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ABSTRACT 

This work compromises the preparation of FS-based anisometric supraparticles, improvement and 

modification of these supraparticles to obtain patchy particles with the aim of producing self-

propelling particles and the motion analysis of the self-propulsion studies. 

The starting point was to obtain fumed silica (FS) based anisometric supraparticles. With the 

addition of electrolyte to the FS-based colloidal mixture it was possible to obtain anisometric 

supraparticles. To do that, FS dispersions were mixed with NaCl and 3µl droplets of the colloidal 

mixture were employed on superhydrophobic surfaces to produce anisometric supraparticles via 

EISA (Evaporation induced self-assembly) method. The effect of ionic strength was examined by 

varying the NaCl concentration and to see the effect of the specific surface area of the FS, 3 

different FS types with 90, 200 and 300 m2 / g were used. 

In addition to NaCl, other electrolytes / additives and their influence on the drying kinetics of the 

FS-based particles were also examined. NaF, PEG and spermine were the additives used here. 

In the second part of this work, Fe3O4@Pt catalyst was incorporated into the anisometric 

supraparticles to obtain patchy particles. By knowing the fact that H2O2 decomposition is a metal 

catalyzed reaction, our goal was to obtain a system in which particles are self-propelling via bubble 

propulsion mechanism. Pt catalyst embedded patchy particles worked as microswimmers in the 

presence of the fuel, H2O2. The main obstacle here was the mechanical stability of the particles. 

Therefore, with different modification techniques including hydrophobization agent, heat 

treatment and additives; 4 classes of particles were produced.  

Third part consists of the detailed analysis of the outcome obtained from self-propulsion studies. 

Trajectories of the particles were analyzed and correlated with the composition of the relevant 

supraparticles. 
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Zusammenfassung 

Diese Studie befasst sich mit der Herstellung von FS-basierten anisometrischen Suprapartikeln, 

der Verbesserung und Modifikation solcher anisometrischer Suprapartikel mit dem Ziel der 

Herstellung von Partikeln mit Domänen sowie der autonomen Bewegung solcher Partikel und der 

Analyse dieser Bewegungsprozesse.  

Der Ausgangspunkt hier war die Herstellung von anisometrischen Suprapartikeln auf der Basis 

von Fumed Silica (FS). Durch den Zusatz von Elektrolyt zur FS-basierten kolloidalen Mischung 

war es möglich anisometrische Suprapartikel zu erhalten. Für diesen Zweck wurden FS 

Dispersionen mit NaCl versetzt und 3 µl Tropfen der kolloidalen Mischung wurden auf 

superhydrophoben Oberflächen durch Eintrocknung in Suprapartikel überführt (EISA: 

Evaporation induced self-assembly). Der Effekt der Ionenstärke wurde durch Variation der NaCl 

Konzentration untersucht und auch der Effekt der spezifischen Oberfläches des FS, wobei hier 3 

unterschiedliche FS Typen mit 90, 200 und 300 m2/g untersucht wurden.  

Neben NaCl, wurden auch andere Elektrolyte/Additive und ihr Einfluss auf die Trocknungskinetik 

der FS-basierten Partikel untersucht. Hier wurden NaF, PEG und Spermine untersucht. 

Im zweiten Teil dieser Arbeit wurde Fe3O4@Pt Katalysatornanopartikel in anisometrische 

Suprapartikel eingebaut mit dem Ziel, hier „patchy particles“ zu erhalten. Der Pt-katalysierte H2O2 

Zerfall und die daraus resultierende Bildung von Sauerstoffblasen ist eine Möglichkeit autonome 

Bewegung bei Suprapartiklen zu initiieren. Dabei wurde H2O2 als Treibstoff gewählt und 

Suprapartikel mit integriertem Pt Katalysator wurden als Mikroschwimmer untersucht. Geeignete 

Suprapartikel wurden hergestellt, hatten aber das Problem limitierter mechanischer Stabilität. Aus 

diesem Grunde wurden 4 Klassen von modifizierten Partikeln hergestellt, bei denen 

Hydrophobisierungsagens, Heizbehandlung und Additive systematisch variiert wurden.   

Im dritten Teil wurde eine detaillierte Analyse der autonomen Bewegung der unterschiedliche 

Suprapartikel durchgeführt. Die Bewegungsgmuster wurden analysiert und mit der 

Zusammensetzung der betreffenden Suprapartikel korreliert.  
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Colloids 

The word colloid originally comes from the Greek word “kolla” meaning glue. Colloid systems 

have been existing since centuries but the first observations were made by Juncher and 

Macquer in 1774 by defining colloidal systems of gold particles as ‘extremely finely divided 

gold in a fluid’1; and continued with Selmi who spent the first sentences in 1845 by describing 

pseudosolutions2. Faraday followed him by investigating the optical properties of gold sol 

having ~3nm radius in 18573. In 1861, Thomas Graham took part in the field by conducting 

the rate of diffusion experiments and he was the first person using the word “colloid” to define 

Selmi’s pseudosolution4. Graham divided the solutions into two kinds: solutions in which 

dissolved species can diffuse through the membrane and solutions without and diffusion 

observed. Graham mentioned that colloids do not diffuse as dissolved species are larger than 

the pores of the membrane1. 

Then, based on IUPAC definitions, the term colloid was defined as a dispersion composed of 

molecules or particles having at least one dimension between 1 nm and 100 µm5. Based on the 

size scale of colloids, microscopic methods are suitable for investigations of the colloidal 

systems. A size scale is drawn in the figure below with some examples from nature to clarify 

where the colloids stand among other structures in the universe (Figure 1.1). 

 

Figure 1.1: Sizes and characterization methods at all scales-from atom to human 



 

2 
 

Colloidal systems “an intermediate class of materials between bulk and molecularly dispersed 

systems”6 consist of two phases, called dispersed (internal) phase and continuous (external) 

phase. The system is named based on the states of matter used as internal and external phases; 

however, the most common combinations are composed of solid or liquid particles dispersed 

in a liquid medium7 (see Figure 1.2). 

 

Figure 1.2: Schematic illustration of a colloidal system 

Colloidal systems are homogeneous mixtures but not solutions; therefore, they are not stable 

in time8.  The stability of the colloids depends on both nature of the dispersion medium and 

nature of the colloid. For a colloidal system to be stable, electrical properties and sizes of 

colloids, play the most important role. By characterizing the stability with the interaction 

energy of the particles, DLVO theory well-defines the stability of colloidal systems7–9. 

Gravitational effects are negligible for colloidal particles as they are so small and light 

particles. Due to very small size, colloidal particles have high surface areas, which enables 

them to be used in many application areas (see Table 1.1).  
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Table 1.1: Nomenclature and some examples of different type of colloidal systems  

Internal Phase External Phase Name of the 

System 

Examples 

Solid Solid Solid Sol Porcelain, Alloy 

Solid Liquid Sol Ink, Toothpaste, 

Starch 

Solid Gas Solid Aerosol Inhalers 

Liquid Solid Gel Cheese, Pearl, Opal 

Liquid Liquid Emulsion Milk, Cream 

Liquid Gas Liquid Aerosol Fog, Spray, Mist 

Gas Solid Solid Foam Styrofoam 

Gas Liquid Foam Fire extinguisher 

Gas Gas Unknown - 

 

1.2 Colloidal Stability  

In general, a stable colloidal system is desirable for many applications. However, in some 

cases, such as waste-water treatment, flocculation-opposite of stability- could be very useful. 

For the potential application areas of the colloidal system, determination of the 

stability/flocculating properties of the system has the key responsibility and the most common 

techniques for determination could be listed as UV-VIS spectroscopy, turbidimetry, dynamic 

light scattering, zeta potential and density measurements. Talking about the stability, 4 main 

types could be named for the colloidal systems: kinetic, thermodynamic, electrostatic and steric 

(depletion). Controlling the stability or flocculation properties is ensured with the addition of 

surfactants or polymers by changing the interphase properties (see Figure 1.3 & 1.4)12.  
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DLVO theory9,10 mentioned in the previous section, defines the stability with the interaction 

energies of the particles in the system11. Stabilization methods compromise steric, electrostatic 

and depletion stabilization. In steric and electrostatic stabilization, polymer is attached to the 

surface of the particle, whereas, in depletion stabilization, polymer is not adsorbed on the solid 

particles. In electrostatic stabilization, an ionic polymer is used, while in steric stabilization the 

polymer adsorbed on the surface does not carry any electrostatic charge12. Additionally, 

depletion stabilization is achieved with free polymer chains by decreasing the attraction 

between the particles as a result of their placement between the solid particles13.   

 

Figure 1.3: Stabilization mechanisms with the addition of polymer. Reproduced from ref 12.  

As mentioned before, addition of macromolecules may stabilize or destabilize/flocculate the 

system. Two main mechanisms of flocculation occur with the polymer addition to the colloidal 

systems: bridging flocculation and depletion flocculation. Bridging flocculation is observed 

when two or more colloidal particles are linked with the polymer chains adsorbed on the solid 

surface. Depletion flocculation occurs with the aggregation of solid particles due to the 

unadsorbed macromolecules surrounding13.   
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Figure 1.4: Flocculation mechanisms with the addition of polymer. Reproduced from ref 12 

1.3 Janus Particles 

Janus particles, in other words patchy particles, is a hot topic for the last few decades. The 

interest on Janus particles has been increasing year by year (see Figure 1.6). The word “Janus” 

stems from an ancient Roman God-Janus. This God has two faces one looking at past and one 

looking at the future at the same time. Janus particles are named after The Roman God; as both 

the particles and the God represent a unique structure having two opposite sides. In principle, 

Janus particles are anisotropic colloids containing two incompatible parts in the same 

structure14,15. This incompatibility could be obtained by either giving them shape-wise or 

composition-wise asymmetry. In the figure below, there are some schematically drawn 

particles to show different types of asymmetry as examples in the figure below.    
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Figure 1.5: Schematic diagram of shape-asymmetric and composition-asymmetric colloidal 

particles. Reproduced from ref 16 

As it is seen in the Figure 1.5 and mentioned before, Janus particles could be either shape, or 

composition-wise anisometric. Additionally, hybrid particles in which both shape and 

composition anisometry are shown, have been attracting the interest of scientists.  

