 1100 nm. The collected 

optical spectra of silver/gold patchy particles suspension also indicated an improved morphological 

stability over a short term (Figure 5.12).  

 
Figure 5.12 (a) Extinction spectra of gold/silver patchy particles showing the influence of washing.  (b) 
Extinction spectra of gold/silver particles collected after synthesis and after aging in the mother 
solution for 3, 5 and 7 days. Image reproduced with permission from Ref. 5. Copyright (2012) 
American Chemical Society. 

First of all, the shape of the extinction spectra of the silver/gold patchy particles did not show a 

dramatic change after washing the patchy particles with pure water (Figure 5.12a), which was done by 

centrifugation and re-dispersing particles in water with the help of ultrasound. However, the extinction 

intensity decrease was the result of particle loss during the washing steps. Secondly, the extinction 

spectra of a bimetallic patchy particles suspension were collected every two days within a week, as 

shown in Figure 5.12b. The suspension of patchy particles was sonicated to disperse particles before the 
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measurement. The shape and intensity of the extinction curves remained the same, whilst the change in 

the spectra of pure silver patches was observed after two days. The results confirmed that the obtained 

silver/gold patchy particles had a very good structural stability. 

5.2.9 Surface Modification of Bimetallic Patchy Particles 

Chemical functionalization of metal patches or exposed silica surface was used to check the 

adhesiveness of metal patches to silica cores. A selective modification on either metal domains or silica 

domains was allowed due to the anisotropic surface. One of strategies for the functionalization was to 

use molecules with a hydrophobic tail and a thiol head to modify metal patches. Another option was to 

functionalize silica surfaces with silanes with a hydrophobic tail, so that the patchy particles could 

contain hydrophobic and hydrophilic domains simultaneously. To explore the selective 

functionalization, two chemical agents, 1-dodecanethiol and chloro (dimethyl) octadecylsilane, were 

used to functionalize metal and silica surfaces, respectively, as depicted in the Scheme 5.3. After the 

modification, the surface covered with the molecules would become hydrophobic. The synthesized 

patchy particles were simply mixed with 1-dodecanethiol for 30 minutes; however the functionalization 

of the silica surfaces with silanes required longer reaction time and the reaction lasted overnight. 

 

 

 

 

Scheme 5.3 Functionalization of patchy particle 
with 1-decanethiol (top) and chloro (dimethyl) 
octadecylsilane on metal patches and silica 
surfaces, respectively, was carried out to obtain the 
particle with hydrophobic-hydrophilic surfaces to 
test the adhesiveness of patch to core surface.  

 
Patchy particles before and after functionalization were characterized firstly by SEM to check whether 

detachment of patches happened. As can be seen from the SEM images shown in Figure 5.13 a and d, 

particles contained multiple cup-like patches with a high yield before the functionalization, although 

the size of patches was broadly distributed. After the modification a large number of patches detached 

from the surface of silica particles in both samples, regardless of which domains have been 
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functionalized (Figure 5.13 b and e). Only a few patches still attached to silica cores. The peeling-off of 

patches, on one hand, suggested the successful chemical modification on either metal patches or silica 

domains. On the other hand, it manifested the bad adhesiveness of bimetallic patches to silica surface. 

The same process was repeated in different solvents, such as ethanol, toluene and chloroform, the 

similar results were observed.  

A close observation of the detached silver/gold patches by SEM under high magnifications found that 

the inner surface of patches which contacted with silica surface was porous and rough and contained 

dents (Figure 5.12 c and f), due to the galvanic replacement reaction between silver and gold ions. 

Therefore the patches could not contact surface tightly. During the functionalization, the molecules 

used might diffuse into the voids and interact with either covered silica surface or inner surface of 

patches (depending on which molecules were used). The resultant hydrophobic-hydrophobic 

interactions detached patches from silica surface. 

To solve the problem of patches detachment, the adhesiveness of metallic patches to the silica surface 

had to be enhanced. Binding metal to silica surface covalently and reducing the voids volume between 

patches and silica surface could solve this problem. However, the formation of porous patches was the 

result of this synthetic method, owing to galvanic replacement reaction and the random deposition of 

metal atoms. Therefore to change the porous structures was not likely unless the patchy particles were 

prepared by other method. Binding metal patches to silica surface covalently was more realistic without 

changing the process. 

In order to bind patches covalently to silica surface, thiol groups was introduced onto the silica surface. 

As well known, thiol group binds to silver and gold with a high affinity,15 and agents with thiol 

group(s) are used frequently as stabilizers and surface decorators for silver and gold nanostructures. 

With respect to the introduction of thiol groups onto silica, it could be achieved either by a post-

modification of the silica particles with MPS or by synthesizing silica particles with MPS (and TEOS) 

as silicon precursors. However, both methods had their own drawbacks, which will be mentioned in the 

following text. First, the Stöber silica particles were functionalized with MPS of various amounts to 

tune the density of thiol groups on surface. Afterwards functionalized silica particles were separated, 

washed and dried in a vacuum oven at room temperature. The synthesis of silver/gold patches followed 
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the standard procedure as described in the experimental part. The growth of patches was affected by the 

surface modification to some extent (Figure 5.13 a, c, e, g and i). Using silica particles functionalized 

with a less amount of MPS resulted in a high yield and large patches. 

 
Figure 5.13 SEM images of patchy particles before (a and d) and after (b and c, e and f) 
functionalization. The scale bars (a, b, d and e) correspond to 250 nm. SEM images of c and f are the 
patches under a high magnification with scale bars of 100 nm. 

With increasing the amount of MPS used for the modification (from a to i), the patch yield decreased 

and smaller patches were obtained, especially the one shown in Figure 5.14i. That might be due to the 

formation of MPS multilayers on silica surface hindered the growth of silver patches. After the 

functionalization of metal domains with 1-dodecanethiol, the detachment situation varied with the 

amount of MPS used for silica surface modification (Figures 5.14 b, d, f, g and j). More detached 

patches were observed in the sample with silica particles treated with less MPS (Figure 5.14b), 

presumably due to the low concentration of thiol groups on silica surface. The affinity of patches to 

silica surfaces was improved from sample b to j with more of MPS. The sample prepared with silica 

functionalized with the highest amount of MPS showed the best structural stability. The same trend was 

observed when silane was used to functionalize exposed silica surface. 
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Figure 5.14 SEM images of 
silver/gold patches coated MPS-
functionalized silica core before (a, c, 
e, g and i) and after (b, d, f, h and j) 
functionalization with 1-
dodecanethiol. Scale bars correspond 
to 200 nm. 
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The post-functionalization with MPS through a condensation reaction was not able to provide a high 

density of thiol groups on the surface. Alternatively, introducing thiol groups can be done by using 

MPS or a mixture of MPS and TEOS as silicon sources to synthesize silica particles. When MPS was 

used as silicon precursor, obtained silica particles had a very broad size distribution as can be seen in 

SEM image (Figure 5.15a), due to bad miscibility of MPS with the solvent (ethanol or a mixture of 

ethanol and water). Nevertheless, the gold/silver patches still formed on those particles (Figure 5.15b). 

The obtained patches had a very broad size distribution, which could be the result of a strong 

interaction of metals with thiol groups on silica surface. 

 

Figure 5.15 SEM images of (a) silica particles prepared by using MPS as silicon precursors, and (b) 
gold/silver patches on these silica particles. The scale bars are 200 nm for (a) and 100 nm for (b).  

When TEOS and MPS were used as silicon precursors, the resultant silica particles had a uniform size 

(see Figure 5.16 insets). Experimentally, TEOS was added firstly to produce dense small silica 

nanospheres, and then MPS was added to provide thiol groups. The synthesis of silver/gold patches was 

carried out by following the standard recipe. The silica particles used in samples shown in Figure 5.16 

a, b and c were prepared with the amount of MPS in the order of c > b > a, and the metallic patches 

were still formed. The structure of resultant patches did not demonstrate dramatic variation from what 

was observed on unmodified silica particles, although the patch yield reduced apparently. However, 

tuning the synthetic parameters to achieve a 100 % patch yield was possible. In these three samples 

(Figure 5.16 a-c), there was no significant change either in the patch yield or morphology, possibly 

indicating an equivalent amount of thiol groups on silica surface. Afterwards, the metallic patches were 

functionalized with 1-dodecanethiol to create hydrophilic and hydrophobic domains simultaneously. No 
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detachment of metallic patches was observed (Figure 5.16 d-f). Both results shown in Figures 5.15 and 

5.16 indicated that thiol groups on the silica surface were able to enhance the affinity of silver/gold 

patches to the silica surface and patchy structures were stabilized. 

 
Figure 5.16 SEM images of silver/gold patchy particles on silica synthesized by using TEOS and MPS 
of various ratio as silicon sources before (a-c) and after (d-f) functionalization with 1-dodecanethiol in 
ethanol. The scale bars correspond to 200 nm. 

Methods to improve the adhesiveness of gold/silver bimetallic patches to the silica surface are not only 

limited to the surface modification by groups. There are many other options, for examples, a thin layer 

of titanium or chromium were commonly applied before depositing gold to form patches.16,17 The 

substitution of silica by other materials which are more adhesive to gold or silver is worthwhile to try. 

5.3 Summary and Conclusions 

A process to prepare gold/silver patches on negatively charged particles has been established. By using 

many characterization techniques, the obtained particles were characterized and their compositions 

were analyzed. The results have demonstrated that the preformed silver patches played multiple roles 

and an excess of amount of reducing agent (HCHO) proved to be essential for the growth of bimetallic 

patches. The proposed mechanism was able to explain the formation of patches under different 
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synthetic conditions. The galvanic replacement reaction and reduction of Au and Ag ions by HCHO 

contributed to the growth of patches. The obtained bimetallic patchy particles demonstrated a good 

stability against the treatments, such as centrifugation, washing and ageing in the mother solution. 

However, the adhesiveness of gold/silver bimetallic to the silica surface was poor and attempt to 

functionalize either the metal or exposed silica resulted in the detachment of patches. The introduction 

of thiol groups on the surface of silica particles enhanced the adhesiveness between metals and the 

silica surface; however the formation of uniform patches was hindered.  
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6. Gold and Platinum Patches on Positively 
Charged Particles 

 

In Chapter 4 and Chapter 5 the fabrication of silver and gold/silver patches on negatively charged 

particles (e.g. silica, amorphous titanium oxide and polystyrene spheres) has been discussed. In the 

hypothesis, it was proposed that the attractive force between metal ions and the particles surface was 

required for a high probability of heterogeneous nucleation. This explained why no gold patch could be 

formed on the surface of silica particles when chloroauric acid (AuCl4
-) was used as gold precursor. To 

further verify the mechanism of patch growth and to demonstrate the versatility of the developed 

approach, gold and platinum patches were prepared on positively charged particles by using chloroauric 

acid (AuCl4
-) as gold precursor were prepared. Choosing polystyrene particles as core was because the 

synthesis of polystyrene particles was well understood and the surface charge could be easily tuned.  

Though a lot of work has been published about the fabrication of functional gold nanostructures on 

polystyrene particles, most of them focused on making complete gold nanoshells by the classic seed-

mediated method followed by further electroless plating,1 or by forming a homogeneously distributed 

gold nanoparticles on the surface. A common method to prepare gold nanoparticles decorated 

polystyrene spheres was achieved by absorbing gold nanoparticles onto the surface either by 

electrostatic interaction or by forming covalent bonds.2, 3 For example, the modification of polystyrene 

particles with 2-aminoethanethiol hydrochloride enabled covalent bonding between gold and thiol 

groups, the overgrowth of nanoparticles led to the formation of metal nanoshells.1 As well, layer-by-

layer technique allowed the inversion of the surface charge of core particles and subsequently the 

absorption of oppositely charged gold nanoparticles.2 Moreover, by utilizing swelling and de-swelling 

property of polystyrene particles in an aqueous dispersion in response to tetrahydrofuran, the deposition 
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of gold nanoparticles on the surface of PS core particles was realized.4 In the same work, a particle with 

dendritic patch consisting of gold was also shown in a SEM image, however it was not  investigated in 

detail. The in situ reduction of a metallic precursor, namely direct metallization, in the presence of core 

particles is another approach to produce metal nanostructure on a surface,5, 6 however it has been shown 

that spheroidal nanoparticles formed bind to the surface. The preparation of gold patches on polymer 

particles was commonly done by vapour deposition as introduced in Chapter 1.7,8 Herein, the synthetic 

route was extended to produce metallic patches on cationic polystyrene particles. In the following text, 

the experiment details and results will be presented.  

6.1 Experimental Details 

6.1.1 Synthesis of Cationic Polystyrene Particles 

Cationic polystyrene (PS) particles were synthesized under a surfactant-free condition. To be more 

specific, polymerization was carried out in a conventional three-necked round bottom flask fitted with a 

condenser. A portion of 150 mL Millipore water was firstly bubbled with nitrogen flow for 1 hour at 

40 °C. The initiator, 2, 2‟-azobis (2-methylpropionamidine) dihydrochloride (V-50, Sigma, Germany), 

of 0.15 g was added to water, followed by the addition of a mixture of styrene monomer (68 mL, Merck 

KGaA, Germany) and hexadecane (0.28 mL, Sigma, Germany). The polymerization was carried out at 

80 °C under nitrogen flow for 24 hours. The particles were washed and redispersed in water. The 

concentration of PS particles suspension in water was 160 mg/mL. For the synthesis of gold patchy 

particles, a 10-fold diluted suspension was applied.  

6.1.2 Synthesis of Anionic PS Particles 

Negatively charged polystyrene particles were synthesized by batch emulsion and polymerization of 

styrene.9 A mixture of sodium dodecylsulfate (0.07 g) and sodium bicarbonate (0.12 g) in 136 mL 

water was filled into a 250 mL round bottom flask with nitrogen flow, and the mixture of styrene (20 

wt%) and hexadecane (3.5 wt%) was added to the reactor under stirring. The content was deoxygenated 

with nitrogen flow for 1 hour. After the temperature was increased to 75 °C, potassium persulfate (0.21 

g) was added to start the polymerization process. After 6 hours reaction, the mixture was cooled down 

and the particles were separated from the mother solution and washed and re-dispersed by sonication. 

The final suspension had a concentration of 16 mg/mL and the particles had a size of around 380 nm.  
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6.1.3 Synthesis of Gold Nanostructures on Synthesized Cationic PS 

The recipe for a typical synthesis is described as follows: 20 µL of PS suspension was added into 5 mL 

of ascorbic acid (AA or H2Asc, Carl Roth GmbH, Germany) of a certain concentration; and 30 µL of 

chloroauric acid (HAuCl4, Sigma, Germany) solution was added under intense mixing. An alternative 

way was to add small volume of ascorbic acid to a mixture of PS and HAuCl4. Table 6.1 contains all 

the information for each synthesis.  