 

Figure 1.6: Statistics of published items on “Janus Particles” between 2000-2019 (access: 

08.10.2019) [retrieved from web of knowledge17] 

“Janus particle” as a term, universalized by de Gennes18 after the study “Janus Beads”19: 

Realization and Behavior at Water/Oil Interfaces was published from his research group.  
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Janus particles can be classified with respect to different parameters like content, shape etc. 

They could be composed of polymeric, inorganic, organic-inorganic, and polymeric-inorganic 

materials20–22. Based on the morphology, Janus particles may be sphere, rod, cylindrical, disk-

like, dumbbell-like, snowman-like, acorn-like, and raspberry-like21,23.  

Janus particles have wide variety of application areas including biologic24 (sensing and 

isolation, drug delivery, nano surgery, imaging), nano- / micro-motors24,25 and catalysis25 etc. 

1.3.1 Janus Particle Synthesis Methods 

There are several methods used to synthesize or prepare Janus particles reported in literature. 

Depending on the purpose of usage, materials and procedure limitations, different methods 

could be used. The main 3 methods can be named as self-assembly, masking and phase 

separation of a heterogeneous mixture (see Figure 1.7)26,27. In addition to these 3 main 

methods, seeded polymerization (nucleation process) and emulsion solvent evaporation 

method (pickering emulsion) are the other preferred techniques depending on the system.   

 

Figure 1.7: Schematic illustration of three main pathways for Janus particle preparation. 

Reproduced from ref 27  

1.3.1.1 Self-Assembly of Block copolymers28  

Janus particle synthesis via self-assembling of block copolymers is based on crosslinking of 

AB and BC copolymers. A and C are compatible with B copolymer; however, incompatible 

with each other. Additionally, A and C should be both soluble in a suitable solvent. To combine 
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them, AB and BC blocks are prepared separately and by crosslinking two blocks, ABC type 

block copolymer is obtained. This procedure is followed by precipitation during solvent 

evaporation. For the particle morphology, one should carefully adjust the weight fraction of B.     

 

Figure 1.8: Janus particle synthesis via self-assembly. Reproduced from ref 28 

1.3.1.2 Masking 

This method is simply surface modification of one portion of the particle while immobilization 

of the other part. Immobilization is achieved by entrapping the particles at a solid or in a liquid 

interface via pickering emulsion, planar solid substrate or wax28,29. To functionalize the 

particles, ligands, antibodies, small molecules, functional moieties, metallic coatings and 

superparamagnetic nanoparticles are some potential candidates to be used30.     

 

Figure 1.9: Janus particle synthesis via masking by using wax. Reproduced from ref 28 
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1.3.1.3 Droplet Based Phase Separation 

In droplet-based phase separation method, droplet formation occurs on the tip of a nozzle fed 

by two side-by-side channels merging into a single channel. Droplet-based phase separation 

procedure could be either microfluidics or electrohydrodynamic co-jetting, these two methods 

are commonly used in biodegradable Janus particles31–33. In former case, microfluidic devices 

work as templates for Janus particle synthesis via single emulsion, oil-water-oil double 

emulsion, or polymerization of monomers in aqueous solution32,33 while in latter case, aqueous 

solutions of polymers are used28.  

   

Figure 1.10: Left: Microfluidic photopolymerization system Right: Electrospinning using a bi-

phasic nozzle. Reproduced from ref 29   

1.3.1.3.1 Microfluidics 

Microfluidics is a very common method to fabricate not only Janus particles but also 

homogeneous particles. To fabricate Janus particles, there should always be two separate 

streams flowing parallel, instead of one stream. Additionally, the interface between two fluids 

should be stable. To successfully prepare desired Janus particles, two channels coordinatively 

working and a stable interface should be ensured. Janus geometry in microfluidic method could 

be achieved via UV-radiation (see Figure 1.10-left), heat or chemical treatment33. 
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1.3.1.3.2 Electrohydrodynamic Co-Jetting 

Electrospinning technology has been used to obtain nanofiber/nanoparticles for a decade. 

However, since 1990`s there was not a real interest on this technique except filter industry34. 

This technique is based on a system with two channels filled with polymers (see Figure 1.11), 

and when exposed to an applied voltage, the bipolar liquid is formed between the tip and the 

substrate (collector screen). The nanocolloids fabricated with this process, could take place in 

many application areas like drug delivery, molecular imaging or guided self-assembly35.  

 

Figure 1.11: Biphasic electrified jetting using side-by-side dual capillaries. Reproduced from 

ref 35 

1.3.1.4 Seeded Polymerization 

Seeded polymerization or so-called seeded emulsion polymerization (SEP) is a suitable 

technique to obtain dumbbell, acorn-like and snowman-like morphologies23,36. This technique 

comprises controlled nucleation and growth of two immiscible or incompatible polymers or a 

polymer and an inorganic material28. Crosslinked polymer seed particles are swollen with 

polymerizable monomer. Polymerization starts in the aqueous phase upon heating with the 

formation of free radicals and the addition of the first monomer units23,28.  

Temperature, monomer/polymer swelling ratio, affinity of monomer to polymer, crosslinking 

density, interfacial tension, monomer concentration, hydrophilicity of the cross-linked particle 

surface,  and the size of the seeds are the important parameters affecting the final morphology 

of the synthesized particles37–39. SEP is a useful technique to be scaled up for industrial 

applications and it has advantages of high monodispersity, low cost and versatility37. 
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Figure 1.12: Schematic illustration of seeded polymerization technique to synthesize Janus 

particles. Reproduced from ref 36 

1.3.1.5 Emulsion Solvent Evaporation Method 

This method has been used to obtain polymeric micro- and nanoparticles by using oil-in-water 

emulsion within the last 40 years. Emulsion solvent evaporation method comprised of an oil 

phase with a binary mixture of two incompatible polymers dissolved in a common solvent; and 

an aqueous phase consists of water and a surfactant. The oil phase is added to the aqueous 

phase and with the help of shear, oil-in-water emulsion is obtained28.   

 

Figure 1.13: Schematic illustration of emulsion solvent evaporation method to synthesize Janus 

particles. Reproduced from ref 28 

1.4 Self-Propulsion 

Self-propulsion, as a term, was first used in 1874 meaning propulsion by one’s own power.  In 

science, this phrase is defined as the ability to convert chemical or external energy into 
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mechanical motion for the structures mentioned as micro- and nano-motors referring to both 

natural and artificial motors24,40.   

Janus particles or in other words Micro-and Nano-motors could have variety of possibilities 

for self-propulsion. Abdelmohsen et. al. made a simple and useful frame regarding fuel 

dependencies and self-propulsion mechanisms of Micro- and Nano-Motors24. These tiny 

motors could be either fuel powered (H2O2, glucose, water, acid, base); or fuel free 

(Magnetically, electrically, light, ultrasound, living organisms driven) or a hybrid 

system24,41,42.  

Propulsion mechanisms of these tiny motors could be investigated under 2 main titles with 

respect to the direction of motion: Towards the catalyst or Away from the catalyst24. For Janus 

particles, there are simply 4 propulsion mechanisms24,25,41: Self-Diffusiophoresis, Bubble 

Propulsion, Self-electrophoresis and Interfacial Tension Motion Induced Propulsion, the 

direction of motion in self-diffusiophoresis and bubble propulsion is away from the catalyst 

while it is towards the catalyst in Self-electrophoresis and interfacial tension motion induced 

propulsion24,25. When spherical Janus particles are handled, 3 main propulsion mechanisms are 

mentioned: Self-Diffusiophoresis, Bubble Propulsion and Self-electrophoresis; in all of these 

mechanisms, particle motion is observed in the opposite direction of the catalyst25 (see Figure 

1.14).    

 

Figure 1.14: Different propulsion mechanisms for spherical Janus particles: A: Self 

Diffusiophoresis, B: Bubble-Propulsion, and C: Self-Electrophoresis. Reproduced from ref 25 

1.4.1 Self-Propulsion Mechanisms 

1.4.1.1 Away from the Catalyst 

In bubble propulsion mechanism, a fuel is decomposed by a catalyst. Decomposition of the 
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fuel results in micron sized gas bubble formation and when the bubbles burst, the particles 

start to move in the opposite direction of catalytic side as in the previous mechanism43 (see 

Fig. 15-a). The most common system studied related with bubble propulsion mechanism is 

with platinum as a catalyst and H2O2 as a fuel24. In these systems H2O2 is decomposed into 

H2O (aq) and O2(g).  

Self-diffusiophoresis is based on concentration gradient of the decomposition products in the 

system. In general, asymmetric catalytic motors show self-diffusiophoretic motion. Catalyst 

is positioned with the motor to accumulate the decomposition product of the fuel. When the 

accumulated decomposition products reach to a critical level, decomposition products start to 

decompose due to the high local concentration and this generates the motion of the motor in 

the opposite direction of the catalyst42 (see Figure 1.15-right). 