Table 6.1 The conditions applied for the syntheses of gold patches on PS 

Figure 
Ascorbic acid Chloroauric acid 

Molar ratio 
of AA : Au 

PS Temp pH 

C 
(mM) V (mL) C (mM) V (µL) V 

(µL) °C Value Adjustment 

6.2 Influence of ascorbic acid concentration (ascorbic acid added last) 

a 500 0.05 0.15 5000 33.33 20 RT - no 

b 500 0.005 0.15 5000 3.33 20 RT - no 

c 100 0.0125 0.15 5000 1.67 20 RT - no 

d 100 0.006 0.15 5000 0.83 20 RT - no 

6.3 Influence of reducing agent 

a Formaldehyde 

 37 % 0.05 0.15 5 - 20 RT - no 

c Sodium borohydride 

 100 0.01 0.15 5 - 20 RT - no 

b Hydroxylamine chloride 

 40 0.5 0.15 5 - 20 RT - no 

 Sodium citrate 

d 100 5 25 30 - 20 RT - no 

e 50 5 25 30 - 20 RT - no 

f 10 5 25 30 - 20 RT - no 

6.4 Influence of ascorbic acid concentration (chloroauric acid added last) 
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 100 5 25 30 666.67 20 RT 2.36 no 

 10 5 25 30 66.67 20 RT 2.92 no 

 5 5 25 30 33.33 20 RT 3.11 no 

 2.5 5 25 30 16.67 20 RT 3.28 no 

 1 5 25 30 6.67 20 RT 3.49 no 

 0.5 5 25 30 3.33 20 RT 3.75 no 

 0.25 5 25 30 1.67 20 RT 4.04 no 

 0.1 5 25 30 0.67 20 RT 4.45 no 

 0.05 5 25 30 0.33 20 RT 8.40 no 

6.5 PS amount 

 0.5 5 25 30 3.33 5 RT - no 

 0.5 5 25 30 3.33 10 RT - no 

 0.5 5 25 30 3.33 15 RT - no 

 0.5 5 25 30 3.33 20 RT - no 

 100 5 25 30 666.67 5 RT - no 

 100 5 25 30 666.67 10 RT - no 

 100 5 25 30 666.67 15 RT - no 

 100 5 25 30 666.67 20 RT - no 

6.6 Influence of reaction temperature (high ascorbic acid concentration) 

 100 5 25 30 666.67 20 30°C - no 

 100 5 25 30 666.67 20 40°C - no 

 100 5 25 30 666.67 20 50°C - no 

 100 5 25 30 666.67 20 60°C - no 

 Influence of reaction temperature (low ascorbic acid concentration) 

 0.5 5 25 30 3.33 20 RT - no 

 0.5 5 25 30 3.33 20 50 - no 
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6.7 Use of anionic PS nanospheres as core particles 

b 100 5 25 30 666.67 20 RT - no 

f 100 5 25 30 666.67 10 RT - no 

6.11 Influence of pH 

 100 5 25 30 666.67 20 RT 2.36 no 

 100 5 25 30 666.67 20 RT 5.32 
NaOH 

 100 5 25 30 666.67 20 RT 10.27 
NaOH 

 1 5 25 30 6.67 20 RT 2.37 HCl 

 1 5 25 30 6.67 20 RT 5.08 
NaOH 

 1 5 25 30 6.67 20 RT 10.43 
NaOH 

 0.5 5 25 30 3.33 20 RT 2.41 
HCl 

 0.5 5 25 30 3.33 20 RT 5.30 NaOH 

 0.5 5 25 30 3.33 20 RT 10.27 
NaOH 

6.14 Variation of patch coverage 

a 2.5 5 250 30 3.33 20 RT - no 

b 100 5 25 50 400 10 RT - no 

 

6.1.4 Synthesis of Gold Patches on Other Core Particles 

To verify the role of the surface functional groups and rule out the effect of the composition of 

core particles, particles of various compositions were used to repeat the synthesis under the 

same condition. Suspensions of PS particles terminated with amino groups (-NH2) and carboxylic 

groups (-COOH) were purchased from Micromod Particle Technology GmbH (Germany) and used 

without further treatment. Silica spheres (Monosphere M500, Merck KGaA, Germany) functionalized 

with amino groups were also used. The functionalization of silica with 3-aminopropyltriethoxysilane 

(APTES, 99 %, Sigma-Aldrich) was carried out as described below. A portion of 70 µL of APTES was 

added to 20 mL silica suspension (20 mg/mL in ethanol), and the mixture was heated and kept boiling 

for 4 hours. Afterwards silica particles were separated by centrifugation and washed firstly with ethanol 
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and then with water. The final concentration was still 20 mg/mL. The zeta potential of silica in 10 mM 

potassium chloride reversed from negative to positive, indicating the binding of APTES to the silica 

surface.  

The synthesis of patchy particles was carried out by the same approached as mentioned in Section 

6.1.3. Chloroauric acid was added into the mixture of ascorbic acid and particles. Table 6.2 provides the 

details of the synthetic conditions for samples.  

Table 6.2 Synthesis of gold patches on different core particles 

Figure 

Ascorbic acid  Chloroauric acid 
Molar 
ratio of 

AA : Au 

PS Temp pH 

C 
(mM) V (mL) C (mM) V (µL) 

C  
(mg/mL

) 
V 

(µL) °C Value adjustment 

6.7 PS-NH2  (500 nm in diameter) 

 a  
 

 b 
 
 
 
c  

100 5 25 30 666.67 50 10 RT - 
no 

100 5 25 30 666.67 50 5 RT - 

SiO2-NH2 (450 nm in diameter) 

0.5 5 25 30 3.33 20 15 RT - no 

 PS-COOH (200 nm in diameter) 

 f 100 5 25 30 666.67 25 10 RT - no 

 

6.1.5 Monte Carlo Simulation of Diffusion Limited Aggregation (DLA) 

A Monte Carlo simulation of diffusion limited aggregation were performed by colleagues of the group 

of Prof. Ana Smith with a finite sticking probability s.10-13 It is commonly accepted that the formation 

of a dendritic structure is due to the diffusion limitation, and the process can be interpreted that 

lowering the sticking probability decreased the density of dendrites,14 related to the survival time of 

gold atoms when in contact with the dendrite. The simulation was executed on a quadratic square grid 

of the size of 1024 × 1024 sites and using periodic boundary conditions. The curvature effect was 

neglected as it was considered to be small.15 The absorption of gold atoms to gold dendrites on the 

surface was assumed to be faster compared to the growth of the clusters, and all gold atoms were placed 

randomly at the time zero (t = 0) on the grid (PS colloidal sphere) to meet an initial density of choice. 
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Each simulation step propagated the system for δt, when each free atom performed a self-avoiding 

random walk with a diffusion constant D = α2/4δt (where α was the lattice constant). The domain was 

nucleated at the beginning of the simulation by a single immobilized atom in the middle of the lattice. 

A free particle positioned on a neighbouring site may attach to the domain with a DLA sticking 

probability s (0 ≤ s ≤ 1), which was defined as 

             Equation 6.1 

Here kon should be interpreted as the binding probability of two gold atoms in the domain. Binding to a 

growing domain depleted the reservoir of diffusing atoms, which ultimately limited the growth to a 

finite size agglomerate. For small kon, the following equation applied (Equation 6.2). Generally as the 

sticking coefficient vanished, the fractal dimension became close to the spatial dimension, 2D in this 

case.  

                       Equation 6.2 

For presentation purposes, the clusters obtained in simulations were shown with the same resolution as 

the experimental electron microscopy images. 

6.1.6 Platinum Patches on Cationic Polystyrene Particles 

Using the same type of cationic polystyrene, chloroplatinic acid (H2PtCl6) was used as the Pt precursor 

by a reductive reaction with various reducing agents. The synthesis was carried out by adding the 

reducing agent to the mixture of H2PtCl6 and PS particles. An exception was that H2PtCl6 was added to 

the mixture of sodium borohydride and PS particles. The PS particles used in the synthesis with sodium 

borohydride as reducing agent were the same as those used in the samples listed in Table 6.1 and 2. The 

rest of them were cationic PS made by the same recipe but more styrene monomers was applied for the 

reaction, and the obtained particles had a diameter of around 450 nm.  More details are listed in Table 

6.3. 
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 Table 6.3 The conditions applied for the synthesis of Pt patches on PS particles 

Figure 
Reducing agent H2PtCl6 Water PS Temp 

C (mM) V (µL) C (mM) V (µL) V (mL) V (µL) °C 

6.15 Sodium borohydride 

a 100 5000 10 50 0 20 90 

b 0.5 5000 10 50 0 20 90 

6.15 Ascorbic acid 

c 100 30 10 75 5 20 RT 

6.15 Hydrazine 

d 1.6M 5 10 50 5 60 RT 

6.16 a 1.6M 5 10 50 5 20 RT 

b 1.6M 5 10 100 5 20 RT 

c 1.6M 5 10 100 5 5 RT 

6.17 a 1.6M 5 10 50 5 20 30 

b 1.6M 5 10 50 5 20 50 

c 1.6M 5 10 50 5 20 80 

d 1.6M 5 10 100 5 5 30 

e 1.6M 5 10 100 5 5 50 

f 1.6M 5 10 100 5 5 80 

6.18 a 1.6M 5 10 50 5 mL  
100 mM AA 20 RT 

b 1.6M 5 10 50 5 mL  
0.5 mM AA 20 RT 

 

6.2 Results and Discussion 

6.2.1 Introduction of Core Particles  

Synthesized cationic PS particles were stabilized by the anchored amidinium groups from the initiator16 

as shown in Figure 6.1. The size distribution of cationic particles was characterized by DLS, and the 

result showed that particles had a diameter of average 317.5 nm. The zeta potential of particles in 0.1 M 
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KCl aqueous solution at different pH value was plotted in Figure 6.1, from which it could be seen that 

particles had positive zeta potentials when the pH values was below 10.5. In all experiments pH values 

of the solutions containing PS particles were below 10.5.  

Another type of cationic polystyrene particles used as core particles was a commercial product with 

amino groups on the surface. As well, amino 

groups functionalized silica particles, anionic 

polystyrene with persulfonate groups and 

carboxylic groups also were used to study the 

effect of core‟s composition on the patch 

growth. According to size of particles and 

concentration of particles suspension, the 

amount of particle suspension added into the 

reaction system was varied to ensure a 100 % 

yield.  

6.2.2 Synthesis of Au Patches on Cationic PS by Adding Ascorbic Acid into the Mixture 

In Chapter 5, it has been demonstrated that gold patches could not grow on the negatively charged 

silica particles by using chloroauric acid as the precursor. Therefore cationic PS particles were selected 

to replace silica as core particles to produce gold patches, with the aim to generalize the synthetic 

method and to verify the proposed hypothesis of the patch formation. The synthesis was firstly carried 

out by dispersing a portion of PS suspension into 5 mL of HAuCl4 solution (0.15 mM) followed by the 

addition of ascorbic acid solution of either 0.5 M or 0.1 M. Upon the addition of ascorbic acid, it was 

observed that the color of the suspension changed immediately. As decreasing the amount of ascorbic 

acid used for the synthesis, the color of the obtained patchy particles suspensions changed from bluish 

to dark purple for a small amount of addition, indicating the formation of different structures. Figure 

6.2 shows SEM images of the obtained samples. It can be seen clearly that the structures of gold on PS 

surface alternated with the amount of ascorbic acid added. It is known that the reduction of gold ions by 

ascorbic acid has the stoichiometric point at the molar ratio of ascorbic acid (AA) to Au of 1.5.18 The 

first two samples were prepared with the ratio of AA/Au much higher than 1.5, the third sample with a 

Figure 6.1 Zeta potential of synthesized cationic 
PS particles vs pH.17 Images reproduced by 
permission of the Royal Society of Chemistry. 
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ratio of 1.67, whilst the last one with a ratio of 0.83. With a larger amount of ascorbic acid, the surfaces 

of polystyrene particles were coated with dendritic patches. However, the number of dendritic patch per 

particle varied from sample to sample. When the concentration of ascorbic acid was decreased, the size 

of dendritic patches showed a significant shrinkage and became less uniform, as shown in Figure 6.2b. 

In the same sample both small dendrites and spheroidal particles were found distributing over the 

surface. In the samples made with less amount of ascorbic acid (Figure 6.2 c and d), no dendritic 

structure was formed. At the ratio close to the stoichiometric point, the patches turned into non-

uniformed island-like structures on the surface. As the ratio of AA/Au was 0.83, it was observed that 

small nanospheres attached to the PS surface.  

 

This result proved the proposed hypothesis and showed the similarity to the work of silver patches on 

the anionic spheres. In both cases, electrostatic interaction existed between metal ions and the particles 

surface. However in the case of silver patches, a high yield was not easy to achieve, the probability of 

heterogeneous nucleation was affected by the surface property of silica particles and aging particles in 

silver nitrate solution at elevated temperatures. In contrast, a high patch yield could be easily obtained 

at room temperature in the case of growing gold patches on cationic polystyrene particles. That might 

be due to that both gold precursor (AuCl4
-) and ascorbic acid could interact with the PS surface and 

consequently the patch yield was raised. Gold patches obtained at room temperature with high 

concentration of ascorbic acid had fine dendrites, suggesting a slower surface diffusion of gold on the 

 

 

Figure 6.2 SEM images of gold 
nanostructures formed on PS particles by 
adding different amounts of ascorbic acid 
into the mixture of HAuCl4 and PS 
particles. The amount of ascorbic acid 
decreased from a) to d) by 40 - fold. (a) 
2.5×10-5 moles, (b) 2.5×10-6 moles, (c) 
1.25×10-6 moles, (d) 6.25×10-7 moles of 
ascorbic acid. Scale bars correspond to 250 
nm (main micrographs) and 100 nm for the 
inset.17 Image reproduced by permission of 
the Royal Society of Chemistry. 
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PS surface. The transition of morphologies of gold nanostructures formed on the surface was dependent 

on the reactant concentration, which was not observed in the case of silver patches synthesis. The 

structure change of gold patch on PS surface might indicate that the affinity of gold to surface was 

affected by the concentration of ascorbic acid, which will be discussed in detail in section 6.2.8. 

In the work from Jang et al.,19 the direct metallization of gold on amine functionalized silica particles 

using ascorbic acid as the reducing agent and PVP as surface active agent was carried out to produce 

gold nanoshells. In a SEM image of a sample taken from an intermediate growth step a large dendritic 

patch was shown, however it was only briefly mentioned in the paper that the formation was due to the 

diffusion limited aggregation of gold at the core surface, and no further detail was addressed. 

Moreover, in another work from Li et al., cationic PS particles synthesized with azoisobutyronitrile as 

initiator and stabilized with PVP were dispersed in the solution containing gold ions; and various 

reducing agents including ascorbic acid were used to initiate the reaction.20 It was observed that gold 

spheroidal nanoparticles were immobilized on the surface due to the heterocoagulation process, 

regardless of which reducing agent was applied. The difference between their cases and mine was 

firstly that the concentration level of ascorbic acid and ratio of AA/Au used in my work were between 3 

times lower to 10 times lower than theirs. Additionally, my synthetic system was PVP-free. This might 

affect tremendously the surface interaction, nucleation and growth of gold, leading to completely 

different results. There were also other literatures about using gold ions (AuCl4
-) in presence of cationic 

polyelectrolyte decorated polystyrene particles or cationic gold ions to interact with anionic polystyrene 

particles to create the strong electrostatic interaction between the surface and metal precursor.21-23 They 

used sodium borohydride to reduce gold ions and obtained PS particles decorated by homogeneously 

distributed gold nanoparticles, similar to what was obtained with low concentration of ascorbic acid. 

However, none of them has ever reported the conformal structures which were produced by the 

approach introduced in this thesis.  

6.2.3 Selection of Reducing Agent 

The gold structures on PS particles were formed via heterogeneous nucleation and surface growth. Due 

to the existence of electrostatic interaction between gold ions (AuCl4
-) and cationic PS surface, 

heterogeneous nucleation could take place upon the generation of gold atoms. Varying the amount of 
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ascorbic acid added into the mixture of gold ions and PS particles led to the formation of different 

structures. The reduction reaction was expected to be slower when the concentration of ascorbic acid 

was low, which resulted in the decrease of the size of dendrites or nanoparticles. The concentration-

dependent structure formation suggested that ascorbic acid played an important role in the conformal 

growth of patches. In order to test the importance of ascorbic acid, other commonly used reductants of 

different reduction strengths, such as formaldehyde, sodium borohydride, sodium citrate and 

hydroxylamine, were applied to substitute for ascorbic acid.  

The synthesis was carried out under the same condition by adding reducing agent into a mixture of 

particles and chloroauric acid under vigorous stirring. Figure 6.3 shows the SEM images of these 

samples. When formaldehyde was used as the reducing agent, flower-like gold structures grew 

outwards of the surface. The structure formed with other reducing agents were the same as previously 

reported.19 Sodium borohydride, a very strong reducing agent, led to the formation of very small gold 

spheres attached to the surface. A weaker reducing agent compared with others, disodium citrate 

reduced gold ions and produced a mixture of gold nanospheres, nanorods and nanoprisms, and the 

formed structures were not affected by the concentration of it. However, it was not possible to 

determine if the nanoparticles were formed on the surface of particles by heterogeneous nucleation or 

they were formed via homogeneous nucleation and subsequently attached to the surface by electrostatic 

attraction. These results demonstrated that the reducing strength of a reducing agent and the resultant 

reaction kinetics were important for the formation of gold patches, even though the attractive 

interaction between gold ions and PS surface was still maintained. It also suggested that ascorbic acid 

may have another function rather than as a reducing agent. 
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Figure 6.3 SEM images of samples prepared by using (a) formaldehyde, (b) hydroxylamine, (c) sodium 
borohydride, (d) 0.1 M, (e) 0.05 M and (f) 0.01 M sodium citrate as the reducing agent. The scale bars 
correspond to 500 nm.17 Image reproduced by permission of the Royal Society of Chemistry. 

6.2.4 Effect of Ascorbic Acid Concentration 

To explore the function of ascorbic acid in patch formation and morphology control, the addition order 

of reactants was changed. The same volume of polystyrene suspension (20 µL) was added into 5 mL of 

ascorbic acid of various concentrations, and then the same amount (30 µL) of chloroauric acid solution 

as used in previous experiments shown in Figure 6.2 was added to the aforementioned mixture. Details 

were listed in the Table 6.1. This process enabled us to vary the concentration of ascorbic acid in a 

larger range under the same condition without affecting the mixing. The ratios of ascorbic acid (AA) to 

Au3+ changed from 666.67 to 0.33, which also covered the concentration range in the former case. The 

observed morphological change by concentration was similar to that when ascorbic acid was added to 

the mixture of gold ions and PS particles. As shown in Figure 6.4, the obtained structures of gold on PS 

surface showed a clear transition from dendrites to nanospheres with decreasing the concentration of 

ascorbic acid. At higher concentrations of ascorbic acid (10 - 100 mM, corresponding to the AA/Au3+ 

ratio of 67 - 667), fine dendritic patches with continuous branches were obtained, meanwhile gold 



Chapter 6. Gold and Platinum Patches on Polystyrene 
 

 - 137 - 

nanoparticles formed via homogenous nucleation were also found in these samples. At the medium 

concentration of ascorbic acid (2.5 - 5 mM, AA/Au3+ ratio of 17 - 33), dendritic patches grew on the 

surface, whilst they became apparently coarser and pearling of patches appeared at the tips of branches. 

The size of patches shrank greatly at the concentration of 2.5 mM and pearling effect was more distinct. 

In the solution of ascorbic acid of 1mM, an intermediate structure of numerous spheroidal nanoparticles 

with short branches was formed on the surface. This was exactly the evidence of the onset of the 

surface growth. Once the concentration of ascorbic acid was decreased to 0.5 mM (AA/Au3+ = 3.33), 

gold nanospheres were formed and distributed homogeneously on PS particles, indicating no surface 

growth of the formed structures. The same spheroidal particles was also obtained, when the 

concentration of ascorbic acid was 0.25 mM (AA/Au3+ = 1.67). At the ratio of ascorbic acid to gold ions 

was below the stoichiometric point (0.05 and 0.1 mM, AA/Au3+ ratio of 0.33 - 0.67), irregular gold 

nanostructures were formed along with many bare PS particles, owing to incomplete reduction of gold 

ions. 

The obtained structures in these two processes demonstrated some differences by comparing the results 

shown in Figure 6.2 and Figure 6.4. When the ratio of AA to Au3+ was equal to 3.3, small dendritic 

patches were obtained by adding ascorbic acid at last (Figure 6.2b), but spheroidal nanoparticles were 

produced as chloroauric acid was added last (Figure 6.4, 0.5 mM). The structural difference might be 

the result of insufficient mixing in the former case, where the local concentration of ascorbic acid was 

high and the interaction of ascorbic acid with PS surface was affected, consequently leading to the 

formation of dendritic patches. However, the distribution of ascorbic acid molecules and pH of solution 

were homogeneous when ascorbic acid was mixed firstly with PS particles. Moreover, the pH values of 

the solutions in two processes were different, the effect of which on the patch formation will be further 

verified in Section 6.2.8.     

The formed structures of either dendrites or nanospheres of gold on the surface were not affected by the 

amount of PS particles, as long as the concentration of ascorbic acid remained unchanged. With 

ascorbic acid of 100 mM, a small number of PS particles only caused the increase in the total coverage 

of dendrites till the formation of complete gold nanoshells, and free gold nanoparticles via 

homogeneous nucleation were generated (with 10 µL and 5 µL of particles suspension), as shown in 
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Figure 6.5. With a large amount of PS particles (for example 40 µL of PS suspension), the patch yield 

reduced. The structure obtained in 0.5 mM of ascorbic acid did not show a dramatic change, besides the 

change of numbers of gold spheres with decreasing the amount of PS particles. The results 

demonstrated the versatility of this approach to produce very thin gold nanoshells. On the other hand 

the importance of concentration of ascorbic acid was stressed. 

 

Figure 6.4 SEM images of samples synthesized in ascorbic acid solution of different concentration 
without changing the concentration of PS particles and HAuCl4.17 Scale bars correspond to 500 nm. 
Images reproduced by permission of the Royal Society of Chemistry. 
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Figure 6.5 SEM images of samples synthesized with ascorbic acid of 100 and 0.5 mM in the presence 
of PS particles of different numbers.17 The scale bars correspond to 500 nm. Images reproduced by 
permission of the Royal Society of Chemistry. 

 
 
Figure 6.6 SEM images of dendritic patchy particles synthesized with 100 mM ascorbic acid at 
different temperature from 30 to 60 °C (left). On the right the products were synthesized with 0.5 mM 
ascorbic acid at  20 °C (room temperature) and 50 °C.17 Scale bars correspond to 200 nm for the left 
four samples and 250 nm for the right two samples. Images reproduced by permission of the Royal 
Society of Chemistry. 

6.2.5 Influence of Reaction Temperature on Patch Formation   

In Chapter 4, the morphology and the yield of silver patches on silica particles did show a 
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temperature-dependent behaviour, since the temperature affected the chemical reaction rate, nucleation 

and diffusion of silver atoms. In the synthesis of gold patches on polystyrene, a patch yield of 100% 

was achieved at room temperature (also dependent on the number of PS particles). To verify the 

influence of temperature on the patch formation, the fabrication by following the same recipe was 

carried out at different temperatures. Figure 6.6 presents the samples synthesized in 100 and 0.5 mM 

ascorbic acid. In contrast to the silver patch case, a slight morphological change was observed. With 

100 mM ascorbic acid the temperature changed from 20 (room temperature) to 60 °C. Dendrites  

patches were produced, and it was found by careful observation that the separation between the 

branches was larger at 60 °C, whilst at lower temperature dendrites were finer. At the concentration of 

ascorbic acid of 0.5 mM, more profound effect was observed (Figure 6.6 right). The obtained gold 

spheroidal particles spread more over the surface and the size increased at temperatures. This might 

indicate that the surface diffusion of gold was improved at 50 °C but growth was still limited by 

integration reaction. 

6.2.6 Effect of Core Particles on Patch Formation 

In order to test whether composition of core particle had an effect on the structure formation, PS 

particles with different functional groups and silica particles with amino groups were selected to 

replace PS particles with amidinium groups, the syntheses of patchy particles were carried out with the 

recipes listed in Table 6.1. SEM images (Figure 6.7 a and b) show that dendritic patches were formed 

on the cationic polystyrene nanospheres with amine groups, and star-liked gold nanoparticles due to 

homogeneous nucleation was also produced, regardless of the concentration of PS particles. However 

the yield of patchy particle can be improved by tuning the number of PS particles and concentration of 

chloroauric acid. Although the patches grown on amine groups decorated PS particles had dendrite 

structures, the dendritic patches were smaller and fingers of patch were more separated, whilst 

dendrites formed on amidinium terminated PS were finer and uniform. The diversity suggested the 

change in the diffusion mode of gold atoms on surface, which might relate to the surface charge 

density. Furthermore, patches of similar structures were able to be fabricated on silica functionalized by 

APTES (shown in Figure 6.7c), as well as spheroidal gold nanoparticles attached to surface, when the 

concentration of ascorbic acid was 0.5 mM. At this concentration level, only spheroidal gold particles 
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were produced when PS with amidinium groups were involved in reaction. However, the adhesion of 

gold to silica was not strong enough to stabilize the patches on the surface, the detachment of patches 

occurred. As well, gold patches were rather randomly distributed on silica particles: a small percentage 

of silica particles were fully covered and many silica particles were only covered by a few gold 

nanoparticles of irregular shapes. This inhomogeneous distribution of gold over the surface was 

possibly caused by the nonuniform distribution of the amino groups on the surface as well as the bad 

adhesiveness of gold to silica surface.  

 
Figure 6.7 SEM images of samples synthesized with different core particles and concentrations of 
chloroauric acid.17 (a) 10 µL and (b) 5 µL of suspension of cationic PS particles with amino termination 
were used. (c) 15 µL suspension of silica with -NH2 groups in 0.5 mM ascorbic acid. (d and e) The 
amount of PS particles with sulfonate functional groups used for the synthesis was 20 µL and 10 µL for 
d and e in 100 mM ascorbic acid, respectively. (f) Anionic PS particles with carboxylic group on 
surface were used as core particles. Scale bars correspond to 200 nm for a, b and c, 500 nm for d and e, 
200 nm for f. Images reproduced by permission of the Royal Society of Chemistry. 

The addition of chloroauric acid to the mixture of anionic PS particles with sulfonate groups or 

carboxylic groups and ascorbic acid resulted in the formation of structures as shown in the 

corresponding SEM images (Figure 6.7 d, e and f). No patch was formed on the surface, regardless of 

the type of surface functional group on core particles. The lack of attractive force between gold ions (in 
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the form of AuCl4
-) and negatively charged particle surface was the main reason. It was also consistent 

with the report that polymer particles with various charged functional groups could influence the 

formation of gold microparticles of different sizes on the surface.24 Conclusively, the composition of 

bulk core particles was not essential for the patch formation. The surface functional groups, which 

contributed to surface charge and interacted with patch-formation-related reactants, played a more 

important role. The interaction of reactants with the surface, nucleation and diffusion of metal atoms 

would be strongly influenced by the type, charge and density of the surface functional groups, and they 

caused the variation in patch yield, morphology and consequently their properties. However 

composition of cores might influence the patch‟s adhesion to the surface, especially when the surface 

functional groups had a low density (or concentration). Therefore, preparing stable patches with desired 

structures, the effect of functional groups on the surface should not be neglected. 

6.2.7 Structure Study of Gold Patches and Patch Growth Mechanism 

In order to understand the growth of gold patches, their structures were explored in details. Patchy 

particles were analyzed by XRD and TEM, which were produced in 100 and 0.5 mM ascorbic acid. The 

XRD patterns of both gold dendrites and spheroids coated polystyrene particles are shown in Figure 

6.8. The corresponding morphologies referred to SEM images in Figure 6.4. The peaks at 38.2, 44.4°, 

64.6° and 77.5° could be assigned to (111), (200), (220), and (311) planes, respectively, demonstrating 

a fcc structure. The broad features at around 20° and 60° might be due to the background of amorphous 

polystyrene.  

 

 

 

Figure 6.8 Indexed XRD pattern of gold 
dendritic patches and spheroids formed by 
addition of equal amount of chloroauric acid 
to the mixture of PS particles and ascorbic 
acid of 100 mM and 0.5 mM, respectively.17 
Image reproduced by permission of the Royal 
Society of Chemistry.  

The bright field and dark field TEM images of the same patchy particle are shown in Figure 6.9 a and 

b, respectively. In the dark field image, the dendritic gold patch showed different contrast, due to the 
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diverse orientations of crystals, suggesting that this patch was polycrystalline. Considering that the 

patch was located on a sphere, the curvature might lead to the change of the contrast. Furthermore, 

electron diffraction pattern shown in Figure 6.9c and high resolution TEM images (Figure 6.9 d and e) 

also confirmed polycrystallinity of dendritic patches. The former consisted of several rings, and the 

latter showed different orientations of crystals. Moreover, the thin dendritic structures further 

underlined the dominance of surface diffusion rather than bulk diffusion limitation during the growth, 

gold clusters or atoms adding to patch were not able to reorientate to preserve a single crystalline habit. 

Figure 6.9f shows the TEM image of spheroidal nanoparticles coated PS spheres, and these 

nanoparticles had flat contact interfaces with cores. Hence, it was not likely that those particles were 

formed via homogeneous nucleation or subsequently attached to the surface through heterocoagulation. 

Indeed, the nanoparticles were formed on the surface by heterogeneous nucleation. However the shape 

of spheroids was rather conical, the growth was more towards the bulk solvent, probably resulting from 

integration limited growth mode. 

Figure 6.9 TEM images of gold nanostrucres decorated core formed by adding the same amount of 
gold ions solution to ascorbic acid of 100 mM (a, b, d, e) and 0.5 mM (f).  (b and f) bright field images, 
(d) dark-filed image. (d and e) HRTEM images. (c) Electron diffraction pattern corresponding to 
particle (a).17 The scale bars correspond to 50 nm for a, b and f and 20 nm for d. Images reproduced by 
permission of the Royal Society of Chemistry. 
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Considering the results shown above, the growth mechanism of gold patches on cationic PS was 

proposed. The attractive interaction between the precursor (HAuCl4) or a reactant (ascorbic acid) and 

the particles surface (amidinium groups) is essential to for the heterogeneous nucleation of gold on the 

surface of PS particles. The importance of attractive interaction has been proved that no structure of 

gold by using as chloroauric acid as precursor could be formed on the surface of anionic PS particles. 

When PS particles were mixed with chloroauric acid, the electrostatic interaction would lead to 

accumulation of gold ions around the particle surface, since PS particles with cationic amidinium 

groups possessed a positive zeta potential over a wide pH range (see Figure 6.1b), the following 

reductive reaction caused the increase in concentration of gold atoms and consequently nucleation. It 

was also reported that ascorbic acid could be specifically adsorbed onto surface and form via N-H•••O-

C hydrogen bonds between the amidinium groups of PS and vinylogous carboxylate groups of ascorbic 

acid.25 The surface-adsorbed ascorbic acid participated the reduction of gold ions and helped the growth 

of patches on the surface. It was observed that heterogeneous nucleation of gold on the PS surface took 

place in the presence of ascorbic acid of different concentrations. Upon the nuclei formed on the 

surface, gold atoms or clusters would integrate into nuclei, albeit the growth of nuclei was dependent 

critically on the concentration of ascorbic acid. The morphology transition of gold nanostructure with 

the concentration of ascorbic acid suggested that ascorbic acid must interact with the surface and 

affected the surface diffusion of the growth species. Specifically, a high excess of ascorbic acid (at least 

40 times the stoichiometric amount) was required to have the surface conformal growth and the 

formation of well defined dendrites. It was proposed that ascorbic acid adsorbed on the PS surface 

promoted Langmuir-like adsorption of gold, which maintained the lateral mobility.  

Given the dendritic patches obtained at higher concentrations of ascorbic acid and their polycrystalline 

structures, the diffusion limited aggregation was the dominating growth mode. The diffusion of gold on 

the surface was hindered at a higher concentration of ascorbic acid, whilst a lower concentration of 

ascorbic acid led to the formation of spheroidal nanostructures, which homogeneously distributed over 

the surface. Furthermore, it was also observed that the number of patches per core particle appeared to 

be considerably smaller than the number of surface-bound spheroidal nanoparticles formed at lower 

ascorbic acid concentrations. It might hint a low heterogeneous nucleation probability at a higher 
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concentration of ascorbic acid. Apparently, the diffusivity of gold was improved and no more dendrite 

was generated. In the other words, ascorbic acid altered the mobility of gold on surface and improved 

the surface adhesiveness to gold, which might be associated with the change of ascorbic acid species 

(H2Asc, HAsc- and Asc2-) with pH value of the solution,26 which will be discussed in the next section. 

The lateral growth dominated on an adhesive surface so that the conformal patches were obtained. On a 

non-adhesive surface, the nucleation would more likely to take place where the gold atoms collided 

with the core particle and very little lateral growth might be allowed. Under the situation between these 

two extremes, the diffusion along the surface and from the bulk solution were co-exist. The formation 

of thin dendrites patches and pearling to form satellites islands at the edge of the patch were expected, 

as it was observed the structures formed at the intermediate concentrations of ascorbic acid (2.5 and 1 

mM, Figure 6.4). The obtained results demonstrated that the mobility of gold atoms on the surface of 

polystyrene was inhibited by ascorbic acid of higher concentration and the surface was more adhesive 

to gold. This could be interpreted as a decrease in the diffusion constant of gold with the increase of 

ascorbic acid concentration, suggested by the tendency of forming fine dendrites (Figure 6.4).  

With the intention to verify the hypothesis, the growth of gold patches with respect to the surface 

adhesiveness was simulated. In the diffusion limited growth mode, a term of sticky probability s 

dominated the formation of the dendritic morphology, defined as the function of diffusion constant (D) 

of gold on PS surface and binding probability (kon) of two gold atoms in the domain, as introduced 

above in Section 6.1.5. Since there was no evidence to show that ascorbic acid molecules had an effect 

on the binding of gold atoms, the main influence on the dendritic morphology must be acted on the 

diffusion constant D. 