 

Figure 1.15: Schematic illustration of propulsion mechanisms in the opposite direction of the 

catalyst: Left: Bubble propulsion, Right: Self-diffusiophoresis. Reproduced from ref 41   

1.4.1.2 Towards the Catalyst 

Interfacial tension motion induced propulsion is defined for the systems in which a large 

quantity of product is generated near or at the catalytic site42. The motor here has two parts of 

Au and Pt. Generated oxygen as a result of the decomposition of H2O2 at Pt side produces 

large bubbles at the gold interface. These large bubbles form a hydrophobic layer on Au side 

and interfacial tension at that end becomes lower than the Pt end inducing the motor to propel 

in the direction of Pt (see Figure 1.16-left).  

Self-electrophoresis propulsion mechanism is based on an electric gradient generated inside 

asymmetric conductive bimetallic rods. The rod could be matched with an electrochemical 



 

14 
 

cell since one metallic end acts as the anode and the other as the cathode. Pt (as anode) end is 

the location for H2O2 to be oxidized by forming protons and electrons, the generated protons 

and electrons are used by the Au (cathode) end for the reduction of H2O2 into H2O and O2
44. 

There is a flow of electrons from Pt to Au, and a flow of protons in the opposite direction. 

The motion of the resultant negatively charged microrod is observed through the proton rich 

environment, Pt end of the microrod42 (see Figure 16-right). 

 

Figure 1.16: Schematic illustration of propulsion mechanisms in the opposite direction of the 

catalyst: Left: Interfacial tension gradient, Right: Self-electrophoresis. Reproduced from ref 
41   
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CHAPTER 2: INSTRUMENTATION TECHNIQUES 

For the studies based on colloids, there are several instrumentation techniques that quantify 

our observations. These techniques can give information on microstructure, stability, 

determination of the factors (addition of components like polymers, surfactants) influencing 

the system etc. These techniques mainly include light scattering, optical microscopy, electron 

microscopy, UV-VIS spectrometry, turbidimetry, zeta potential and density measurements.  

In this study, our main concern was characterization of the particles obtained from the colloidal 

mixtures and we focused on the methods to characterize the supra-particles. Therefore, in this 

work, optical microscopy and electron microscopy techniques were the techniques mostly 

used.   

2.1 Optical Microscopy (OM)1 

Optical microscopy is one of the most common methods for bulk and surface characterization 

on larger length scales. With the help of an optical microscope, it is possible to get information 

about surface topology, structure and chemistry of the materials.  

The purpose of the production and design of the optical microscopes stems from the necessity 

to create magnified visual or photographic images of small objects. To obtain these images, 

there are simply two ways based on the way how the light is projected on the sample: 

transmission and reflection. Transmission is used for very thin specimens; reflection is used 

for thicker or nontransparent material.  

The main components of a standard optical microscope could be counted as: Lenses, eyepieces 

(oculars), and light source (see Figure 2.1). The location of the light source and ocular could 

differ in different types of optical microscopes.   
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Figure 2.1: Main components of a compound light microscope. Reproduced from ref 2 

Resolution and poor contrast are the main limitations of optical microscopy. Poor contrast 

occurs when the light is passed through very thin samples or reflected from surfaces with a 

high degree of reflectivity. Resolution could be adjusted by diffraction (d) which is dependent 

on the numerical aperture (NA) of the optical system and the optical wavelength (λ) of the light 

used. The relation is given by the equation: = λ
NA

 . To talk about an optical micrograph with 

desired resolution, one should consider two terms: Magnification and Numerical Aperture.    

Magnification3: The magnification of an image is the size of that image at the detector. For 

the simple ordinary lenses, the magnification is given by the negative ratio of the distance 

between the image and the object: MT=-di/do. The reason for the negative sign arises from the 

inversion of the image by a simple lens. Magnification in axial direction is calculated by taking 

the square of the transverse magnification: ML= - M2
T. The total magnification, Mr of an image 

is the product of the objective and the eyepiece magnifications, ME. ME is given by 250 mm/f, 

where f is the focal length of the eyepiece lens. By knowing ME and MT, the total magnification 

Mr is calculated by multiplying them, Mr = MT.ME.   

Numerical Aperture: To catch a clear image in an optical microscope, resolution is very 

important; however, to talk about a good resolution, magnification is not enough, the numerical 

aperture (NA) of the object is also necessary to be known. Numerical aperture is defined with 

the formula: NA = n.sinα. The term ‘n’ refers to the refractive index of the medium between 

the lens and the sample, α refers to the half angle subtended by the lens at its focus (Figure 
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2.2). As the angle gets greater, more light could be collected; therefore, numerical aperture is 

a measure not only for the resolution but also for the light gathering ability of the lens3.  

As soon as the medium between the specimen and the lens is kept as air, NA could not be 

greater than 1. To obtain the values greater than 1, one should choose a medium with a 

refractive index larger than air4.    

 

Figure 2.2: Numerical aperture and the angle of coming light. Reproduced from ref 4 

2.2 Electron Microscopy (EM)5 

Light microscopy is a very convenient and common method for surface characterization; 

however, it has a very important limitation, resolution. The maximum resolving power of 

optical microscopes is about 200 nm due to the fixed minimum wavelength of visible light. 

Electron microscopy methods have much better resolution compared to the optical microscopy 

as EM methods use beam of electrons instead of beam of photons to visualize the sample. 

In EM, the major limitation is that it could not be applied to living specimen, even it is applied, 

one may encounter with artifacts that does not exist previously. To eliminate/reduce these 

artifacts, samples can be exposed to rapid freezing.  
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2.2.1 Scanning Electron Microscope (SEM)1  

SEM is more informative compared to the previous imaging techniques. This technique uses 

electrons instead of light to visualize an image, which provides a larger depth of field. Having 

a larger depth of field compared to other methods, enables us to focus on a larger amount of 

sample at once. By using SEM, it is possible to reach resolution values better than 1nm6. 

Additionally, it is very common to couple SEM with energy dispersive spectroscopy (EDS) X-

ray diffraction1,6, this coupling provides both high magnification on characterizing the surfaces 

and elemental compositional analysis at the same time. Sample preparation for SEM 

measurement is easy as soon as samples are conductive. For the nonconductive samples, like 

polymers, coating them with gold works properly. SEM gives opportunity to researchers to 

observe their systems in high vacuum, in low vacuum or in wet conditions6.   

 

Figure 2.3: Schematic diagram of a Scanning Electron Microscope. Reproduced from ref 6 

2.2.2 Transmission Electron Microscope (TEM) 

Transmission electron microscopy (TEM), produces 2-D images by using a beam of electrons 

passing through a thin section of specimen. Extremely thin (<100 nm) sections are stained with 

atoms of electron dense heavy metals and when the beam hits the heavy metal atoms in the 



 

25 
 

sample, the electrons are either absorbed or scattered forming electron-dense areas appear dark. 

Magnification and focusing of the image occur via bending charged electron trajectories. As 

electrons are not visible by naked eye, electron intensity variations are converted into photons 

by projecting the electrons into a special detector or onto a screen (fluorescent screen, a layer 

of photographic film6) that fluoresces at intensities relative to the amount of hit beam 

electrons.5  

TEM technique provides higher magnification than SEM and it is widely preferred in materials 

science by being applicable to crystalline materials. TEM has simply two main limitations: test 

specimen is needed to be foiled and it should be resistant against high vacuum inside. Due to 

that limitations, inorganic and nonbiological samples are suitable for TEM measurements1.  

In the figure below, there are schematic diagrams of light/optical microscopy, scanning 

electron microscopy and transmission electron microscopy showing the differences in design 

of the instruments given for comparison (Figure 2.4).  

 

Figure 2.4: Differences between OM, SEM and TEM in instrumentation design. Reproduced 

from ref 7  
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2.3 Confocal Micro X-Ray Fluorescence Spectroscopy (CMXRF) 

The Optical Principle of Confocal Imaging 

A confocal microscope is an integrated system of a microscope, multiple laser light sources, a 

confocal scan head (consisting of: inputs from one or more external laser light sources, 

fluorescence filter sets, a galvanometer-based raster scanning mechanism, one or more variable 

pinhole apertures for generating the confocal image and photomultiplier tube detectors for 

different fluorescent wavelengths) with optical and electronic equipment, a computer and 

monitor for display and software for acquiring, processing and analyzing images2.  

Micro X-ray Fluorescence Spectroscopy 

‘Micro’ XRF involves imaging of the localized regions of a sample with spatial resolution in 

micrometer scale. This technique enables to obtain information on both the elemental 

composition of the sample and their related spatial distribution8.  

XRF imaging in micrometer scale is a very powerful technique for the observation of elemental 

distributions within a sample. The size of the X-ray beam determines the minimal spatial 

resolution of an obtained image. With the improvements during the last decade, micro/nano 

X-ray fluorescence spectroscopy has become a very promising non-invasive method to analyze 

the samples qualitatively and quantitively9.  

Confocal Micro X-ray Fluorescence Spectroscopy 

In Micro X-ray fluorescence spectroscopy, atoms in the samples are excited with a microfocus 

X-ray tube. To concentrate the polychromatic radiation of the X-ray tube, a polycapillary (full-

) lens is used. With the radiation impinging on the sample, atoms are ionized resulting in 

fluorescence photons characteristic to the atomic number. Fluorescence photons are collected 

with the help of a second polycapillary optic in front of an energy dispersive silicon drift 

detector (SDD) spatially and by moving the sample stepwise in three dimensions 3D images 

of the fluorescence intensities of different elements is obtained10. A basis model for advanced 

quantification procedures for 3-D micro-XRF spectroscopy was proposed in 2005 by Malzer 

and Kanngieβer11. 
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The schematic illustration of the confocal set-up for confocal micro-XRF-spectroscopy is 

shown in the figure below (Figure 2.5) 

 

Figure 2.5: Schematic illustration of micro-XRF and 3-D micro-XRF spectroscopy. 

Reproduced from ref 10 

2.4 Dynamic/Static Light Scattering (DLS/SLS) 

Static and Dynamic Light Scattering are optical methods commonly used for characterization 

of dispersed systems. It is a technique to quantify the Brownian Motion of individual particles 

in liquid systems for the evaluation of particle sizes12. DLS is a non-invasive and well-

established technique to obtain the size of the molecules and particles in submicron range. 

With the Stokes-Einstein relationship, size of the particles is evaluated13: 

𝑑𝑑𝐻𝐻 = kT
3πηD

     Eqn. 2.1 

where dH is hydrodynamic diameter, k is Boltzman`s constant, T is the absolute temperature, 

η is the viscosity of the solvent and D is the diffusion coefficient.  

DLS measures the time dependence of the fluctuating intensity14. The sample is illuminated by 

being placed in the patch of a laser beam and a photomultiplier detects the scattered light by 

the particles. At the hearth of the instrument, there is a device called correlator which measures 
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the degree of similarity of a specific signal over a period of time13. The main components of a 

typical experimental set-up for dynamic light scattering is shown in the figure below.  

 

Figure 2.6: Components of a typical experimental set-up for DLS. Reproduced from ref 15  

In Static Light Scattering (SLS), the mean intensity is measured as a function of the scattering 

angle at fixed wavelengths. Different from DLS which is based on the intensity fluctuations, 

SLS does not have a correlator in the set-up and the amplifier is directly connected to the 

monitor. In addition to the absence of the correlator, SLS has multiple detectors fixed at 

different angles.   

2.5 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

ICP-OES is one of the most powerful method for the detection of trace elements in the samples 

(agricultural, biological, geological, organic, metallic compounds etc.) containing a wide 

variety of elements16,17. The modern instrumentation of this technique was first explored by 

Velmer Fassel and Stanley Greenfield with low power system (1-2 kW) in 196217. ICP-OES 

is a type of emission spectroscopy using inductively coupled plasma (sustaining a temperature 

of approximately 6000-10000 K16,17) to excite the atoms and ions instead of flame as in 

(Atomic Absorption Spectroscopy) AAS and (Atomic Emission Spectroscopy) AES. ICP-OES 

set-up consists of an argon plasma torch, mono/polychromator or echelle optical system, 

detector(s) and a computer18. The main advantages of ICP-OES compared to AAS and AES 

are the capability of multielement detection, being more sensitive and being less prone to 
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matrix interferences17. There is a schematic illustration of an ICP-OES instrument in the figure 

below.     

 

Figure 2.7: Major components of Left: radially viewed, Right: axially viewed ICP-OES 

instrument. Reproduced from ref 17 

For ICP-OES measurement, the sample is converted to an aerosol through nebulization and 

transported to the plasma to be desolvated, vaporized, atomized and excited and/or ionized by 

the plasma. Excited atoms or ions emit electromagnetic radiation characteristic to each atom. 

The radiation is then collected and sorted by wavelength19.      
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CHAPTER 3: SUPER-HYDROPHOBIC SURFACES 

3.1 Introduction 

3.1.1 Contact Angle and Wetting 

3.1.1.1 Contact Angle 

Contact angle is simply defined as the angle at the intersection of liquid-vapor and liquid-solid 

interface. Steady forces at the intersection line of solid, liquid and vapor determine the 

magnitude of contact angle1. The quantification of wettability of the surfaces was first defined 

by Thomas Young with Young`s equation in 18052. In his paper, he stated that contact angle 

is formed in case of wetting of a solid surface by a liquid and based on his equation, contact 

angle/or static contact angle depends on three forces: surface tension of the solid surface (ϒSV), 

surface tension of the liquid (ϒLV), and surface tension of the solid-liquid interface (ϒSL).   

ϒSV= ϒLV.cos𝜃𝜃 + ϒSL  As a term ‘dynamic’ is used for contact angle in case of the three-phase 

boundary is in actual motion3,4.   

          

 

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 =
𝛾𝛾𝑆𝑆𝑆𝑆 − 𝛾𝛾𝑆𝑆𝑆𝑆
𝛾𝛾𝑆𝑆𝑆𝑆

 

          Eqn. 3.1 

Figure 3.1: Vector representation of the forces forming contact angle. 

3.1.1.2 Contact Angle Hysteresis 

Young’s equation is applicable for ideal surfaces like rigid, flat, nonreactive, inert, 

homogeneous, insoluble, smooth and nonporous1. However, real surfaces are not ideal so the 

parameters applied for ideal surfaces are not applicable for real surfaces5,6. As a result of having 

non-ideal systems, contact angle may differ from one spot to another due to interfacial 

tensions1. 

SOLID 

LIQUID 
VAPOR 

ϒSL ϒSV 

ϒLV 

θ 



 

34 
 

In non-ideal systems, there may be many metastable intermediates of a droplet on a surface 

which results in getting more than one contact angle value for a single system; therefore, one 

cannot talk about just one static state1. At this point, contact angle hysteresis is needed to be 

involved. Contact angle hysteresis is the difference of advancing contact angle, θA and receding 

contact angle, θR. The former is the angle formed while a droplet is slowly expanding over a 

surface, and the latter is the angle formed while the droplet is contracting along its previous 

path7 (see Figure 3.2). The related equation is given below:  

H = θA – θR      Eqn. 3.2 

  

Figure 3.2: Left: Schematic illustration of advancing and receding angle. Reproduced from ref 
1 and Right: graphical representation of advancing and receding contact angle. Reproduced 

from ref 8 

3.1.1.3 Coffee Stain Effect 

Contact angle hysteresis affects some pattern formations on the surfaces. Coffee stain/ ring is 

one of the specific examples of the patterns caused by contact angle hysteresis. Coffee particles 

which are dispersed homogeneously in the initial case, become contracted during evaporation 

of the solute9. This phenomenon is observed not only for coffee but also for other systems 

including solids dispersed in an evaporating droplet. Deegan et. Al. defines this phenomenon 

as the migration of the solid particles in a drying drop to the edge of the drop and form a solid 

ring10 (Figure 3.3).  
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Figure 3.3: Left: Dried image of a 2-cm diameter drop of coffee containing 1 wt% solids; 

Right: Spheres in water during evaporation. Reproduced from ref 9 

“The rougher the surface, the easier the drop will pin” was mentioned by Eral et Al.4 to clarify 

contact angle hysteresis and coffee stain effect. This relation could be explained with thinking 

about a droplet sliding on a tilted window. If the surface is smooth, drop slides down slowly, 

if the surface is rough the droplet sticks because of pinning of the contact line. The drop and/or 

the contact line stays stable depending on the roughness degree of the surface. When a sessile 

droplet starts to evaporate, the contact line has the tendency to move inwards over the cracks 

and dents on the surface; therefore, the rougher the surface, the easier the drop will pin. During 

evaporation in case of existence of non-volatile components in a volatile solvent, coffee ring 

effect is observed. In addition, as non-volatile components confined at the three-phase contact 

line, they contribute the pinning formed due to surface roughness. A droplet on a rough surface 

forms a wedge-like shape as illustrated in the figure below. When evaporation starts, the local 

evaporation rate (J) increases towards the edges due to the shape of the drop. One would expect 

all the liquid could be removed at the perimeter; however, as the contact line of the drying drop 

is pinned, the radius of the drop cannot shrink ensuring the liquid evaporation occurs from the 

edge replaced by the liquid from the interior9. The reason of this capillary flow from center to 

the edges is the larger free space of an evaporating molecule available at the rim compared to 

the center of the drop. As a result of the higher evaporation rate at the periphery of the drop, 

evaporation rate becomes diffusion limited. In the figure below on the left, the schematic 

illustration of coffee stain formation and on the right a microscope image of a fluorescently 

labeled coffee stain are presented.   
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Figure 3.4: Left: Illustration of coffee stain formation; Right: A microscope image of a coffee 

stain formed by fluorescently labeled 5 µm particles. Reproduced from ref 4  

3.1.1.4 Wetting 

The term ‘wettability’ arises from the concept of contact angle. In nature we observe partial 

wetting in most cases. Therefore, we must define the mid-cases well to clarify wetting or 

wettability. Zisman11 made the definition of two terms: spreading and wetting. Spreading 

occurs when a liquid wets the solid surface completely, θ=0; wetting occurs when a liquid wets 

a solid surface to some extent, θ≠180. In other words, ‘there is always some adhesion of any 

liquid to any solid’11. 