Results of Monte Carlo simulation of gold monolayer domains formed from a finite amount of gold 

with varying D are shown in Figure 6.10. First of all, the value of D, which gave the same domain 

morphology similar to that formed in ascorbic acid of 100 mM, was found. Varying this value (D) tried 

to reveal the correlation between structures and concentration of ascorbic acid. It was found that the D 

value needed to be 1.5 times higher than that for 10 mM ascorbic acid and 6 times for 5 mM ascorbic 

acid concentration, in order to have the similar dendritic features formed in ascorbic acid solution of 
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100 mM. The increase in the diffusion constant indicated that the surface became less adhesive to gold 

as increasing the concentration of ascorbic acid. 

 
Figure 6.10 Comparison of Monte Carlo simulations of gold monolayer domains formed via diffusion 
limited aggregation (DLS) with actual gold patches synthesised under different conditions.17 The 
variations of the dendritic morphology invoked experimentally by ascorbic acid concentration and the 
reaction temperature are shown to correspond to the parameters of the DLA simulation. The density of 
gold atoms on the simulation grid was 0.3. The scale bars correspond to 50 nm. Image reproduced by 
permission of the Royal Society of Chemistry.  

The influence of temperature on the morphology was also studied. However, the effect of temperature 

could be on many aspects of the process, such as the entropy of gold in the bulk solution and 

consequently affecting the absorption and the diffusion of gold on the surface, and the binding rate of 

gold atoms which increased at higher temperatures. From observing the SEM images of the patches 

obtained at different temperatures (Figure 6.6), it was noticed that the coverage of patches on particle‟s 

surface did not show a dramatic change. It was assumed that the concentration of gold absorbed on the 

surface might not vary significantly with the temperature. However, the dendrites appeared to be 

coarser at higher temperatures, the simulation suggested that decreasing in the surface adhesiveness or 

the sticking parameters may lead to the thickening of patches. Meanwhile, the increased diffusion at 
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higher temperature also would cause the thickening of the arms. Although temperature might influence 

a few parameters related to the formation of dendrites, the dominating effect was most likely on the 

lateral mobility of gold atoms. The simulation was not applied to the structures formed at lower 

concentrations of ascorbic acid, since they were not formed through a diffusion limited growth. 

6.2.8 Determination of Effective Species for the Dendritic Patch Formation 

Monte Carlo simulation demonstrated the formation of a well-defined dendritic patch on an adhesive 

surface and experiments showed that a higher concentration of ascorbic acid could lead to the formation 

of fine dendrites. However what made the surface of polystyrene particles more adhesive to gold at 

higher concentrations of ascorbic acid was unknown. Before answering this question, the chemical 

reaction will be introduced. The reduction reaction of chloroauric acid by ascorbic acid is given by 

Equation 6.3 as below, 

2 HAuCl4+3C6H8O6=2Au+3C6H6O6+8HCl       Equation 6.3 

Previous studies claimed the reduction of Au3+ ions firstly to Au+ in the form of AuCl2
-, according to 

the Equation 6.4,27    

HAuCl4+C6H6O8=HAuCl2+C6H6O6+2HCl        Equation 6.4 

In a subsequent step, Au+ ions are reduced to Au (0). However, the reaction kinetic is affected 

significantly by many factors, such as temperature, concentration, pH and the form of gold complex 

dependent on pH of solution. Meanwhile, ascorbic acid behaves as a vinylogous carboxylic acid, with 

the dissociation constants of pKa,1 = 4.17 and pKa,2 = 11.58, and the fraction of each species (H2Asc, 

HAsc- and Asc2-) is dependent on pH value of solution, as shown in Figure 6.11.  

As listed in Table 6.1, pH value at where the reactions carried out (for samples shown in Figure 6.4) 

varied from 2.36 (100 mM ascorbic acid), to 3.49 (1 mM ascorbic acid) to 8.4 for ascorbic acid of 0.05 

mM, therefore the species of ascorbic acid involved in the reaction were mainly in the form of 

protonated H2Asc and partially deprotonated form of HAsc-. As reported, the reducing power of 

ascorbic acid increased with pH, i.e. with the prevalence of HAsc- form.22 The synthetic results showed 

that dendritic patches were formed preferentially at higher ascorbic acid concentrations (above 1 mM), 

i. e. at low pH values (lower than 3.49), where the protonated form of ascorbic acid was dominated (see 
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Figure 6.11). As the concentration of ascorbic acid decreased, pH value increased and deprotonation led 

to the increase in the fraction of HAsc-, which was the prevalence at pH above 4.11. In ascorbic acid 

solution of 0.5 mM with corresponding pH of 3.75, the fraction of partially deprotonated ascorbic acid 

(HAsc- ) was around 20 % and the spheroidal gold particles bound to the PS surface was formed. Thus, 

it is proposed that H2Asc was the component responsible for enhancing adhesiveness of PS surface to 

gold. To verify this hypothesis, a series of synthesis were designed and carried out in chloroauric acid 

solutions of three concentrations (100, 1 and 0.5 mM) with pH of around 2.4, 5.1 and 10.3, where 

H2Asc, HAsc- and Asc2- were the dominating species, respectively. The obtained samples were 

observed under SEM to see the effect of pH on patches morphology. The corresponding SEM images 

are shown in Figure 6.12. 

 

SEM images (in Figure 6.12) of various samples obtained at a controlled pH value confirmed that pH 

indeed had a strong influence on the patch‟s morphology. The dendritic patches formed in ascorbic acid 

solution of 100 mM at pH of 2.36 (without the addition of either acid or base). However, raising pH 

value to 5.3 by adding sodium hydroxide without great change in the concentration led to the formation 

of smaller but coarse patches and a large number of patches per core particle. At the pH of 10.27, no 

conformal patch was formed, and a large quantity of small nanoparticles and their aggregates grew on 

the surface. At a medium concentration of ascorbic acid of 1mM, the reaction at the pH of 2.37 caused 

the formation of very thick conformal patches with low yield. As pH increased to 5.08, small dendritic 

patches with central spheroidal protrudes, similar to the structure formed in ascorbic acid solution of  

the same concentration without pH adjustment, were produced. The reaction at pH of 10.43 led to the 

 

 

Figure 6.11 The plot shows the fraction 
of each species (H2Asc, HAsc- and Asc2) 
at various pH values.17 The curves were 
determined using the widely tabulated 
dissociation constants for L-ascorbic 
acid: pKa,1 = 4.17 and pKa,2 = 11.58. 
Image reproduced by permission of the 
Royal Society of Chemistry. 
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formation of small spheroidal particles on the PS surface. The same trend was also observed in the case 

of 0.5 mM ascorbic acid, the thick patches with a dendritic edge were generated at low pH values with a 

low yield, while spheroidal particles formed at higher pH values.  

Herein, together with the result of ascorbic acid concentration effect, the pH value of ascorbic acid and 

the morphology of patches were correlated: at the pH below 3 where there was 90 % of protonated 

ascorbic acid in the aqueous solution, large and dense dendritic patches were obtained, however the 

patch yield varied with the concentration of ascorbic acid. When the pH value was higher than 4, there 

were two species H2Asc and HAsc- coexisting in the solution. The latter one was the main species as 

pH raised further, and the gold nanostructures of an intermediate stage between the dendritic conformal 

shapes and spheroids were likely to produce. Once the pH was above 10, the molar fraction of the third 

species (Asc2-) started to increase and the fraction of H2Asc was extremely low, the surface-bound gold 

spheroids were obtained. The change of morphology confirmed the speculation that the protonated 

ascorbic acid (namely H2Asc) strengthened the adhesiveness of gold to the PS surface and promoted the 

conformal growth of patches. H2Asc might interact with the cationic PS surface by forming strong N-

H..O-C hydrogen bonds between the amidinium groups on the PS and the vinylogous carboxylate 

groups of ascorbic acid,25 the surface absorbed ascorbic acid involved in the reduction of gold ions and 

affected the adhesiveness of gold atoms with surface. With respect of the chemical reaction kinetics, 

redox reaction rate was changed with increasing the pH, due to the change of reductant species at 

different pH values.28 At the pH value between 4.1 and 11.5, the partially deprotonated ascorbic acid 

(HAsc-) was the dominating species and strongly accelerated the reaction, a fast reaction might lead to a 

burst of gold atoms and spontaneously produced a larger number of nuclei on the surface, which later 

developed into nanospheres. In addition, the hydrolysis of AuCl4
- to AuCl4-x(OH)x

- (x ≤ 4, x was 

dependent on pH) might also contribute to the formation of different morphologies. 
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Figure 6.12 SEM images of particles synthesized in ascorbic acid of three different concentrations 
(100, 1 and 0.5 mM) with pH adjusted around 2.4, 5.1 and 10.3. The amounts of PS and HAuCl4 are 
kept constant. Scale bars correspond to 250 nm.17 Image reproduced by permission of the Royal Society 
of Chemistry. 

 

Scheme 6.1 Schematic representation of the 
influence of reaction parameters on the 
morphological variation of gold 
nanostructures on cationic PS particles.17 
Image reproduced by permission of the 
Royal Society of Chemistry. 
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The experiments demonstrated the generation of various forms of gold nanostructures on PS surface 

under different conditions. By carefully controlling relevant parameters, a series of structures, including 

fine dendrites, spheroids and their intermediate states, could be prepared. In Scheme 6.1, the structure 

evolution with respect to the concentration of ascorbic acid and pH value of the solution is illustrated. 

6.2.9 Optical Property of Gold Patches on PS 

During the synthesis, color change of the solution was observed instantly after the addition of 

chloroauric acid to ascorbic acid or ascorbic acid to chloroauric acid. The aqueous suspension 

containing particles with dendritic conformal patches had a greenish appearance, while the sample 

consisting of PS particles with spheroidal patches on surface had a color of dark purple. Extinction 

spectra shown in Figure 6.13 were corresponded to the samples obtained in ascorbic acid solution of 

different concentrations (SEM images shown in Figure 6.4). Due to the strong scattering of polystyrene 

(n = 1.59), features from gold were marginally visible. The extinction spectrum of the patchy particles 

prepared in 100 mM ascorbic acid had a peak at around 950 nm, which might be assigned to the 

average dipole resonance from large dendritic patches. The intrastructural plasmonic coupling would 

lead to the broadening of the plasmonic peaks. The spectrum of sample made in 0.1 mM ascorbic acid 

was mainly from PS particles and did not show obvious feature, due to that few gold nanostructures 

were formed as can be seen from SEM image. When the concentration of ascorbic acid was increased 

to 0.25 mM, the sample had a resonance peak at around 550 nm, which was close to the typical 

resonance peak of spherical gold nanoparticles at 520 nm. A Further increase in the concentration of 

ascorbic acid to 0.5 mM, a red-shift of peak was observed, indicating the enlargement of gold 

nanoparticles and the change in the structure, it was consistent with the observation from SEM images 

(Figure 6.4). The plasmonic peak of the sample prepared in ascorbic acid solution of 1 mM shifted 

further to longer wavelength at around 1000 nm, due to the formation of anisotropic patch structures. 

At the concentration of ascorbic acid of 10 mM, the extinction spectrum showed a blue shift to 850 nm 

of the plasmon resonance compared to that from the sample obtained in 1 mM ascorbic acid. Further 

refining the dendritic fragments led to red-shift of resonance peak to longer wavelength. The intensity 

of the resonance peak was rather weak compared to that of silver patches formed on silica. The reasons 

lied on the influence of core particles on the optical signal and the coupling effect between the closed 



Chapter 6. Gold and Platinum Patches on Polystyrene 
 

 - 152 - 

fine dendrites. Particles with conformal dendritic gold patches are promising substrates for the surface 

enhanced Raman spectroscopy (SERS), as reported for the similar dendritic gold structures.28, 29 

 

Figure 6.13 Extinction spectra of particles obtained through dispersing PS particles into ascorbic acid 
of different concentration followed by the addition of same amount of HAuCl4.17 Image reproduced by 
permission of the Royal Society of Chemistry. 

6.2.10 Size Control of Dendritic Patches 

The size of dendritic patches also could be tailored during the synthesis, by controlling the amount of 

core particles used in the reaction and concentration of gold ions. SEM images shown in Figure 6.14 

presented that both methods were able to produce gold patches on the PS particles with a coverage 

approaching 100 %. Figure 6.14a showed large gold dendrites formed in ascorbic acid of 2.5 mM 

without forming free gold nanoparticles. Meanwhile, the patches produced in this way were very thin. 

By measuring from the TEM image shown in Figure 6.14b, the thickness at the center of patch was 

around 6 nm, and the edge was much thinner. As well, using less core particles led to the formation of 

gold nanoshells (Figure 6.14). Overall, this approach was a facile method to produce thin gold 

nanoshells without pretreating core particles or introduction of preformed gold nanoparticles as seeds. 

In additional to that, the number or the size of gold spheroids bound to PS surface could also be 

tailored, by altering the amount of core particles and the concentration of gold ions (as shown in Figure 

6.5). Other parameters such as pH and temperature also could be used to tune the number and the size 
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of gold spheroidal particles (see Scheme 6.1).   

Figure 6.14 (a) SEM image of dendritic patches synthesized by adding more gold ions. (b) TEM image 
of dendritic patchy particles formed in 100 mM ascorbic acid. (c) SEM image of gold nanoshells 
synthesized with less PS particles. The scale bars correspond to 200 nm for a and c, 50 nm for b.17 

Image reproduced by permission of the Royal Society of Chemistry. 

6.2.11 Structures Formed by Using other Gold Precursors 

The gold precursor of chloroauric acid was replaced by other anionic gold complex to study the 

formation of gold structures on PS surface. The gold complexes of AuCl4-x(OH)x
- (x ≤ 4), AuBr4

- and 

AuI4
-, formed by adding potassium carbonate, cetyltrimethylammonium bromide (CTAB) or potassium 

bromide (KBr) and potassium iodide (KI) to the HAuCl4 aqueous solution, respectively, were chosen. 

When the aqueous solution of HAuCl4 was mixed with CTAB aqueous solution (of the same molar 

concentration), the color of the solution changed immediately from light yellow to dark yellow, 

indicating the formation of gold-Br complex. Though some groups claimed that the formed complex 

was in the form of the AuCl4
- - CTAB micelles,30,31 it was more likely that the complex of AuBr4

- was 

formed via ligand exchange.32 Moreover, Lin et al. reported an organic salt of AuBr4
- complexing 

withCTA+.33 Their study also showed that the complex existed as CTAB micelle capped AuBr4
- when 

the concentration of CTAB was above the first critical micelle concentration (0.8 mM). The complex 

CTA-AuBr4 had a maximum absorption at the wavelength of 396 nm, whilst AuBr4
- complex formed 

via mixing HAuCl4 and KBr of equal amount had a characteristic absorption peak at 382 nm 

corresponding to the charge transfer from A1g (ζ orbital) to A2u (π orbital).27 When the potassium 

iodide (KI) was mixed with AuCl4
-, the reaction between I- and AuCl4

- took place and a new complex of 

AuI4
- was formed. Since Au3+, I- and Cl- are soft acid, soft base and hard base respectively, I- binds to 

Au3+ more strongly than Cl- and Br-, according to the Pearson‟s Hard-Soft Acid-Base theory.34 The 
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reduction potential of gold ionic complex is decreased in the order of AuCl4
- (+ 0.93 V vs SHE), AuBr4

- 

(+ 0.854 V vs SHE) and AuI4
- (+ 0.56 V vs SHE).35 The presence of Au ions in the form of CTA-AuBr4 

complex is expected to make the reduction of Au ions much harder than a simple aqueous ionic form. 

Many studies have demonstrated that the precursor species has a significant influence on the product‟s 

morphology. For example, the formation of gold nanorods benefited from the formation of CTA-AuBr4 

complexes,36 and monodisperse gold spherical nanoparticles by a one-step seeded growth approach 

were obtained by using KI as the coordinating ligand to avoid new nucleation.37 The molecules (CTAB) 

and ions (I-) are involved to the growth step, and may interact with the specific surface and affect the 

diffusion and integration of ions, atoms or clusters, consequently it would cause the formation of 

diverse nanostructures. Additionally, the reaction kinetic varies with the precursor type and 

consequently affects the growth of particles. These factors mentioned above might help explain the 

results that the generation of different gold nanostructures (Figure 6.15) on the PS surface under the 

same synthetic condition by adding the same moles of gold complex to the ascorbic acid of 100 and 0.1 

mM.  