When contact angle (CA) of a liquid drop with a solid surface is lower than 90°, high 

wettability occurs and; in the reverse case with the angles higher than 90°, low wettability 

occurs. In other words, with CA values lower than 90°, we observe fluid’s spreading over 

completely or a large area; however, with the values higher than 90°, we observe that fluid 

tries to keep its contact with the surface minimum by lying more compact. With CA values 

higher than 150°, high repellency between the droplet and the surface is seen and this 

phenomenon is called as lotus effect and the surfaces are called as super-repellent or for 

hydrophilic liquids, super-hydrophobic12. The main principles of partial wetting were first 

stated by Wenzel13 in 1936 and then by Cassie and Baxter14 in 1944. Wetting state models are 

schematized in the figure below.     
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Figure 3.5: Schematic representation of the wetting state models a) the nonwetting; b) the 

Cassie-Baxter; c) the mixed wetting, and d) the Wenzel 

For mid-states, equation 3.1 may not be enough to well-define the cases. Lafuma and Quéré 

explained all cases in detail in ‘Superhydrophobic States’12.  

In Cassie-Baxter Model, drop sits partially on air and partially on the surface letting air can be 

trapped in between14. As the contact angle in this model is average between the value on air 

and the solid, we must take ‘the fraction of solid in contact with the liquid’ (Øs) into 

consideration to calculate the apparent contact angle (θ*)12.      

cos θ*= -1 + Øs (1+cos θ)     Eqn. 3.3 

In Wenzel Model, as the droplet is in contact with the surface, the surface roughness r, should 

be included into the calculation to reach apparent contact angle12.  

cos θ*= r cos θ      Eqn. 3.4 

3.1.1.5 Determination of Contact Angle 

Contact angle measurement may be a bit tricky due to the effects on the lying drops. As it was 

mentioned before, contact angle hysteresis causes inaccuracies in the calculations based on 

Young’s equation. Therefore, for an accurate calculation one should take advancing and 

receding angles into consideration. There are four measurable contact angles one can calculate: 

θ (Young’s equilibrium contact angle), θA (Advancing angle), θR (Receding angle) θEq 

(Equilibrium contact angle)15 (Figure 3.6). 
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Figure 3.6: Schematic illustration of the four measurable contact angles for a given sessile 

droplet. Reproduced from ref 15 

θ, θA and θR were already explained in the previous parts. θEq, equilibrium contact angle, was 

additionally needed to be defined after the observation of the effect of external noise or energy 

on the contact angle. The change in water contact angles on different surfaces due to the 

acoustic energy from a loud speaker was observed by Smith and Lindberg16 in 1978. Their 

study showed that there are many metastable states between the advancing and the receding 

angles by observing that the contact angle of water decreases as the input energy increases. 16 

years after Smith and Lindberg, Andrieu et. Al.17 reported de-pinning of the contact angle of 

water and diiodomethane droplets on different surfaces in the presence of a vertical vibration 

(50 Hz at variable amplitudes). In 1996, Decker and Gareff shared their observation on probing 

the energy barrier between the wetting states of advancing and receding angles with 

vibration18. The outcome of their study on the capillary rise of the liquid showed that advancing 

angle decreases and receding angle increases with increasing input energy. In 2002 Volpe et. 

Al.19 studied the relation between the contact angle hysteresis and the input energy by using a 

microbalance in a Wilhelmy plate set-up. The quantitative definition of the equilibrium contact 

angle, θEq was stated with the contributions of Decker & Gareff18 and Volpe & coworkers19 as 

:  

cos θEq = (0.5 cos θA + 0.5 cos θR)               Eqn. 3.5 
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There are several techniques for determination of contact angle including: direct measurement 

by  telescope-goniometer, captive bubble method, tilting plate method, Wilhelmy balance 

method, capillary rise at a vertical plate, individual fiber, capillary tube, capillary penetration 

method for powders and granules, capillary bridge method1,3,15,20.  

In general, static contact angle measurement is performed in open lab atmosphere by forming 

a sessile drop with a micro syringe onto a horizontal solid surface15 (Figure 3.7).  

 

Figure 3.7: Schematic drawing of the formation of a sessile drop during static contact angle 

measurement a refers to wetting, b and c refer to spreading. Reproduced from ref 15 

3.1.2 Superhydrophobic Surfaces 

Superhydrophobic surfaces have gaining more and more interest for the last few decades due 

to the potential application areas like self-cleaning, nanofluidic, and electrowetting.3   

3.2 Experimental Preparation 

3.2.1 Materials 
3.2.2 Preparation of Superhydrophobic Surfaces via Electrochemical Deposition (ECD) 
Method 
 

90° bent copper surfaces (wxl:1 cmx8 cm) were taken to be used as templates for drying droplet 

experiments. As the components in the droplets are hydrophobic, to obtain successful lying 

drops without spreading on the surface, a type of hydrophobic coating was needed to be 

applied. To do that, the procedure reported by Gu et. Al.21 was applied with some changes. 

Copper surfaces were cleaned with steel wool gently. 10mM AgNO3 (~85 mg in 50 ml) 
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solution was prepared and copper surfaces were immersed into centrifuge tubes separately for 

25 minutes at room temperature. The next step was to take the surfaces from AgNO3 solution 

and let them dry for few minutes, gently washed with dI water to eliminate the residue. To 

stabilize the Ag coating, 1 mM dodecanethiol (~ 10mg in 50 ml) solution was prepared in 

toluene for 20 hours. The related reaction of electrochemical deposition of Ag on copper 

surfaces is given below:      

Cu + 2 Ag+ → 2Ag + Cu2+    Eqn. 3.6 

3.2.3 Contact Angle Measurement on the Silver Coated Copper Surfaces 

Contact angle measurements were conducted for the investigation of the hydrophobicity of the 

surfaces. Measurements were done with a Dataphysics OCA 20 at TU Berlin. We chose 3 µl 

dosing volume and dosing rate as 5.0 µl per second, for dispensing the droplet a Braun 1 ml 

disposable syringe was used. The images were visualized and analyzed with the software SCA 

20. As we used 90° bent surfaces in this study, we took contact angle measurements on bent 

surfaces. Contact angle was measured as 120±1.4°.    

  

Figure 3.8: Side view of a 3µl water droplet on 90° bent superhydrophobic surface. 

As it is seen in the contact angle images taken, water droplet lies on the surface without wetting 

the surface. It keeps its contact with the surface in minimum.  

3.3 Results and Discussion 

Preparation of the superhydrophobic surfaces was the very first step of this study. That’s why 

they were the highest importance in this study. These surfaces were used in the following 
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chapters to prepare the anisometric particles and patchy particles which were the core of this 

study overall.  

By using the method reported by Gu et. Al.21, we achieved to prepare Ag coating on Cu 

surfaces with 120° contact angle via CVD method. Surfaces may be damaged after some time 

(see Figure 3.9) and this could be easily observed while preparing the supraparticles on them. 

As soon as they were damaged, with the same method surfaces were renewed and used for 

multiple experiments.   

 

Figure 3.9: Optical microscope images of Fumed Silica based particles (4x) on Left: 

undamaged and Right: damaged superhydrophobic bent surfaces (Scale bar is 0.5 mm and 

same for both images)  
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CHAPTER 4: ANISOMETRIC FS-BASED PARTICLES 

Scope of the Chapter: 

In this chapter, we present a system to prepare sub-millimeter sized anisometric supraparticles. 

These particles that contain as structural main component fumed silica (FS), are prepared on 

superhydrophobic surfaces. By using the idea of controlling the anisometry of the particles in 

a systematic fashion via ionic strength of the FS solutions, we established a system with FS 

and different electrolytes NaCl, NaF and Spermine. In addition to different electrolytes, PEG 

was another additive used here to investigate the effect of PEG with different chain 

length/molecular weight on the physical properties of the dry particles and mechanical stability 

which would be necessary in the next steps. In this study, both the effect of electrolyte and the 

surface area of FS on anisometry of the dried particles were investigated. Having particles with 

tunable anisometry, our aim was to go one-step further, which is the application of these 

anisometric supraparticles for self-propulsion. Next steps will be discussed in Chapter 5 and 

Chapter 6 in detail.    

4.1 Introduction 

Colloidal building blocks based mesoscopic structure formation has been gaining more interest 

in the last decades due to various potential advanced applications.1 With this approach, a new 

perspective appeared: fabrication of new materials like well-defined hierarchically structured 

supraparticles.2 These well-defined hierarchically structured supraparticles, with the 

possibility of tunable composition and structure, could be used as smart and functional 

materials.1–6 Various potential application areas of these supraparticles include catalysis,7,8 

thermo- or magneto-sensitive materials,9–11 lithography,12,13 microfluidics,14,15 photonics9,16–19 

or sensing.20,21   

To synthesize such colloidal assemblies, the main techniques widely used in literature are 

microfluidics,16,22,23 spray-drying,17,18 or evaporation induced self-assembly (EISA).24,25 Self-

assembly or self-organization, is a reversible process of a spontaneous arrangement of initially 

disordered distinct components into ordered structures26 through noncovalent interactions27. 

The EISA method is based on self-assembling of the structures during evaporation and it 

enables formation of spherical particles as a result of droplet templating on superhydrophobic 
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surfaces with contact angles greater than 150°.3 When colloidal mixtures go through an 

evaporation procedure, the colloids in the mixture become assembled under the control of the 

interaction between colloids. As an internal structure of the supraparticles is formed during the 

process of colloidal assembly, this method allows to produce 3D-colloidal assemblies of 

supraparticles with well-defined structues.28–31 With this approach it is possible to obtain not 

only symmetric spherical supraparticles3 but also “doughnut” particles30,32 by taking the 

advantage of the coffee-ring effect on suspension drying.33,34 Doughnut particle formation was 

achieved with silica microspheres having different concentrations.30 The hole size of the 

doughnut particles is inversely proportional to the initial colloidal concentration. In fact, it is 

not easy to control the shape of supraparticles. However, there is a simple way to obtain 

anisometric particles with lower but controlled symmetry achieved by Sperling et. al.31 For the 

case of fumed silica as dispersed colloid they reported the method of controlling the shape of 

the evaporating droplets via ionic strength, and observed that anisometry of the particles 

increases with increasing electrolyte concentration.      

4.2 Experimental 
4.2.1 Materials  
 

Materials Specifications Supplier 
Fumed silica (FS) AEROSIL® 90 surface area=90 ± 15 m2/g Evonik 
Fumed silica (FS) AEROSIL® 200 surface area=200 ± 25 m2/g Evonik 
Fumed silica (FS) AEROSIL® 300 surface area=300 ± 30 m2/g Evonik 

NaCl synthesis-grade, ≥ 99.9% ChemSolute 
NaF 99.99% Sigma-Aldrich 

(3-Aminopropyl)triethoxysilane 99% Sigma-Aldrich 
Acetic Acid ≥99.5%  Sigma-Aldrich 

Polyethylene Glycol 400 synthesis grade Merck 
Polyethylene Glycol 6000 synthesis grade Merck 

Spermine ≥99.0% Sigma-Aldrich 
MiliQ water ≥ 18 MΩ/cm  
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4.2.2 Preparation of Fumed Silica Suspensions 

Fumed silica (FS) powders with different surface areas (S.A.: 90, 200, 300 m2/g) were provided 

from Evonik. To investigate other properties like radius and diffusion coefficients of the 

samples, DLS [ALV/CGS-3 Compact Goniometer (with ALV/LSE 5004 Correlator) with a 

He-Ne laser; for details see Chapter 2.3] was used. Measurements were taken at room 

temperature and λ=633 nm. 0.035 %w/v of FS dispersions were used to conduct DLS 

measurements and cumulant hydrodynamic radii of the FS samples were found in between 

118, 127 and 138 nm for FS_90, FS_200 and FS_300, respectively. With the intensity data 

obtained from SLS measurement, we were able to calculate molecular weight and by using the 

Guinier approximation, I0 and Rg were calculated. [Data treatment was performed by MSc 

physicist Benjamin von Lospichl with a script he developed himself35]. Detailed outcome of 

DLS&SLS measurement was given in the table below.  

Table 4.1: Results from SLS and DLS for 0.035 % w/v FS suspensions. 

Sample 
Dcoll  

(µm2/s)  
Rh  

(nm) 
Rg  

(nm) PDI 
MWt 

(g/mol) 
I0  

(cm-1) 
FS_90 2.08 118.11±0.70 118.77±4.02 0.193 2.04 x 

109 
0.117±0.007 

FS_200 1.92 127.51±0.88 124.88±2.40 0.246 1.38 x 
109 

0.079±0.003 
FS_300 1.78 138.02±0.84 120.95±4.24 0.301 8.88 x 

 
0.051±0.003 

Molecular weight of the samples was calculated by using the formula given below: 

𝑀𝑀𝑤𝑤,𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑁𝑁𝐴𝐴𝐴𝐴.𝜆𝜆4.𝑅𝑅𝜃𝜃=0
2.𝜋𝜋2.𝑐𝑐𝑔𝑔.𝑛𝑛2.(𝑑𝑑𝑛𝑛/𝑑𝑑𝑐𝑐𝑔𝑔)2

    Eqn. 4.1 

where Rθ=0 is the Rayleigh Ratio, dn/dc is the refractive index increment, which is estimated 

as 0.15 here, NAv is the Avogadro constant, λ the wavelength of the laser, n is the refractive 

index of the solvent and cg is the mass concentration of the solute.  

Preparation of FS suspensions was simply done by preparing dispersions of FS in deionized 

water and dilution to the desired concentration. To do that, first a concentrated stock solution 

of fumed silica (FS) (~0.3 g FS in 75 ml deionized water) was prepared by dispersing FS 

powders in deionized water. The suspensions were stirred for 3 hours at 1200 rpm with a 
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centrifuge [Hettich Universal 320 R] at room temperature. Then, the suspensions were 

centrifuged (20 minutes at 5000 rpm) to obtain a concentrated solution (concentration ~10-15 

% wt/v), which then was diluted to 7% wt/v. The resultant solution was slightly acidic with pH 

5.7 and milky looking. 

4.2.3 Amine Functionalization of FS_90 Powder: Synthesis of FS_90@NH2   

0.5 g of Acetic acid and 0.5 g of APTS were mixed and dropwise added in 10 min to 2 ml of 

7% wt/v FS_90 suspension in 2 ml of miliQ water. Then the reaction mixture was let stirring 

for overnight at 70 ˚C with 550 rpm on a magnetic stirrer. FS_90@NH2 dispersion was then 

purified via dialysis in a 1 L beaker with MiliQ water (pH value was adjusted with AA to 3-4 

for stability of the dispersion) and the dialysis system was renewed daily for a total of five 

times.     

4.2.4 Preparation of FS-based Supraparticles 

FS suspensions were 50:50 mixed with electrolyte solutions and templated on 

superhydrophobic surfaces. 3 µl droplets of 50:50 FS & electrolyte mixtures were templated 

on 90˚ bent superhydrophobic surfaces (see Figure 4.1) in a closed chamber and they were let 

dry for around 30-40 minutes at room temperature under 5% humidity. By using bent surface, 

we were able to control the direction of anisometry of the dried supraparticles. 

 

Figure 4.1: Schematic illustration of droplet templating on superhydrophobic surfaces  
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Dried FS particles were analyzed with an optical microscope to calculate anisometry and to do 

that we used an USB-cam DFK 72AUC02 connected Carl Zeiss Jenapol Optical Microscope 

using a Planchromat LD 4x objective at the TU Berlin. To record the images and calculate the 

anisometry of the particles IC-Capture Software and Fiji/Image J Software was used 

respectively36. For optical measurements conducted in NCSU, a BX61 Olympus Optical 

Microscope was used.  

Anisometry could be simply defined as the ratio of the long (Dl) to short (Dw) diameters of an 

object. By using this definition, anisometry calculations were done (see Figure 4.2) by using 

the equation: 

A = 𝐷𝐷𝑙𝑙
𝐷𝐷𝑤𝑤

      Equation 4.2 

 

Figure 4.2: Illustration of anisometry calculation  

4.3 Results and Discussion 

As it was previously explained, obtaining FS-based particles with tunable anisometry in a 

systematic fashion was the aim of the section in this study. By knowing that NaCl has a 

systematic effect on the anisometry of sub-mm FS-based particles for FS_400, we would like 

to see its effect on the particles prepared with different fumed silica suspensions (Surface 

Areas: 90, 200 and 300 m2/g) and we established a system with NaCl and FS (4.3.1). In addition 

to NaCl, by being a monovalent salt NaF was also tried to see the difference between salts 

(4.3.2). After performing monovalent electrolytes, we decided to investigate the effect of a 

multivalent electrolyte on the anisometry of the dry particles, therefore we conducted same 

experiments under same conditions with spermine (4.3.5). By thinking about the following 
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steps of this study, in addition to different electrolytes, PEG was added to FS suspension in 

absence and presence of NaCl to observe its effect on both physical and mechanical properties 

of the dry particles (4.3.3 & 4.3.4)          

4.3.1 Effect of NaCl on Anisometry of FS-based Supraparticles 

In this sub-section, FS-NaCl based particles prepared with 3 different FS suspensions having 

surface areas 90,200 and 300 m2/g. Besides the effect of NaCl, the effect of surface area of FS 

on the anisometry of the particles was also investigated by using FS_90, FS_200 and FS_300. 

For this sake, prepared FS-NaCl based particles were analyzed under an optical microscope 

with 4x magnification to calculate anisometry. For NaCl we scan the range 0.02 mM- 50 mM, 

and for FS, as it was mentioned before, concentration was fixed to 7% w/v. Microscope images 

of dried particles were given in the figure below. For each FS type (90,200 and 300), we 

scanned the range 0.02 mM-50mM NaCl. To make the calculations, 15-20 particles of each 

combination (i.e. FS_90 & 1.0 mM NaCl) were prepared and analyzed under optical 

microscope. The anisometry of all particles were calculated and average value was taken to be 

reported in Figure 4.4.      

 

Figure 4.3: Microscope images of dried particles (row: Final concentrations of the silica 

suspension and NaCl solution mixture / Column: Surface area of the particles; scale bar: 1mm) 

As clearly seen in the Figure 4.3 above, the anisometry increases with the increase in NaCl 

concentration. When the FS suspension is mixed with 0.02 mM NaCl solution (0.01 mM final 

concentration in the particle), dried particles are nearly spherical; however, at 50 mM NaCl 

concentration (25 mM final concentration in the particle), supraparticles show high anisometric 
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tendency during drying. Additionally, it was observed that the anisometry increases with 

increasing surface area of FS. Qualitative data is shown in the graph below, anisometry vs 

NaCl % wt/v in the colloidal mixture.  