First of all, using AuCl4-x(OH)x
- as gold precursor led to the formation of PS surface-bound gold 

nanoparticles, independent on the concentration of ascorbic acid. The obtained structure was similar to 

that synthesized using AuCl4
-  as gold precursor in ascorbic acid of a high pH, while the formed gold 

particles was smaller, presumably due to that AuCl4
- was easier to reduce than AuCl4-x(OH)x

-. The 

sample made with AuI4
- as the precursor contained cup-like thick patches, owing to a slow chemical 

reaction. No dramatic difference could be seen, regardless of the concentration of ascorbic acid. When 

AuBr4
- was used as gold precursor, apparently the presence of surfactants had a significant effect on 

patch structures. Without surfactants, conformal thin patches with a broad size distribution were 

obtained in ascorbic acid of 100 mM, since the reduction reaction was faster than that of AuI4
- but 

slower than that of AuCl4
-. Surface growth of gold could still be observed in 0.5 mM ascorbic acid, 

although the structure was rather irregular. In the presence of surfactant, adding AuBr4
--CTAB 

complexes into the mixture of ascorbic acid and PS particles caused the formation of coarse dendritic 

patches of low yield, and a majority of patchy particles contained a single patch. However the 

morphology of gold patch was varied with ascorbic acid concentration. In ascorbic acid solution of 100 



Chapter 6. Gold and Platinum Patches on Polystyrene 
 

 - 155 - 

mM, the dendrites had longer and separated fingers, while the patches had shorter but coarser fingers 

and covered large surface in 0.5 mM ascorbic acid. Additionally, it was difficult to tell the change of 

the patch yield from their SEM images of these two samples. Nevertheless, the production of the 

structures followed the proposed mechanism and completed the theory that chemical reaction kinetics 

controlled the growth of patches and consequently the morphology. Meanwhile, the additive such as 

surfactants played an important role in the structure formation. 
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Figure 6.15 SEM images of samples produced by adding an equal amount of different gold precursors 
into the mixture of PS spheres and ascorbic acid of 100 and 1 mM. Scale bars correspond to 300 nm. 
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6.2.12 Investigation of Pt Nanostructures Formation on Cationic PS Particles 

Platinum ions form ionic complex with 

chloride in the form of H2PtCl6 or 

H2PtCl4 dependent on the valence. The 

reduction of platinum precursor H2PtCl6 

in presence of cationic PS particles by 

reducing agents of different reductive 

power gave various results. In contrast 

to AuCl4
- ions, PtCl6

2- ions (the standard 

potential of PtCl6
2-/Pt is + 0.705 V vs 

SHE) are more difficult to reduce, and 

ascorbic acid is only able to reduce 

H2PtCl6
 at elevated temperatures (at pH 

of 3 the standard potential of 

dehydroascorbic acid/ascorbic acid is - 

0.212 V vs SHE).35 At 90 °C, the 

reduced platinum formed small nanoparticles that distributed homogeneously over PS particle surface 

in ascorbic acid of 100 mM (see Figure 6.16a). In ascorbic acid solution of 0.5 mM, it was observed 

from SEM image (Figure 6.16b) that snowman-like structures of thick Pt patches of various sizes 

attached to PS particles and free Pt nanospheres were formed via homogenous nucleation as well. 

Whereas the sample (see Figure 6.16c) produced by using sodium borohydride (NaBH4) as the reducing 

agent had a structure similar to that prepared in ascorbic acid of 100 mM, except that Pt nanoparticles 

were much smaller. Using hydrazine as the reducing agent led to the formation of perfect Janus 

particles, but the patch yield was poor. Under this synthetic condition, hydrazine did not demonstrate a 

reducing power as strong as sodium borohydride, but it was a stronger reducing agent than ascorbic 

acid. Therefore, the conformal surface growth can happen when a moderate reducing agent was 

applied.  

Previous work introduced in Chapter 4 has introduced several methods to improve the yield of silver 

Figure 6.16 SEM images of samples made with Pt salt 
reduced in presence of cationic PS by (a) 1 mM and (b) 
0.5 mM ascorbic acid at 90 °C, (c) sodium borohydride, 
(d) hydrazine. Scale bar of (a) corresponds to 250 nm, and 
those of b-d correspond to 500 nm.  
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patches on silica surface, such as controlling the reaction temperature and the number of particles 

involved in the reaction. Herein, the strategies of decreasing PS particles number and increasing the 

amount of Pt salts were taken to improve the Pt patch yield by using hydrazine as reducing agent. The 

sample shown in Figure 6.16d was prepared with 60 µL of the PS suspension (detail referred to Table 

6.3). When the number of PS particles was reduced by two-third (20 µL), Janus particles were 

generated without no significant improvement in the patch yield according to the SEM image (Figure 

6.17a). Regardless of the amount of Pt salt (concentration double in Figure 6.17b), there was no 

dramatic change either in the patch size or in the number of patches per particle. Further decreasing the 

volume of PS suspension added to 5 µL, a mixture of different structures was obtained, many PS 

particles were half coated by thicker patches, and Pt nanoparticles smaller than 300 nm and dimple 

structures probably due to the detachment of patches were observed in the SEM image (Figure 6.17c). 

It should be pointed out that chemical reaction kinetics was not dramatically affected by decreasing the 

number of PS particles and Pt salt (the amount of used reducing agent was excess).   

 
Figure 6.17 SEM images of samples prepared by reducing various amounts of Pt salt in the presence of 
cationic PS particles of different amounts, specifically (a) 20 µL PS and 50 µL Pt salt, (b) 20 µL PS and 
100 µL Pt salt (c) 5 µL PS and 100 µL Pt salt. Scale bars correspond to 500 nm. 

Manipulating reaction kinetics can also be achieved by changing the temperature at which reaction was 

carried out. Figure 6.18 showed SEM images of samples prepared with different amounts of Pt salt at 

30, 50 and 80 °C. With a lower amount of Pt salt (50 µL), no patch grew on PS particles either at 30 or 

50 °C (Figure 6.18 a and b), while branched non-conformal patches grew on the surface at 80 °C 

(Figure 6.18c), unlike the conformal dendritic gold patches. In addition, spheroidal Pt nanoparticles 

were also formed and attached to the surface of PS particles. With the doubled amount of Pt salt (100 
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µL), more patchy particles appeared at 30 °C (Figure 6.18d) and a majority of them contained only a 

single patch, but the surface of Pt patches was rather rough as observed from the SEM image. 

Meanwhile, a large amount of flower-like Pt structures was formed via homogeneous nucleation. At 

50 °C free Pt nanostructures were also generated (Figure 6.18e), and patchy particles were produced 

with a very low yield. Figure 6.18f shows the SEM image of the sample prepared at 80 °C, large 

dendritic Pt structures were formed via homogeneous nucleation but no patchy particle was observed. 

Contrary to the previous study of synthesizing silver patches on silica, reaction at a high temperature 

was not able to improve the patch yield. 

 
Figure 6.18 SEM images of the samples made by reducing 50 µL (a, b and c) or 100 µL (d, e and f) Pt 
salt in the presence of cationic PS particles by hydrazine at 30 °C (a and d), 50 °C (b and d) and 80 °C 
(c and f). Scale bars correspond to 500 nm.   

From the results shown in Figures 6.17 and 6.18, it was obviously demonstrated that the adhesiveness 

of PS surfaces to metallic Pt was worse than that to gold. In Section 6.2.8, it has been shown that 

protonated ascorbic acid (H2Asc) was able to increase the adhesion of gold to PS surface. The 

interaction of protonated ascorbic acid alternated the surface property and influenced the diffusion of 

gold on the surface. Therefore, ascorbic acid was used as an additive to tune the interaction of platinum 

with the surface of PS particles. The syntheses were carried out in the solutions of ascorbic acid of 100 
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mM and 0.5 mM, the same amounts of hydrazine and particles were used. The corresponding SEM 

images are shown in Figure 6.19. 

 
Figure 6.19 SEM images of the structures formed by reducing Pt salt by hydrazine in  the presence of 
PS particles in ascorbic acid of (a)100 mM  and (b) 0.5 mM. Scale bars correspond to 500 nm.   

The nanostructures of platinum of different shapes were formed on PS surfaces, which was dependent 

on the concentration of ascorbic acid. Small patches were formed on PS dispersed in 100 mM ascorbic 

acid solution with a 100 % patch yield, similar to the gold patches formed at 0.5 mM ascorbic acid. The 

sample synthesised in 0.5 mM ascorbic acid contained thick patches and the yield was low. It did 

further confirm that the ascorbic acid (H2Asc) interact with PS surface (probably with amidinium 

groups) and affect the growth of Pt on surface of PS. However formed metal structures differed for 

these two cases. It should be mentioned that ascorbic acid played different roles in the preparations of 

gold and platinum patches. In the case of Pt patch preparation, ascorbic acid acted as an additive to tune 

PS surface property, however it worked also as the reductant and an additive in the case of synthesizing 

gold patches. Additionally, the pH of ascorbic acid solution of 100 and 0.5 mM varied and also 

changed the coordination of anions with Pt ions; however this effect was not strong enough to cause the 

synthetic results. Conducing synthesis in pure water at pH values corresponding to that of ascorbic acid 

of 100 and 0.5 mM ruled out the coordination forming between Pt ions and anions (OH- and Cl-), since 

there was no patchy particle formed. 

6.3 Summary and Conclusion 

In this chapter, the preparation of gold and platinum patches on cationic polystyrene particles via the 

one-pot approach was discussed. The obtained patchy particles manifested structure-dependent optical 
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properties, and plasmonic resonance of particle with gold patches could be tuned to the NIR region. 

Most importantly, the formation of gold patches on PS was strongly dependent on the concentration of 

ascorbic acid as well as the pH value of the solution. An excess of at least 40 times of the 

stoichiometric amount of ascorbic acid was required to produce large, thin and conformal gold dendritic 

patches. The morphology change of gold nanostructures on PS surface was due to the alternation of 

ascorbic acid species with pH, which had an effect on the diffusion of gold on PS surface. The 

protonated form of ascorbic acid (H2Asc) was confirmed to be the active component to facilitate gold 

lateral growth of gold on PS. Monte Carlo simulations of diffusion limited aggregation were conducted 

to verify the hypothesis. Additionally, studies of metal precursor‟s effect on the patch formation and 

preparation of platinum patches indicated that choosing the proper chemical reaction and manipulation 

of the reaction kinetics were important to tune the formed structure. As well, the application of 

additives might affect to the formation of patches. All in all, it has been demonstrated the successful 

fabrication of silver, gold and platinum patches on diverse materials, by this facile route of electroless 

deposition of metal. In order to further generalize this method, screening tests of other materials are still 

required.  
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7. Synthesis of Patchy Particles via 
Continuous Flow Processes 

 

In Chapter 1, the most commonly used methods for the synthesis of metallic patchy particles were 

introduced. Their realization frequently demands the help of a phase boundary or a template. Some of 

methods have the limitation of working with particles of smaller sizes. So far the developed approach 

has been applied to synthesize silver, gold and platinum patches on silica and polystyrene spheres, and 

a good structural tunability could be realized. The scaling-up of the production is the next target to aim 

for. Increasing the reaction volume in a batch process is the direct way to synthesize patchy particles at 

large scale. However, poor mixing will greatly affect the production by the patch yield and the 

homogeneity. A continuous flow process is an alternative option, which allows good mixing and is 

extremely efficient. A T-mixer and a syringe pump were chosen to build up a reactor, in which the 

reaction volume was dependent on the dimensions of the T-mixer and pipes and the flow rate was 

limited by the pump. Meanwhile, the automatic control of the operation and monitoring the synthetic 

process are possible by a computer and an online measurement device, respectively. In this chapter, the 

setup of the continuous flow process will be introduced. The preparation of (silver or gold) patchy 

particles and the effects of relevant parameters will be discussed.  

7.1 Introduction of Continuous Flow Setups and Characterization 

The setup for the continuous flow synthesis consisted of a syringe pump (KD Scientific 200 Model, 

USA) equipped with two glass syringes with a maximum volume of 100 mL each (Poulent & Graph 

GmbH, Wertheim, Germany), a T-mixer (Swagelok, Germany), an in-line flow cell (¼” flow cell with 

5 mm optical path length from Avantes, Apeldoorn, Netherlands) for in situ spectrum measurement, 

which was connected to the T-mixer, a photometer (a USB 2000+ UV-Vis spectroscope, Dunedin, 
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USA) and a Micropack UV-Vis light source (Ocean Optics, Dunedin, USA), as shown in Scheme 7.1. 

Photos of the main components are shown on the right side. The inlets of the T-mixer were connected 

to the syringe pump by stainless steel pipe coils, which were necessary for reaching a thermal 

equilibrium before two streams of solutions entering the T-mixer. The outlet of the T-mixer was 

connected to the inline flow cell by a stainless steel pipe coil. The pipe coils and the T-mixer were 

dipped in a water bath for better temperature control. The delivery of solutions 1 and 2 to the mixer at a 

certain flow rate and the collecting of the optical spectrum were controlled by the computer. To testify 

the continuous flow synthesis process, the T-mixers and pipes with diameters of 4 mm and 1.6 mm 

were selected. In the following text, Setup 1 and Setup 2 will refer to the setups with T-mixers of 4 mm 

and 1.6 mm in diameter, respectively. The former had a pipe length between the T-mixer and the in-line 

flow cell of 100 mm, and 2600 mm for the latter (1800 mm of pipe with a diameter of 1.6 mm and 80 

mm of pipe with a diameter of 4 mm). 

 

Scheme 7.1 The scheme of the setup for continuous flow process for silver or gold patchy particles 
synthesis (left) and photos (right) of the syringe pump, a T-mixer, coils connecting to the T-mixer in a 
water bath and to the in-line flow cell for optical measurement.  

Mixing is crucial for a chemical reaction process, and its performance is a relative term with respect to 

a chemical reaction.  As well known, chemical reaction rate is strongly dependent on the concentration 

of reactants. With a set of low concentrations, the reaction rate with respect to mixing is low and the 

mixing performance is regarded as good. In contrast, with high concentrations of reactants the mixing 

quality might be poorer ever under the same hydrodynamics condition. Nevertheless, the mixing 

behaviour must be characterized to evaluate the applicability of a device or a setup. If the reaction is 
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slow compared to the mixing, the concentration of reactants is homogenous when the reaction starts 

and the mixing has no influence on the reactor performance. However, as the mixing condition is poor, 

chemical reaction takes place locally and inside the reactor reach region has its own chemical rate, as 

the result of the heterogeneity of the fluid compositions.  

To characterize the mixing quality of a microreactor, many methods are employed, such as the 

visualization of a dye, monitoring a reaction which generated a colored species.1 Monitoring the color 

change due to a chemical reaction has the disadvantage of requiring the mixer to be transparent, and the 

result is biased by averaging the signals, which will lead to an overestimation of the mixing quality. In 

this category, the so-called chemical test reactions involving competing reactions (competitive 

consecutive reaction or competitive parallel reaction) as shown below are attractive for the 

characterization of a mixing device. The principle of the chemical test-reaction method is based on a set 

of two competing reactions, and the final product is dependent on the mixing behaviour and chemical 

reaction rate, associated to hydrodynamics conditions and reactant concentrations respectively.  

A+B→R (reaction 1, fast reaction)                   A+B→R (reaction 1, fast reaction) 

 R+B→S (reaction 2, slow reaction)                 C+B→S (reaction 2, slow reaction) 

Competitive consecutive reaction                         Competitive parallel reaction  

In the case of perfect mixing, the amount of B injected into the system will be immediately distributed 

homogeneously in the system and consumed instantly by the fast reaction with A (reaction 1). In a case 

of poor mixing, the dissipation time of B is comparable to or longer than reaction time of a slow 

reaction either with the product R of the fast reaction or with another component C. The concentrations 

of the components play an important role. In order to obtain the best test sensitivity, it is recommended 

to choose the fast reaction, and another reaction which has a reaction time comparable to the mixing 

time.   

The iodide/iodate reaction as called Villermaux-Dushman reaction is one of the chemical test reactions 

and has been used frequently as a standard test for microreactors.2 It is parallel/competing reactions, 

composed of a neutralization reaction (Equation 7.1) and a redox reaction (Equation 7.2). The redox 

reaction is in the same time range of the mixing process, but it is much slower than the neutralization 

reaction. 
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H2BO3
- + H+→ H3BO3                                Equation 7.1 

IO3
- + 5I- + 6H+→ 3I2 + 3H2O                     Equation 7.2 

The principle of utilizing this reaction for the evaluation of mixing is that iodide and iodate are 

premixed with in H2BO3
-/H3BO3 buffer, and the proton supplier (sulfuric acid of a certain 

concentration) is applied to ensure a stoichiometric defect of protons with respect to borate ions. For an 

ideal mixing, the neutralization reaction will dominate, due to that this reaction is faster than the redox 

reaction. If the mixing is insufficient, the local high concentration of acid, after consuming borate ions, 

will cause the redox reaction to generate iodine, and subsequently iodine and iodide ions react to form 

coloured triiodide ions (I3
-) according to the quasi-instantaneous equilibrium (Equation 7.3) 

I2 + I- → I3
-                                                Equation 7.3 

The equilibrium reaction is one of the key features, since the concentration of triiodide ions could be 

measured quantitatively by UV-Vis spectrometry at the wavelength of 353 nm where there is the 

characteristic absorption peak of triiodide. The concentration can be calculated by Beer-Lambert law:  

                                           Equation 7.4 

which is valid for 0.1< OD < 2.5, OD is the optical density, ℇ353 is the extinction coefficient of triiodide 

at 353 nm with a value of 26047 L/mol• cm and l is the optical path length of the cuvette.  