Figure 4.4: Anisometry of the particles with respect to NaCl concentration and % wt/v in the 

particles  

The anisometry values for FS_90 based particles (FSP1) were calculated to be between 1.20 

to 1.84, for FS_200 based particles (FSP2) between 1.20-1.90 and for FS_300 based particles 

(FSP3) between 1.30-1.90. For the same type of FS, anisometry is prone to increase with 

increasing electrolyte concentration. Previously in Sperling et. al.31, the effect of electrolyte on 

anisometry of FS-NaCl supra-particles was investigated. In the study, three FS_400 

dispersions (PDI: 0.2-0.4 and r: 150 nm) with 3.5, 7 and 10.5 % wt/v were mixed with NaCl 

solutions with concentration changing between 0.001 and 100mM. It was observed that up to 

25 mM (Average anisometry at 25 mM: 1.6), particles` anisometry increases linearly, with 
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NaCl solutions having concentration above 25 mM, the degree of anisometry either does not 

show any increase or even decreases for some particles. Here in our study, we investigated 

both the effect of electrolyte concentration and of the surface area of the Fumed Silica. The 

results of these studies were found as qualitatively parallel with respect to anisometry increase 

with the increase in electrolyte concentration. Maximum anisometry values reached in our 

study were around 1.8-1.9 and observed at 25 mM. Above 25 mM, dried particles showed 

anisometry increasing linearly different from the previous studies, however particles became 

more fragile due to the high salt content (see Figure 4.5). As a summary for this subsection; by 

playing with the concentration of electrolyte, one can be able to obtain FS particles with desired 

shape, either spherical or elliptic. The droplets prepared with NaCl concentration lower than 

0.1 mM or without NaCl, they end up with spherical particles when they dry. Besides that, 

droplets prepared with NaCl concentration higher than 0.1 mM, elliptic particles are formed. 

Talking about the surface area of FS suspensions we could conclude that at the same electrolyte 

concentration, anisometry is increasing with increasing surface area of FS; however, this 

change is not as significant as the one caused by electrolyte concentration.  

4.3.1.1 Control of Electrolyte Concentration 

Obtaining controllable FS-based anisometric particles was the base study for the next step, 

which is achieving stable anisometric patchy supraparticles to be used for self-propulsion. The 

concentration of electrolyte to obtain tunable anisometric compact supraparticles is a crucial 

parameter to be considered. 

As it was stated before, the effect of NaCl at 0.002 mM on anisometry is nearly invisible as 

the shape of dried supraparticles is always spherical. On the other hand, when the final NaCl 

concentration in the particle is higher than 100 mM, a non-controllable tendency for 

anisometry occurs and particles become more fragile due to increase in salt crystals inside the 

particles (see Figure 4.5).  
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Figure 4.5: Examples of FS_200-NaCl particles with Left: 0.001 and Right: 100 mM final 

NaCl concentration (scale bar: 1 mm) 

FS-NaCl based controllable anisometric particles were successfully obtained and it was 

observed that they are good candidates for patchy anisometric supraparticles. The first 

important parameter is electrolyte concentration. For self-propulsion purposes, particles should 

be anisometric and stable. Therefore, we preferred to keep electrolyte concentration between 

0.1 and 25 mM for patchy anisometric particle preparation, which will be explained in detail 

in the following chapter.  

4.3.2 Effect of NaF on Anisometry of FS-based Supraparticles 

To investigate the effect of other electrolytes on the anisometry of the FS-based particles, FS-

NaF based particles were prepared by following the same steps as in the NaCl case in the 

previous section. Obtained particles were analyzed with an optical microscope with 4x 

magnification and anisometry values of the particles were calculated by analyzing images with 

the software Image J. We scanned the range 0.02 mM-200 mM NaF (initial concentration) and 

concentration of FS was fixed to 7% wt/v and FS-NaF based supraparticles (see Figure 4.6) 

were prepared with NaF and FS_90, FS_200 and FS_300 and as in NaCl case, NaF and FS 

were mixed 1:1 with respect to volume. Anisometry values of all particles (FS-90/200/300 and 

0.002-0.02-0.2-1.0-2.0-5.0-10.0-50.0-100.0-200.0 mM NaF) were calculated and the average 

value was taken to be reported.   
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Figure 4.6: Microscope images of dried particles (row: Final concentrations of the silica 

suspension and NaF solution mixture / Column: Surface area of the particles; scale bar: 1mm) 

Particles based on fumed silica and NaF did not show a regular change in anisometry with 

increasing NaF concentration. Anisometry values of FS_90 and FS_200 particles were low and 

close together. In contrast, FS_300 particles showed a very dramatic increase at 2.5 mM NaF 

(final concentration-0.3 wt%) and kept high anisometry at all NaF concentrations above 2.5 

mM (see Figure 4.7).  
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Figure 4.7: Anisometry vs concentration and % wt/v of NaF in the particles 

Anisometry values were calculated in between 1.0-1.4 for FS_90 and FS_200 particles, 

whereas in between 1.0-2.0 for FS_300 particles. Different from NaCl based particles, NaF 

based particles did not show a FS surface area dependent behavior. NaF-FS_300 particles 

showed very high anisometry values by rising to 1.9 compared to FS_90 and FS_200 as it was 

observed that being very close, FS_90 and FS_200 based particles reached 1.4 at highest NaF 

concentrations. The particles prepared with NaF do not show a regular trend with respect to 

the electrolyte concentration as in NaCl case. Therefore, FS-NaF particles were not thought as 

good candidates for self-propelling patchy particles and they were not used for further 

improvement. 

4.3.3 Effect of Polyethylene Glycol on Anisometry of FS-based Supraparticles 

In addition to electrolytes, NaCl and NaF, some preliminary research was conducted with 

polyethylene glycol (polyethylene oxide) (PEG) to investigate the effect of PEG on FS-based 
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particles. By having various PEG samples with average molecular weight (Mn) changing from 

400 to 2x106 units, we prepared 0.35% wt, 0.035% wt and 0.0035% wt solutions of all PEG 

samples available. However, the samples with molecular weight higher than 6000 were quite 

difficult to mix with FS suspensions as PEG solutions were not easily drawn with a pipette. 

For that purpose, we prepared 0.35%, 0.035% and 0.0035% wt PEG 400 and PEG 6000 

solutions. Prepared polymer solutions were added to previously prepared 7% wt/v FS colloidal 

mixtures (1:1) and 3 µl droplets of 1:1 FS&PEG were templated on superhydrophobic surfaces 

in a closed chamber for evaporation. Dry particles then were taken to be analyzed under optical 

microscope to calculate anisometry of the particles. For each combination of FS&PEG, 15-20 

particles were prepared as in previous sections and the average values were taken to be 

reported. The outcome of the anisometry calculations were drawn and illustrated below.      

Figure 4.8: Left: Anisometry vs PEG400 wt% (in the particle) and Right: Anisometry vs 

PEG6000 wt% (in the particle) for FS_90, FS_200 and FS_300 based particles.  

As it is seen in the graphs above, there is not any pronounced effect of PEG on the anisometry 

of the particles. For the particles, in which PEG400 was used, anisometry values were 

calculated in between 1.0-1.30; whereas for the particles prepared with PEG6000, anisometry 

values were calculated in between 1.0-1.04. The outcome does not show any regular effect of 

PEG 400 and PEG6000 on the anisometry of FS-based particles. However specifically, the 

particles with PEG400 showed more anisometry when compared to the particles with 

PEG6000 (see Figure 4.9). This may be caused by the molecular weight of PEG samples. By 

having lower molecular weight, PEG400 has higher mobility and lower viscosity compared to 
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PEG6000.  Therefore, PEG6000 forms bigger agglomerates during evaporation leading to fast 

contraction of the particle. When looking at the same sample with different concentrations, 

similar effect of molecular weight is seen, in other words, particles with higher PEG 

concentration have lower tendency to elongate while drying, compared to the particles with 

lower PEG concentration. 

 

Figure 4.9: Microscope images of FS-PEG based dried particles (scale bar: 1mm)  

As seen in the Figure above, PEG600 based particles dries as spheres regardless of PEG 

concentration. For PEG400 based particles, we observed some anisometry while PEG 

concentration decreases. With the anisometry, doughnut particle formation was also seen for 

PEG400 based particles. Doughnut formation is more visible for the particles with higher 

surface area of fumed silica due to the transparency of FS_200 and FS_300 based dried 

supraparticles. 

4.3.4 Investigation of the Effect of Combination of Polyethylene Glycol 400 and NaCl on 
Anisometry of FS-based Supraparticles 

By knowing that NaCl has a distinct effect on the anisometry of the particles, we decided to 

add NaCl and PEG400 together in the colloidal mixture. Independent of the concentration of 

PEG, dried particles always appeared as spheres with higher molecular weight of PEG 

(PEG6000). That’s why we chose PEG400 for the investigation of the effect of PEG when 

used with electrolyte on FS-based system. In order to observe any interesting morphological 
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property, we decided to keep NaCl concentration as 100 mM. As in the previous sections, three 

types of FS were used, FS_90, FS_200 and FS_300. Four PEG400 solutions were prepared 

with 0.02%, 0.04%, 1.4% and 2.8% wt/v and added into the colloidal mixture. The volume of 

FS was fixed to 50% in the colloidal mixture as in previous cases and the volume was kept 

25% for NaCl and PEG. As observed in the previous section, the higher the concentration of 

PEG, the more contraction observed during evaporation. For the particles prepared here the 

same phenomenon was observed, at high PEG concentrations, particles dry as compact nice 

spheres and at low PEG concentrations, they dry as nice elliptical particles. As observed in 

section 4.3.1, the opacity of the FS-based particles decreases as surface area of the FS samples 

increases, in other words FS_300 based particles are more transparent when compared to 

FS_200 and FS_90 based particles are opaque (see Figure 4.3). By using the advantage of 

different optical properties of FS samples, we obtained nice mottled FS_300-PEG400 particles 

(see Figure 4.10).            