A mixing time could be estimated by applying Equation 7.5 

tm = 0.33(OD)[H+]-4.55[KI]-1.5[KIO3]5.8[NaOH]-2[H3BO3]-2                   Equation 7.5 

7.2 Experimental Details 

7.2.1 Characterization of Setup by Villermaux-Dushman Reaction 

The mixing quality of setups was characterized by using the Villermaux-Dushman reaction. The 

solutions used to fill the syringes were prepared following the recipes listed in Table 7.1.  

 The solutions were delivered to the T-Mixer by the pump with different flow rates (referring to the 

flow rate after T-mixer), changing from 115 mL/min to 5 mL/min by a step of 5 mL/min for Setup 1. 

For Setup 2 the flow rate was firstly decreased by a step of 5 mL/min from 40 mL/min to 20 mL/min 
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and further by a step of 2 mL/min to 6 mL/min. For each flow rate, an aliquot of the solution of 5mL 

was collected for the UV-vis measurement (offline measurement). 

Table 7.1 Chemical composition of solutions filled in syringes 

Syringe 1 Syringe 2 

Sulphuric acid    0.03 mM 

Sodium iodide       0.016 M 

Boric acid              0.045 M 

Potassium iodate   0.03 M 

Sodium hydroxide 0.045 M 

 
7.2.2 Synthesis of Silver Patches on Silica 

(a) Synthesis by Batch Process  

For a typical synthesis of silver patches on silica (see Chapter 4), ammonium solution (50 µL) was 

added into silver nitrate solution (10 mL) with silica particles after the addition of formaldehyde (50 

µL). For the synthesis in continuous flow process, two solutions of same volume were delivered to the 

T-Mixer and mixed inside. To choose the right concentrations for the continuous flow process, batch 

syntheses of a small volume (4 mL) were carried out by mixing two solutions of equal volumes. The 

procedure could be described as following: a dispersion of silica particles in silver nitrate solution was 

aged at 50 °C in a 5 mL round bottom flask. After 30 min, a small portion of HCHO which was 

preheated to 50 °C in a sealed container was added, followed by the addition of a diluted ammonium 

solution of the same volume under strong stirring. Another alternative combination of chemicals was to 

premix silver nitrate (2 mL of 100 µM) and ammonium hydroxide (5 µL of 8 %), silica suspension (5 

µL) and formaldehyde (2 mL of 0.37 %), which would be aged at 50 °C for 30 min before mixing. The 

explicit synthetic conditions for samples made with both setups are listed in Table 7.2. 

(b) Synthesis by Continuous Flow Process  

In the continuous flow process, many factors influenced the final products. Those factors may come 

from the setup itself, for example the geometry and material of the micromixer and the mixing 

performance. Other factors might affect chemical reaction, such as concentration, temperature and so 

on. In this part, the effects of factors, including setup‟s dimension, flow rate, concentration of reactants 
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and temperature, were studied. In the study of the effect of reactants‟ concentration on the patch 

formation, the concentration of each chemical except silica particles was increased proportionally. In 

order to express the change of the concentration, a term named concentration level (C*) was defined by 

dividing the concentration of silver nitrate solution by that of a standard synthesis (C*=1, with silver 

nitrate of 100 µM, formaldehyde of 0.0925 %, and ammonium hydroxide solution 0.02 %). For 

instance, when a solution of silver nitrate of 360 µM with 0.333 % formaldehyde and 0.071 % 

ammonia solution were used for a synthesis, the corresponding C* was 3.6. The explicit synthetic 

conditions for samples made with both setups are listed in Table 7.3 and 7.4. 

Table 7.2 Chemical compositions of solutions used for silver patches synthesis in batch mode 

Figure 

Solution 1 Solution 2 

Temp 
AgNO3 

SiO2 
suspension 
10 mg/mL 

HCHO 
(37 %) NH3 •H2O 

Conc/µM Vol/mL Vol/µL Vol/mL Conc/% Vol/mL °C 

7.2a 100 2 5 20 8 0.01 50 

b 100 2 5 20 0.02 2 50 

c 120 2 5 24 0.024 2 50 

d 160 2 5 32 0.032 2 50 

e 80 2 4 16 0.024 2 50 

f 40 2 2 8 0.032 2 50 

 Solution 1 Solution 2 

 SiO2 
10 mg/mL 

HCHO 
(0.37 %) AgNO3 NH3 •H2O Temp 

 Vol/µL Vol/mL Conc/µM Vol/mL Conc/% Vol/mL °C 

7.2g 5 2 100 2 8 0.005 50 
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Table 7.3 Synthetic condition for samples (silver patches on silica) with Setup 1 
 

Figure 

Solution 1 Solution 2 

Temp 
Flow rate 

(inlet) C* AgNO3 
SiO2 

suspension 
HCHO NH3 •H2O 

Conc/µM Conc/µg/mL Conc/% Conc/% °C mL/min 

7.3 

a-d 

Reproducibility study 

360 25 0.333 0.071 50 100 3.6 

7.4 

Concentration effect at low flow rate 

60 25 0.0555 0.012 50 10 0.6 

80 25 0.074 0.016 50 10 0.8 

100 25 0.0925 0.020 50 10 1 

120 25 0.111 0.024 50 10 1.2 

140 25 0.1295 0.028 50 10 1.4 

160 25 0.148 0.032 50 10 1.6 

220 25 0.2035 0.044 50 10 2.2 

280 25 0.259 0.056 50 10 2.8 

340 25 0.3145 0.067 50 10 3.4 

400 25 0.37 0.080 50 10 4 

460 25 0.4255 0.090 50 10 4.6 

7.5 

Concentration effect at high flow rate 

300 25 0.2775 0.060 50 100 3 

320 25 0.296 0.063 50 100 3.2 

340 25 0.3145 0.067 50 100 3.4 

360 25 0.333 0.071 50 100 3.6 

380 25 0.3515 0.075 50 100 3.8 

400 25 0.37 0.079 50 100 4 
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Table 7.4 Synthetic condition for samples (silver patches on silica) with Setup 2 

Figure Solution 1 Solution 2 
Temp 

Flow rate 

(inlet) C* 
 

AgNO3 SiO2 suspension HCHO NH3 •H2O 

Conc/µM Conc/µg/mL Conc/% Conc/% °C mL/min 

7.8 
a-d 

Reproducibility study 

400 25 0.555 0.056 50 12 - 

7.9 

Flow rate study 

360 25 0.333 0.072 50 4 3.6 

360 25 0.333 0.072 50 8 3.6 

360 25 0.333 0.072 50 12 3.6 

360 25 0.333 0.072 50 16 3.6 

360 25 0.333 0.072 50 20 3.6 

7.11 

Concentration effect 

100 25 0.0925 0.02 50 12 1.0 

160 25 0.148 0.032 50 12 1.6 

220 25 0.2035 0.044 50 12 2.2 

280 25 0.259 0.056 50 12 2.8 

340 25 0.3145 0.068 50 12 3.4 

360 25 0.333 0.072 50 12 3.6 

7.6 

Flow rate study 

360 25 0.333 0.071 50 20 3.6 

360 25 0.333 0.071 50 40 3.6 

360 25 0.333 0.071 50 60 3.6 

360 25 0.333 0.071 50 80 3.6 

360 25 0.333 0.071 50 100 3.6 

360 25 0.333 0.071 50 115 3.6 
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400 25 0.37 0.08 50 12 4.0 

460 25 0.4255 0.092 50 12 4.6 

520 25 0.481 0.104 50 12 5.2 

580 25 0.5365 0.116 50 12 5.8 

7.12 

Temperature effect 

400 25 0.555 0.056 25 12 - 

400 25 0.555 0.056 30 12 - 

400 25 0.555 0.056 40 12 - 

400 25 0.555 0.056 50 12 - 

400 25 0.555 0.056 60 12 - 

400 25 0.555 0.056 70 12 - 

 

7.2.3 Synthesis of Gold Patches on Cationic PS Particles 

(a) Synthesis by Batch Process 

For a typical batch synthesis of particles with gold patches, a small amount of chloroauric acid (30 µL 

of 25 mM) was added into a mixture containing ascorbic acid and polystyrene particles (5 mL). For 

choosing the right concentrations for the continuous flow process and the comparison of two processes, 

batch syntheses by mixing the equal volumes of two portions of solutions were investigated first by 

using the recipes listed in Table 7.5. With respect of the experimental cost, it is desired to obtain gold 

patches on PS with the amount of chloroauric acid as small as possible. Therefore, the concentration 

was decreased all the way down to the level where no patchy particle was formed. 

(b) Synthesis by Continuous Flow Process 

The preparation of gold patches via the continuous flow process was explored by using Setup 2. One 

syringe was loaded with a dispersion of polystyrene particles in ascorbic acid solution, while another 

one was loaded with chloroauric acid solution. With the consideration of experimental cost, the 

concentration of chloroauric acid solution was decreased in this study. The details for the preparation of 
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each sample are listed in Table 7.6. The specified flow rate is corresponded to that before entering the 

T-mixer. For each synthesis, at least 40 mL of solutions was consumed, due to the length of the pipe to 

ensure a complete reaction inside the reactor. 

Table 7.5 Synthetic condition of gold patches on PS by batch process 

Figure Temp /°C 
Ascorbic acid PS* HAuCl4 Ratio of 

AA/Au3+ Conc/mM Vol/mL Vol/µL Conc/µM Vol/mL 

7.13 a 

b 

c 

RT 100 5 80 25000 0.03 667 

RT 100 2.5 80 150 2.5 667 

RT 50 2.5 30 75 2.5 667 

7.14 

 

 

 

a 

b 

40 50 2.5 30 75 2.5 667 

50 50 2.5 30 75 2.5 667 

60 50 2.5 30 75 2.5 667 

70 50 2.5 30 75 2.5 667 

50 25 2.5 30 37.5 2.5 667 

50 25 2.5 30 18.75 2.5 1333 

 
* PS suspension had concentration of 1.24 wt % and particles had the diameter of 400 nm.  
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Table 7.6 Synthetic condition of gold patches on PS by continuous flow process 

Figure Temp /°C 
Ascorbic acid PS * HAuCl4 Ratio of 

AA/Au3+ 
Flow rate 

mL/min Conc/mM Vol/µL Conc/µM 

Flow rate 

7.15 

50 25 120 18.75 1333.33 100 

50 25 120 18.75 1333.33 80 

50 25 120 18.75 1333.33 60 

50 25 120 18.75 1333.33 40 

50 25 120 18.75 1333.33 20 

50 25 120 18.75 1333.33 10 

Concentration variation of ascorbic acid 

7.16 

50 75 120 18.75 4000 80 

50 50 120 18.75 2666.67 80 

50 25 120 18.75 1333.33 80 

50 12.5 120 18.75 666.67 80 

50 5 120 18.75 266.67 80 

50 2.5 120 18.75 133.33 80 

Concentration variation of chloroauric acid 

7.17 

50 25 120 56.25 666 80 

50 25 120 37.5 666.67 80 

50 25 120 18.75 1333.33 80 

50 25 120 9.375 2666.67 80 

50 25 120 3.75 6666.67 80 

50 25 120 1.875 13333.3 80 

 
*A portion of PS suspension (12.4 wt %) was added into 100 mL of ascorbic acid of a certain 

concentration.   
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7.3 Results and Discussion 

7.3.1 Setup Characterization by Villermaux-Dushman Reaction 

The mixing behaviour of setup was characterized by calculating the mixing time (tm) related to the flow 

rate at the outlet of the microreactor or the Reynolds number, based on Equation 7.5. Both setups of 

different dimension were characterized, and mixing time vs flow rate and Reynolds number were 

plotted in Figure 7.1. Their correlation was a liner function. The mixing time for setup 1 ranged from 

0.33 to 0.06 s, corresponding to the flow rate of 40 and 230 mL/min (at the outlet of the microreactor), 

respectively. The maximum flow rate was limited by the volume of syringes and the pipe length, 

therefore the flow rate for Setup 2 was restricted to the range from a minimum of 12 mL/min to a 

maximum of 40 mL/min. The corresponding mixing time varied from 0.94 s at the minimum flow rate 

to a short mixing time of 0.03 s at the maximum flow rate. The Figure 7.1b shows the relation of the 

mixing time with the Reynolds number. The linear fittings of two sets of data had an intersection point  

of Re = 318 and tm = 0.205 s, demonstrating that Setup 1 had shorter mixing time than Setup 2 when the 

Reynolds number was below the value of 318. When the value of Reynolds number was above 318, 

Setup 2 had shorter mixing time. With the help of this graph, the mixing conditions of the two setups at 

various flow rates could be evaluated and compared.  

 

Figure 7.1 Mixing time was plotted as ta function of flow rate (a) and Reynolds number (b) for Setup 1 
and Setup 2. 

The in situ optical measurement of the silver patch formation on silica particles (Section 4.2.7) revealed 

that the synthetic process actually lasted less than 15 s, while the formation of gold patches on PS 

a b 
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spheres took a little longer but still shorter than 30 s. The mixing would affect the patch formation 

especially at a low flow rate. 

7.3.2 Fabrication of Silver Patches on Silica 

In a typical batch synthesis of patchy particles, a small portion of reducing agent or metal precursor was 

added to a large volume of particles suspension in the presence of other reactants. When a T-mixer was 

applied, two flow streams of equal volume met and the reaction started instantly. Therefore, a new 

recipe with reasonable chemical concentrations should be employed. Batch synthesis by mixing equal 

volumes of two solutions were carried out, in order to find a starting point for the continuous flow 

process and for comparison the batch process with  the continuous flow process. 

(a) Synthesis by Batch Process 

A typical synthesis (by adding a small volume of the reducing agent to silver nitrate solution) would 

produce homogenous dendritic silver patches with a high yield (Figure 7.2a). However, mixing an 

equal volume of ammonia solution with a solution containing silver nitrate, silica particles and 

formaldehyde produced patchy particles with a low yield, which can be seen from SEM image shown 

in Figure 7.2b. Actually the concentration of each component used here was the same as that for the 

sample shown in Figure 7.2a, the poor patch yield must be the result of the insufficient mixing for the 

fast chemical reaction. However, increasing the concentration should compensate for that. SEM image 

of Figure 7.2c corresponded to the sample prepared with a 20 % increase of all the chemicals‟ 

concentration but that of silica particles. The patch yield was dramatically improved in contrast to the 

sample in Figure 7.2b. Multiple patches per particle and free silver nanoparticles were observed, 

indicating that the chemical reaction was accelerated at higher concentration. As the concentration of 

silver nitrate increased to 160 mM and that of formaldehyde and ammonia increased as well, a faster 

reaction led to the formation of a great number of free silver nanoparticles as the result of homogenous 

nucleation, and the patch yield consequently decreased (Figure 7.2d). Reducing the number of particles 

and the concentration of other chemicals did not help improve the yield, and free silver nanoparticles 

still existed due to the homogeneous nucleation (Figure 7.2 e and f).  
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The combination of four reagents was changed in synthesis to prepare new solutions. A mixture of 

silica and formaldehyde and a solution of ammoniacal silver complex were prepared. After mixing an 

equal volume of these two solutions, no silver patch grew on silica surface by directly observing SEM 

images (Figure 7.2g). It was known that ammoniacal silver complex was more difficult to reduce than 

silver ions,3 and the reaction was not fast enough to promote the formation of silver patches under this 

condition. Moreover, the bad mixing inside a 5 mL round bottom flask should not be neglected. Due to 

the fact that ammonia can interact with formaldehyde,4 premixing ammonium hydroxide and 

formaldehyde would fail the patch synthesis. Therefore, a solution which would fill into one of glass 

syringes was prepared by mixing silver nitrate solution and silica particles with formaldehyde. The 

other syringe was filled with ammonium hydroxide. Based on the obtained samples shown in Figure 

a b c 

d e f 

g 
Figure 7.2 SEM images of particles containing silver patches 
produced by batch process (a) with a typical synthetic recipe, (b) 
by mixing ammonia with a solution of silver nitrate, silica particle 
and formaldehyde of equal volume, by mixing equal volume of 
solution with higher (c and d) and lower (e and f) concentration, 
(g) by mixing the equal volume of ammoniacal silver solution and 
a mixture of silica particles and formaldehyde. Scale bars 
correspond to 300 nm. 
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7.2, a reference synthetic condition was chosen with silver nitrate of 100 μM, 0.0925 % of 

formaldehyde and 0.02 % of ammonium hydroxide, corresponding to the sample in Figure 7.2b.   

(b) Synthesis by Continuous Flow Process  

In the following text, the studies on each influencing parameter will be introduced. Experiments were 

carried out by using two setups of diverse dimensions. For each setup, a set of complete data was 

collected, analyzed and compared.  

Synthesis Process with Setup 1 

Setup 1 was composed of a T-mixer and a stainless steel pipe with diameter of 4 mm, and the pipe after 

the T-mixer had a length of 100 mm. First of all, the same synthesis was repeated four times to validate 

the setup‟s performance. Between each run the piping system was rinsed with abundant amount of pure 

water. To avoid the dilution effect by water, the last 5 mL of product was collected for the offline 

optical characterization and preparing SEM samples. Before the exit of the pipe, an online optical 

measurement device was installed to collect the time-dependent extinction spectrum and to monitor the 

reaction process. A set of online spectra (in Figure 7.3 top) corresponding to the sample shown in 

Figure 7.3a was collected every 10 s. At time zero, the flat extinction curve was due to water filling in 

the pipe. The intensity of signal increased tremendously 10 s after starting the delivery of solutions. The 

spectra had a characteristic plasmonic peak at around 330 nm and a broad peak at between 600 and 700 

nm. Within 40 s the signals did not show great change either in intensity or profile, suggesting a steady 

condition inside of the reactor. However, the intensity of the extinction spectrum collected 10 s after the 

pump was switched off increased abruptly, indicating the growth of patches was still taking place in the 

side of the online flow cell during this period. The offline optical characterization was conducted by 

measuring the extinction spectra of particles suspension inside a cuvette with 1 cm light path. 

Extinction spectra of four samples prepared under the same condition were plotted against wavelength 

in Figure 7.3 (bottom). Comparing with the online measured spectra, the offline extinction curve of 

sample b showed the same features, except a slight increase in the intensity. For all the four samples, 

they demonstrated the similar main features of extinction spectra: a plasmonic peak at 330 nm 

corresponded to the out-of-plane quadrupole resonance of silver patches, a dipole plasmon resonance 

between 600 and 700 nm. However, the position and intensity of the dipole resonances varied from 

sample a to d, suggesting a different patch yield and morphological change. SEM images of the 
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corresponding samples showed us that the patches formed in each sample varied in their size and 

thickness, which resulted in the broad peak at the wavelength between 600 and 800 nm. A major 

morphological difference (dendritic patch vs continuous cup-like structure) was not obvious from SEM 

images, and the low patch yield was due to the production of free silver nanoparticles via homogeneous 

nucleation. Nevertheless, the reproducibility was not as good as expected and it should be considered 

when interpreting the data. 

 

Figure 7.3 SEM images and the corresponding extinction spectra (offline) of silver patches on silica 
which were synthesized under the same condition. The online extinction spectra were recorded from the 
moment the pump starts to deliver solutions till 10 s after the pump stopped.  The scale bars correspond 
to 300 nm.  

In a typical batch synthesis with a reaction volume of 10 mL, the patch yield was poor with a higher 

concentration of silver nitrate (Chapter 4), while a small scale of batch synthesis (4 mL by mixing two 

solutions of equal volume) demonstrated that higher concentration was demanded for a better patch 

yield. This might indicate that the mixing condition was crucial. With respect to this observation, the 

effect of concentration on the patch formation in the continuous flow process was investigated. A term 

called concentration level C* was defined by the relative number of the concentration to that of the 

reference sample (see section 7.2.2). C* varied from 0.6 to 4.6 to explore the concentration effect on 
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patch formation. The concentrations of silver nitrate solution, formaldehyde and ammonium hydroxide 

were changed proportionally but the amount of silica particles was kept constant.  

 
Figure 7.4 (a) Extinction spectra of patchy particles produced with different concentration levels C* at 
a flow rate of 10 mL/min and the corresponding SEM images. (b) The patch yield of samples was 
plotted against concentration level. Scale bars correspond to 300 nm. 

At the flow rate of 10 mL/min, eleven samples were synthesized. Figure 7.4a presented their extinction 

spectra collected by an offline photometer. All of the samples had a quadrupole resonance at around 

330 nm and a broad dipole resonance. The latter was shifted to the longer wavelength, accompanied by 

an increase in extinction intensity, as the concentration level was increased. It suggested the changes of 

the patch yield and patch morphology. From the SEM images (Figure 7.4) of nine selected samples, the 
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patches changed from dendrites to continuous cup-like structure, when C* was equal to 2.2. Dendrites 

merged into continuous patches and became much denser and larger till complete nanoshells were 

formed at C* = 4.0. In all samples, bare silica particles were present. The patch yield calculated by 

counting the number of patchy particles from SEM images is presented in Figure 7.4b as a function of 

concentration level. The increased patch yield with the concentration level followed the same trend 

with the change of extinction intensity. Quantitatively the patch yield was improved 10 times as the 

concentration was around 8-fold higher. At C* = 4.6 the patch yield was above 80 %. For the 

comparison with the batch process, the patchy particles produced in the continuous flow process at a 

slow flow rate had higher yields by increasing the concentration content. 

 
Figure 7.5 SEM images of patchy particles produced with different concentration contents C* at a flow 
rate of 100 mL/min, and their extinction spectra (a) and patch yield (b). Scale bars correspond to 300 
nm. 

Figure 7.5 shows SEM images and extinction spectra of samples prepared with a concentration level C* 

above 3 at a flow rate of 100 mL/min. It was found that silica particles possessed patches of various 

sizes including complete silver nanoshells in all samples. The increased thickness of patch and rough 

surface were the result of a high content of silver ions. In contrast to the samples shown in Figure 7.4, 

the less free silver nanoparticles were produced. Figure 7.5a shows the extinction spectra of samples 

demonstrated similar features: a sharp out-of-plane quadrupole resonance at around 330 nm, a shoulder 

at 490 nm and a substantial broad SPR peak between 600 and 800 nm. The broadening of SPR peak at 
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longer wavelength was consistent with the broad size distribution of silver patches on silica surface. 

The calculated patch yield (Figure 7.5b) based on their SEM images fitted well to their extinction 

intensity at wavelength of 330 nm. Nevertheless, the patch yield obtained at a high flow rate was better 

than that obtained at a low flow rate with the same concentration content, and the yield approached 

90 % at the concentration level of 3.8. As mentioned above in Section 7.1, mixing quality is relative to 

the concentration of a chemical reaction. Therefore, at a higher concentration content a high patch yield 

was possible to achieve, because under this condition the mixing was regarded to have less influence. 

 
Figure 7.6 SEM images of patchy particles produced with concentration level of 3.6 at different flow 
rates varying from 20 to 115 mL/min (at outlet). Scale bars correspond to 300 nm. (a) The patch yield 
based on SEM images was plotted against flow rate. (b) Extinction spectra were collected by an offline 
spectrometer.  



Chapter 7. Continuous Flow Process 
 

 - 182 - 

To further improve the patch yield and to understand of the effect of flow rate on the patch formation, 

the flow rate was controlled in a range from 20 to 115 mL/min while keeping the concentration level 

constant at 3.6. SEM images presented in Figure 7.6 did not show a significant change in patch 

morphology. The six samples shared the common of the presence of bare silica particles, a broad patch 

size distribution, thick patches and rough surfaces, indicating the same growth mode regardless of the 

flow rate. However, particles with multiple patches were more often found in the samples prepared at 

flow rates of 20 and 40 mL/min, and more particles with a single patch were obtained in samples 

prepared at high flow rates (above 80 mL/min). The statistical analysis of the SEM images (Figure 

7.6a) exhibited a patch yield approximate 90 % at the flow rate of 20 mL/min. The yield decreased 

slightly with the flow rate at a turning point of 80 mL/min and increased further to exceed the value of 

90 % at 115 mL/min. Although their extinction spectra of the samples did contain the same features, 

they failed to show a clear correlation to the patch yield. However, the reactor performance as 

presented in Figure 7.3 should be considered. Under the condition of the same concentration content, 

the flow rate was associated directly with the mixing performance of the setup. A poor mixing resulted 

in an inhomogeneous concentration distribution and consequently a poor patch yield, while a better 

mixing led to homogeneous sample with a high yield. In this experiment the patch yield was observed 

firstly increasing and decreasing again with the flow rate. The variation in patch yield stayed in a small 

range, unlike what was shown in Figure 7.4b.  

As Setup 1 was disassembled to replace the T-mixer and the pipe of smaller 

diameter, it was noticed that the inner surface of pipe was covered by a thin 

layer of film (an example is shown in Figure 7.7). The formation of this grey 

layer was probably due to the deposition of silver or silver/silica either by 

gravity force or chemical reaction. Considering that the redox potentials for 

Ag/Ag+ and Fe/Fe2+ were + 0.799 and - 0.44 V referred to the standard 

hydrogen electrode, respectively.5 A chemical reaction might take place 

between silver ions and the component made of T-mixer and the pipe. This interaction on the active 

surface had an effect not only on the reproducibility of the synthesis but also on the growth of patches. 

Therefore, a passivation treatment of setups was necessary to eliminate the side effects. 

Figure 7.7 
Photograph of a 
unit connected to 
T-mixer covered by 
a layer of grey film. 
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Synthesis Process with Setup 2 

In Setup 2, a T-mixer and pipe with a diameter of 1.6 mm were selected, and the pipe had a length of 

2600 mm. Before carrying out synthesis, the reactor was fluxed several times with the solution 

containing silver nitrate, formaldehyde and silica, and ammonium hydroxide to passivate the inner 

surfaces of the reactor. The synthesized samples were collected and characterized by a UV-Vis 

photometer. Figure 7.8a presented the extinction spectra of samples collected during the rinse step. All 

of the spectra had a broad peak at around 500 nm assigned to free silver nanoparticles, and a few of 

them showed a feature at around 330 nm, indicating the formation of patchy particles. However, the 

disordered spectra indicated the disturbance of the active surface of the reactor. Hence, a passivation 

process was conducted by fluxing the system with a massive amount of solutions with all reactants but 

silica particles till a good reproducibility was achieved. After the passivation procedure, the 

reproducibility of continuous flow process by Setup 2 was tested by repeating the same synthesis at a 

flow rate of 12 mL/min. Four samples were prepared and the extinction spectra of Sample 3 were 

collected by online (Figure 7.8b) and offline (Figure 7.8c) spectrometer. The online measurement 

recorded the development of spectra with time. Due to the length of the stainless steel pipe, no signal 

was detected in the first 80 s. Since t = 90 s the extinction spectrum intensity started to increase quickly 

and later remained stable till 140 s, this was due to the dilution by water left in the tube. In 450 s 200 

mL of solutions were delivered by the pump, and the pump was switched off. The photometer kept 

recording the spectra till 480 s and no abrupt jump of spectrum was observed (for comparison with 

Setup 1, see Figure 7.3a). Meanwhile, the online and offline recorded spectra were plotted in the same 

figure (Figure 7.8d), they manifested a great match by showing the same features at around 330 nm, 

525 nm and 575 nm, and the shift of peak position was within 10 nm. This indicated a complete 

reaction inside of the reactor. Moreover, a comparison of spectra of four samples prepared under the 

same condition also confirmed the good reproducibility of the process. Their spectra had the same 

profile and the extinction intensities of the peak at around 330 nm varied in a narrow range. The 

corresponding SEM images (Figure 7.8 on the right) presented the uniform dendritic patches and the 

generation of free silver nanoparticles, which was in good agreement with their optical signals. All 
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these results suggested a good reproducibility of the synthesis with Setup 2 after an effective 

passivation procedure. 

  
Figure 7.8 (a) Extinction spectra of samples collected during the passivation procedure. (b) In situ 
extinction spectra of sample 3 prepared at a flow rate of 12 mL/min. (c) The optical spectra of four 
samples prepared under the same condition were collected by an offline spectrometer. (d) Comparison 
of offline and online extinction spectra of sample 3. The SEM images on the right side corresponded to 
samples in (c). Scale bar was 300 nm. 

Figure 7.9 presents the SEM images of the samples prepared with the concentration level of 3.6 at 

different flow rates in Setup 2. It could be seen that patches obtained at a flow rate of 4 mL/min had a 

broader size distribution from small ones to complete nanoshells, and many particles contained multiple 

patches, as the result of poor mixing. According to the graph of mixing time vs flow rate in Figure 7.1a, 

the mixing time at a flow rate of 4 mL/min for Setup 2 was longer than 1 second (1.24 s). Compared 

with the patch growth of around 10 seconds the mixing indeed affected the patch formation, especially 

the nucleation step. This might explained the broad patch size distribution and multiple patches. At 

higher flow rates, the obtained patches remained the same cup-like structure. However, the size of 

patches varied greatly at a flow rate of 20 mL/min. The corresponding extinction spectra (Figure 7.9a) 

possessed same features (quadrupole resonance at around 350 nm and dipole resonance at around 550 

nm), albeit the intensities varied and no obvious trend was observed. 
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Figure 7.9 SEM images of patchy particles fabricated at different flow rates with the concentration 
level of 3.6. Scale bars correspond to 300 nm. (a) Extinction spectra were recorded by an offline 
photometer. (b) Patch yield was plotted as a function of flow rate.  
 
In Figure 7.9b the calculated patch yield according to 

SEM images was plotted as a function of flow rate. The 

value varied in the range from 50 to 70 % and did not 

show a clear trend with the flow rate. For comparison of 

two setups, a graph of mixing time vs Reynolds number 

was plotted in Figure 7.10. Because of the change of 

reactor‟s dimension, Reynolds number should be selected 

instead of the flow rate for comparison. For Setup 2 the 

mixing time was comparable to that of Setup 1 when the 

flow rate was above 8 mL/min. However, the patch yield did show a great change at same 

concentration level by both setups (Figure 7.6 and Figure 7.9b), a higher value was obtained with 

Setup1. Why obtained patch yield at the concentration level of 3.6 was higher in Setup 1 was not 

understood yet. Simulation work is required to reveal the mixing behaviours inside T-mixer of different 

dimensions. 

For further improving the patch yield, syntheses at higher concentration levels were designed to make 

patchy particles at an intermediate flow rate. Figure 7.11 presents the SEM images of samples 

Figure 7.10 The Reynolds numbers 
corresponding to various flow rates for 
each setup is plotted against the mixing 
time.  
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synthesised at a flow rate of 12 mL/min with varied concentration levels from 1 to 5.8. It should be 

mentioned here that in all samples bare silica particles were present. The sample made with the 

concentration level of 1 contained continuous patches with coarse dendrites at the edge. At the 

concentration level of 1.6, the patches‟s surface was very rough and consisted of small particles, which 

might be formed during the drying step for the SEM sample preparation. Free silver nanoparticles were 

also formed via homogeneous nucleation with the concentration level above 3.4. 

Furthermore, samples prepared with higher concentration contents did not show great morphological 

change by observation of SEM images. However, the morphological change was suggested by their 

optical spectra (Figure 7.11a). They possessed a characteristic SPR peak at around 330 nm and a broad 

peak at around 600 nm, but the extinction intensity increased and a minor redshift of the dipole 

resonance occurred as the concentration level increasing. It was an indication of improved patch yield 

and morphological change. Moreover, the patch yield based on SEM images manifested the clear 

increasing trend of concentration level. The patch yield was approaching 95 %, when the concentration 

level was 5.8, which did not result in the production of free silver nanoparticles. 

In Chapter 4, the effect of temperature on the patch formation has been systemically discussed. In the 

batch process, the yield increased firstly with the temperature and then decreased due to the 

competition of homogenous and heterogeneous nucleation. At 50 °C a patch yield of 100 % was 

achieved, so all the syntheses mentioned above in this chapter were carried out at this temperature. 

Could the patch yield be improved to 100 % by altering the temperature in the continuous flow 

process? To answer this question, several samples were prepared at temperatures of 25, 30, 40, 50, 60 

and 70 °C at a flow rate of 12 mL/min. SEM images of synthesized samples are shown in Figure 7.12. 

Since waster was selected as the solvent, gas bubbles would be generated inside of the steel pipe at the 

temperatures above 70 °C, which would affect the mixing and monitoring the in situ optical signals, no 

sample was prepared at temperature higher than 70 °C. 
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Figure 7.11 SEM images of samples prepared at a flow rate of 12 mL/min in Setup 2 with various 
concentration levels. Scale bars correspond to 300 nm. The correspondent extinction spectra (a) 
demonstrated an increased intensity with the concentration content, (b) Patch yield was plotted as a 
function of concentration level.  

Here it should be mentioned the reactions were carried out at a concentration level around 4 but more 

formaldehyde used. It could be seen that the obtained patchy particles had very uniform structures. At 

temperatures below 50 °C the patches with rigid edges were continuous, while the patches obtained at 

temperatures of 60 and 70 °C had dendritic-like edge. At these temperatures, more silver nanoparticles 
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were produced. This observation was quite similar to what was observed from the samples prepared by 

batch process, in which the morphological transition from continuous patches to dendrites with 

increasing temperature. Although no clear trend was seen from their extinction spectra (Figure 7.12), 

statistical results based on SEM images presented an improved patch yield with temperature. At this 

concentration content (see Table 7.5), the sample prepared at 25 °C had a higher patch yield (80 %) 

than that of the sample from batch synthesis at the sam temperature. The patch yields were 

approximately 100 % at 60 and 70 °C, higher than 95 % for samples prepared at 40 and 50 °C.  

 

Figure 7.12 SEM images of patchy particles synthesized with 400 µM silver nitrate at a flow rate of 12 
mL/min at different temperatures. Scale bars correspond to 300 nm. (a) Extinction spectra were 
collected by an offline photometer. (b) The patch yield was plotted as a function of temperature.  

In batch process, synthesis with a large volume caused a bad yield due to the bad mixing. In a typical 

synthesis mentioned in Chapter 4, reaction volume of 10 mL was able to process silica particles of 0.05 

mg, and the whole process took more than 30 minutes including the aging step. However, in the 
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continuous flow synthesis a large volume of solution was processed in a short period, dependent on the 

flow rate and setup‟s dimension. For example, an amount of 2.5 mg silica particles was processed with 

the Setup 1 in a minute. The efficiency was significantly improved. Besides, an automatic control of the 

synthesis process was realized by utilizing a computer; the operation error by the conductor in the batch 

process would be avoided. The approach to synthesize silver patches on silica was transferable from 

batch to continuous process, with a good yield, morphological tunability and high efficiency. 

7.3.3 Fabrication of Gold Patches on Cationic PS 

Similar to the method introduced in Section 7.3.2, the fabrication of patchy particles by mixing the 

equal volume of two solutions containing all reagents was conducted in a batch mode, to find a 

synthetic recipe for continuous flow process and for the comparison two processes. The details for each 

synthesis are listed in Table 7.5 and Table 7.6. 

(a) Synthesis by Batch Process 

Figure 7.13a shows the SEM image of dendritic patches produced under a typical synthetic condition 

(see Chapter 6 experimental part). However, the synthesis was done by mixing equal volume of 

chloroauric acid with a solution containing ascorbic acid and PS spheres, without changing the molar 

ratio of ascorbic acid to gold ions. 

 

 

 

 

 
Figure 7.13 Gold patch formed on PS spheres by a batch synthesis (a) under a typical synthetic 
condition, by adding a portion of chloroauric acid into a mixture of PS particles and ascorbic acid, by 
mixing two solutions of equal volume with components having (b) half and (c) a quarter of the 
concentration of the sample in (a). Scale bars correspond to 250 nm.  

It resulted in the formation of spheroidal nanoparticles, which closely distributed in a small zone and 

formed patch-like structures (labelled by red circles in Figure 7.13b). Further decrease in the 

concentration of reagents (chloroauric acid, PS particles and ascorbic acid) in the reaction led to the 

a b c 
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formation of randomly distributed gold spheroids on the surface, even when the ratio of ascorbic acid to 

chloroauric acid was 667. The results confirmed that the reaction volume and mixing behaviour played 

roles in the process. 

The samples shown in Figure 7.13b were prepared with a solution of chloroauric acid with 

concentration of 75 µM (after mixing). The use of the solution of chloroauric acid of 150 µM for 

preparing a sample in the continuous flow process would consume a volume of 50 mL and it would 

increase incredibly the experimental cost. Therefore, a recipe to synthesize gold patches with a low 

concentration of chloroauric acid solution was required. From the work of the silver patch formation on 

silica, it was known that reaction above room temperature could improve the patch yield and tailor the 

patch morphology (Chapter 4, Figure 4.2), while the temperature had a minor effect on the gold patch 

formation (Chapter 6, Figure 6.6) when the concentration of gold ions was higher (0.15 mM after 

mixing). However, temperature would affect the patch formation greatly when the concentration was 

low, as shown in Figure 7.14. Samples shown on the left side of Figure 7.14 were prepared at 40, 50, 60 

and 70 °C with the same concentration as that of the sample shown in Figure 7.13b. The patch-like 

structures formed by loosely distributed gold spheroids turned into very fine dendritic structures at 

50 °C, although the patch size was smaller than that at higher concentrations. At 40 °C an intermediate 

structure of gold islands was observed, some of them connected at the centre of the pseudo-patch 

region. Further elevating the temperature to 60 °C led to the shrinkage of patch size and an increase in 

the number of patches per particle. At 70 °C the pearling of patches appeared, similar to the structure 

formed at 40 °C. At 50 °C using a less amount of ascorbic acid and chloroauric acid while keeping the 

same amount of particles caused decrease in the patch size and the reduction of patch number per 

particle (Figure 7.14 a and b), and the dendritic structures remained. This observation was a supplement 

to the work introduced in Chapter 6 that the dendritic patches could be form in a diluted system above 

the room temperature. A reaction at higher temperatures and a high ratio of ascorbic acid to chloroauric 

acid (667) was responsible for the structure formation. In the DLA simulation (Chapter 6), it was 

assumed that the binding rate of gold to gold clusters located on PS surface was increased higher 

temperatures. An increase in the sticking parameter s in the DLA simulation led to the generation of 

thinner dendrites. Moreover, the fraction of deprotonated species of ascorbic acid varied with 
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temperature, which affected the adhesiveness of PS surface to gold. Hence, the condition for preparing 

the sample shown in Figure 7.14b was selected to conduct the synthesis in the continuous flow process. 

 
Figure 7.14 SEM images of gold patches on PS spheres synthesized at 40, 50, 60 and 70 °C by batch 
synthesis. (a and b) At 50 °C, gold patches were formed with less concentrated ascorbic acid and 
chloroauric acid. The concentration of chloroauric acid and ascorbic acid in (a) was the half of that in 
(b) (exact values seen in Table 7.3). Scale bars correspond to 250 nm.  

(b) Synthesis by Continuous Flow Process 

It has been observed that the formation of gold patches on PS surface by ascorbic acid reducing 

chloroauric acid was slower than the growth of silver patches on silica. Therefore, in order to ensure a 

complete reaction inside the reactor, Setup 2 was modified by replacing stainless pipe by polyamide 

(PA) tubing with the same diameter and a length of 2 m. Syntheses were conducted firstly at flow rates 

in the allowed range at 50 °C. The obtained samples were observed under SEM to characterize the 

structure formed on the PS surface, the corresponding SEM images are shown in Figure 7.15. Small 

patches were formed regardless of flow rate at which the sample was prepared. However, at a low flow 

rate (10 mL/min) spheroidal gold nanoparticles were more likely to form, the number of which 

decreased with increasing the flow rate. It was an evidence of homogeneous nucleation due to the bad 

mixing at a low flow rate. Better mixing at high flow rates eliminated the production of free gold 

nanoparticles and enhanced the patch yield. At the flow rates of 80 and 100 mL/min, either the patch 
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yield or the morphology did not display obvious change. Hence, the flow rate of 80 mL/min was chosen 

for the following studies of the effect of concentration on the patch formation. 

 
Figure 7.15 SEM images of samples prepared by using a T-mixer at different flow rates at 50 °C. Scale 
bars correspond to 250 nm.  
 

 
Figure 7.16 SEM images of samples prepared with ascorbic acid of various concentrations at a flow 
rate of 80 mL/min (at 50 °C) and chloroauric acid of 18.75 µM. Scale bars correspond to 250 nm.   
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In Chapter 6, it has been demonstrated that ascorbic acid affected the interaction of PS sphere surface 

with gold and consequently determined the patch morphology. Specifically a high concentration of 

ascorbic acid (above 1 mM) promoted the formation of dendritic patches, while at lower concentrations 

(below 0.5 mM) spheroidal gold nanoparticles on PS spheres surface were generated. In the continuous 

flow process, the variation of ascorbic acid concentration covered in a range from 2.5 to 75 mM (the 

concentration of ascorbic acid before mixing) to test its effect when the concentration of chloroauric 

acid was low, in comparison with batch process. Without changing the amount of PS spheres, the SEM 

images shown in Figure 7.16 demonstrated that the patch yield as well as the number of patches per 

particle decreased as reducing the concentration of ascorbic acid solution, although the molar ratio of 

ascorbic acid to chloroauric acid was much higher than the stoichiometric point. In ascorbic acid 

solution of 25 mM, the obtained sample had the structures similar to that prepared by a batch process 

(Figure 7.15), and the patch yield was approximately 100 %, but the production of spheroidal gold was 

observed. The samples made in ascorbic acid of below 12.5 mM had larger patches and their structures 

were finer. 

 
Figure 7.17 SEM images of samples prepared with ascorbic acid of 25 mM and chloroauric acid of 
various concentrations at the flow rate of 80 mL/min (50 °C). Scale bars correspond to 250 nm.      
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Figure 7.17 shows the SEM images of samples produced by decreasing the concentration of chloroauric 

acid from 56.25 to 1.375 µM at a flow rate of 80 mL/min at 50 °C while keeping ascorbic acid 

concentration at 25 mM. High concentrations of chloroauric acid (56.25 and 37.5 µM) led to the 

formation of larger patches and a high patch yield. The concentration was 9.375 µM resulted in that the 

patches were rather small and each core particle contained only a few patches. However, it was possible 

to identify the dendritic structures. Further decreasing the concentration of chloroauric acid solution to 

3.75 and 1.375 µM was not able to promote the formation of patches, due to the deficiency of gold 

atoms available for the growth.  

The results shown in Figures 7.16 and 7.17 confined the concentration range of ascorbic acid and 

chloroauric acid, which allowed the growth of gold patches at the selected flow rate. Large and fine 

dendrites were always benefited from higher concentration. Compared with results from batch 

synthesis, the concentration of ascorbic acid had greater influence on the patch yield, and the size of 

patch was determined by the amount of gold available for the growth. Nevertheless, the continuous 

flow process was confirmed to be an effective way to produce the same structures as those produced by 

batch processes. Last but not least, the efficiency of the patchy particles production was dramatically 

improved. For example, the operation of the setup at 80 mL /min enabled to process an aqueous 

solution of 200 mL in 75 seconds. The production of patchy particles at gram scale is able to achieve by 

choosing a pump allowing the delivery of large volume. 

7.4 Summary and Conclusion 

In this chapter the syntheses of silver patches on silica and gold patches on cationic polystyrene 

particles were explored by continuous flow processes. A T-mixer was selected and an online 

measurement device was equipped to monitor the growth of patches. A series of experiments was 

designed to test the effects of the various parameters, such as concentration, temperature and flow rate, 

on the patch formation. In the case of silver patches synthesis, this approach demonstrated its advantage 

to produce the structure with tunability, from continuous cup-like patches to dendritic patches, and 

complete silver nanoshells have also been synthesized. This continuous flow process by using a T-

mixer was not only able to reproduce structures generated in the batch mode, but also demonstrated its 

excellence at processing a large amount of sample over a shorter period compared with batch process. 
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The efficiency was significantly improved. It was an important step towards upscaling the production 

of patchy particles by the developed approach. 
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8. Summary and Outlook 
 

In this work, the synthesis of metallic patchy particles by a liquid phase approach was investigated. The 

developed one-pot routes were able to fabricate silver, silver/gold, gold and platinum patches on Stöber 

silica particles, amorphous titanium oxide particles and polystyrene particles, via electroless deposition. 

Thin, conformal patches were formed due to heterogeneous nucleation and surface diffusion mediated 

growth. The formation of metallic patches was found depend on the surface properties of the core 

particles, the meal precursor and other reagents used and the reaction kinetics. It was demonstrate how 

control of these parameters could lead to the high yield synthesis of a series of patchy particles with 

controlled patch morphology. However, a precise control over the patch size and the number of patches 

per particle by this method remains challenging. 

It has been shown in the literature that model patchy particles can self-assemble into ordered structures. 

This self-assembly demands a precise control over the position, number and the size of patches. 

However, the patches produced by this method have a broad size distribution and the number of patches 

per particle varied. In order to synthesize uniform patchy particles with strict control over these 

features, the following strategies can be applied. The pretreatment of particles surface before the 

electroless deposition of metal might enable the growth of patches on the treated or untreated the 

surface of particles. However, the surface pretreatment will increase the number of the operation steps 

and limit the production at large scales. Alternatively, the use of structured core particles (e.g. spheres 

with regular porous structures or channels) might affect the nucleation position of metal patches. 

Moreover, the shaped core particles, such as nanocubes, nanoprisms and polyhedrons, might also lead 

to the growth of patches at a certain location since the curvature and surface energy vary from different 

surface motifs. Crystalline core particles are also a promising substrate for the purpose of controlling 

the patch position. The exposed facets of different surface energies and orientations of crystals will 
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direct the nucleation and growth, and crystal lattice similarity or mismatch will facilitate the deposition 

of metal selectively and the growth in an epitaxial way. In addition, using magnetic particles aligned 

under an applied external field might help produce patches at certain positions. 

In Chapter 7, the synthesis of patchy particles by a continuous flow process has been discussed. Here, a 

T-Mixer was selected to mix two streams of solutions containing all the components, and the results 

demonstrated the efficient and reproducible production of patchy particles with excellent morphological 

control. Compared with other reported methods, the approach of electroless deposition of metal offers 

the potential to fabricate patches of different material with various shapes at large scales, regardless of 

the composition of the core particles. However, the optimization of the process is still required to 

synthesize uniform patches and to improve the performance. Moreover, a real time feedback-driven 

control of the process should be introduced to produce target structures. 

The plasmon resonances of silver, silver/gold or gold patches produced in this work demonstrated the 

dependence on the size and the morphology of patches, and were tunable from the visible to the near IR 

regions. This makes them interesting for application in sensors, optoelectronics or for nanomedicine. 

The simulated optical spectra of silver patches on silica particles have been obtained (Chapter 4). 

However, the extinction spectra of the synthesized samples did not show the same features as 

simulated, due to the inhomogeneous patchy structures, albeit the same trend of plasmon resonance 

shifting with the patch sizes was observed. Moreover, in practice particles with multiple patches of 

various morphologies were obtained so that the interpretation of optical property became difficult. 

Hence, the simulation of the optical properties of the particles with multiple patches or dendritic 

patches should be conducted. Understanding the correlation between the optical property and patchy 

structure, e.g. size, thickness and morphology, is essential to design structures with desired properties 

and to achieve a real time feed-back driven control during the continuous process. 

The kinetics of the patch formation, which has not been thoroughly explored yet, is of importance to 

complete the proposed growth mechanism. The preliminary results have demonstrated how the process 

was affected thermodynamically and kinetically. Systematic kinetic studies of each case will help 

reveal the whole process of patch growth. Questions such as how the patch growth rate and mode are 

affected by changing the chemical reaction rate and the surface property of cores will be answered. It 
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has already been observed that for the same metal precursor, only one or two reducing agents can 

ensure the formation of patchy particles. The quantitative information of kinetics will contribute to the 

selection the reactants, to predict the formed structures and to synthesize the structures of other 

materials, such as copper or nickel. 

Last but not least, the application of patchy particles is the final aim of the work. Considering the novel 

properties resulting from the anisotropic structures, they will find usages, like as catalysts, sensors, or in 

drug delivery. The gold patches on the positively charged PS (Chapter 6) had very fine dendrites, 

possibly making them perfect candidates as SERS sensors. To this end, the preliminary work has shown 

a significant Raman scattering enhancement of 4-nitrophenol detection by using gold dendritic patchy 

particles as the substrate. However, a more detailed study of this is needed in the future. 
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