 

Figure 4.10: Microscope images of FS-NaCl-PEG400 based dried particles (scale bar: 1mm)  
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FS-PEG based particles showed anisometry at low PEG concentrations and they dried as 

homogeneous spheres at high PEG concentrations. This phenomenon was observed in the 

previous section with different types of PEG in the absence of electrolyte. Here, for the 

particles prepared with PEG and electrolyte at low PEG concentrations, dried particles show 

anisometry and the trend is same as in NaCl case, anisometry increases with increase in surface 

area of the FS. However, it was observed that anisometry decreases with increasing surface 

area of FS at high PEG concentrations. The outcome is illustrated in the figure below.  

Figure 4.11: Anisometry bars of the FS-PEG particles prepared with NaCl.  

In the Figure 4.11, the outcome of anisometry calculations was drawn. Gray, red, green and 

blue columns represent 0.02% PEG (0.14% wt in dried particle), 0.04% PEG (0.27% wt in 

dried particle), 1.4% PEG (8.76% wt in dried particle) and 2.8% PEG (16.11% wt in dried 

particle) respectively. Anisometry values were calculated as 1.46 and 1.19 for FS_90, 1.53 and 

1.02 for FS_200, 1.89 and 1.01 for FS_300 particles. As it was mentioned before, anisometry 
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of the particles increase with increasing surface area at low PEG concentration, whereas 

anisometry decreases with decreasing surface area at high PEG concentration but this decrease 

is not very significant compared to the increase.  

4.3.5 Investigation of the Effect of Spermine as an Electrolyte on Anisometry of FS-
Based Particles  

In addition to the monovalent NaCl and NaF, as a multivalent electrolyte, the effect of spermine 

(1,12-diamino-4,9-diazadodecane) on the anisometry of FS-based particles was investigated. 

Spermine, being a tetravalent electrolyte, could be a good candidate for the observation of 

multivalent electrolyte on the anisometry of the fumed silica-based particles. Spermine and 

spermidine are naturally occurring polyamines bearing nucleic acid binding and transfection 

activity37,38. By knowing that spermine stays as tetravalent cation at basic pH values to 

physiological conditions due to its strongly basic character37,38, we ensured that anisometry of 

the particles in our system would be affected by a tetravalent electrolyte. pH values of the 

spermine solutions prepared were measured (Mettler Toledo FP20 FiveEasy™ Plus pH / mV 

bench meter) and tabulated with FS and FS@NH2 below (see Table 4.2). The colloidal mixture 

of FS/FS@NH2 with spermine was not appropriate for pH measurement due to its turbidity. 

However, one could clearly mention that the pH of the colloidal mixtures could not decrease 

below to physiological pH even at the lowest concentration of spermine as spermine is a strong 

base whereas fumed silica would act as a weak base.       
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Table 4.2: pH values of Spermine solutions and FS&Spermine mixtures used in this section 

Spermine FS&Spermine (10x diluted) 

Conc mM pH pH 

0.4 8.07 7.43 

1.0 8.12 7.48 

50 11.73 10.59 

100 11.83 10.92 

200 11.95 11.18 

400 12.09 11.46 

The same procedure was applied for spermine as in NaCl and NaF cases, i.e. 0.4 mM to 400 

mM solutions of spermine were prepared and added to 7% w/v FS_90 suspensions with the 

ratio of 50:50. Then 3 µl droplets of the colloidal mixture were templated on superhydrophobic 

surfaces. After around 40 mins dried particles were investigated under optical microscope. We 

had chosen the same conditions in order to compare the data and to see the differences of the 

effect of different electrolytes on the anisometry of the FS-based particles.  

 

Figure 4.12: Microscope images of FS_90-Spermine based dried particles (scale bar: 1mm) 

Dried FS_90-Spermine particles were analyzed by optical microscopy (Figure 4.12). 

Interestingly, there was not any pronounced effect of spermine observed on anisometry of the 

particles in the range of 0.4 mM – 50 mM, and the particles prepared with 100, 200 and 400 

mM solutions showed some anisometry, but the shapes and the colors of the particles look 

different. On the other hand, the particles prepared with 400 mM spermine solution showed 

very interesting results. The particles prepared with 400 mM spermine solutions were dried as 
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doughnuts having yellowish transparent or bluish transparent colors (see Figures 4.12 and 

4.14). The time spent for the particles to dry completely reached around 2 hours, while it was 

around 40 min for the supraparticles prepared in previous sections with NaCl or NaF. 

Additionally, it was observed that some of the obtained dried particles were sticky like slime 

which also affects the morphology of the supraparticles. To obtain well-defined supraparticles 

with spermine, we decided to use more concentrated spermine solutions and meanwhile we 

tried amine functionalized FS. For that purpose, we chose FS_90 only for a preliminary study 

and 200 mM and 400 mM (100 and 200 mM in the final colloidal mixture of FS-Spermine) 

spermine solutions were mixed with both FS_90 and FS_90@NH2 in 50:50 ratio. [The 

synthesis method for FS_90@NH2 was previously explained in the section 4.2.3.] 

Figure 4.13: Anisometry vs final concentration of spermine in FS_90 based particles 

Anisometry values of FS_90-Spermine based particles shown in Figure 4.12 were calculated 

and drawn in the Figure 4.13 above. Anisometry values were found as 1.01, 1.02, 1.02, 1.18, 
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1.18 and 1.17 for the particles prepared with 0.4, 1.0, 50, 100, 200 and 400 mM (initial 

concentrations) spermine solutions respectively. As mentioned previously, up to 50 mM 

spermine, the particles show very little anisometry and after 50 mM anisometry values show a 

sharp increase at 1.18 and stays there for the following two concentrations which are twice and 

three times of 50 mM. This was interesting as we expect to see an increase in anisometry with 

increasing concentration as in NaCl and NaF cases, however here anisometry values of 3 

different concentrations were found same.  

After observing formation of anisometric particles at high concentrations, we decided to make 

FS-Spermine based particles with both FS_90 and FS_90@NH2. Obtained FS_90-Spermine 

based particles look white opaque doughnut particles at 200 mM and transparent/bluish 

doughnut at 400 mM. With FS_90@NH2, yellowish white opaque doughnut resembling 

supraparticles are formed (see Figure 4.14).    

 

Figure 4.14: Microscope images of FS-Spermine based dried particles (scale bar: 1mm)  

In Figure 4.14 the particles prepared with FS_90 and FS_90@NH2 were put together for the 

comparison. Anisometry values of the particles prepared with 200 and 400 mM spermine did 

not show a dramatic difference however the appearance of the particles with FS_90 and 

FS_90@NH2 were quite different as it is easily in the figure above. FS_90 and FS_90@NH2-

spermine particles are yellowish white opaque whereas FS_90-spermine particles look white 

opaque at 200 mM and transparent or bluish transparent at 400 mM. 
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Looking at the all particles in the series one by one, it was observed that neither FS_90 based 

particles nor FS_90@NH2 based ones show systematic properties with respect to shape and 

appearance. Another interesting outcome was the bluish color and transparency of all particles 

prepared with FS_90 and 400 mM spermine solution. Half of the particles were transparent, 

and the other half was bluish transparent elliptic particles (both are shown in the Figure 4.14). 

This phenomenon was not observed in any other combinations of FS and spermine (for the 

concentrations of 400 mM and less) and same phenomenon was not observed in the particles 

prepared with amino-functionalized FS_90.       

As it was briefly mentioned above, the particles prepared with FS_90& FS_90@NH2 and 

spermine do not show a systematic fashion with respect to anisometry of the particles. Up to 

50 mM spermine concentration, FS_90 based particles did not show any anisometry and 

mentioned previously, they were all spherical and kind of sticky. That`s why we investigated 

the particles prepared with more concentrated spermine and functionalized FS_90. The results 

of the anisometry measurements of the particles were illustrated with the graph below in Figure 

4.15. Anisometry of the FS_90 based particles were calculated as 1.18 and 1.17 for 200 and 

400 mM initial spermine solutions respectively. For the FS_90@NH2 based particles, 

anisometry values were found as 1.24 and 1.2 at 200 and 400 mM initial spermine solutions 

respectively. To talk about a trend arises from the effect of spermine, one should scan a wider 

range. However, it could be concluded that between 0.4 mM-400 mM spermine concentrations, 

we could not address to a noticeable tendency with respect to anisometry, morphology and 

optical properties of the supraparticles independently of FS type (FS_90 and FS_90@NH2).   
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Figure 4.15: Anisometry bars of the FS_90 and FS_90@NH2-Spermine particles  

4.4 Conclusions 

This chapter is based on 4 systems with FS and 4 different components as electrolyte to 

investigate the effect of different electrolytes on the anisometry of FS-based supraparticles. To 

do that we used NaCl, NaF, Spermine and PEG to mix with three types of commercial FS 

suspensions provided from Evonik in order to get millimeter sized anisometric supraparticles.  

In the first system, NaCl was used as an electrolyte. By mixing 50:50 of NaCl (0.02-50 mM) 

with FS_90, FS_200 and FS_300 (all 7% wt/v) suspensions, we obtained a system of 

supraparticles having anisometry directly proportional with NaCl concentration. In this system, 

we observe two properties: effect of electrolyte concentration and effect of surface area of FS. 

It was observed that anisometry increases as both electrolyte concentration and surface area of 

fumed silica increase. Talking about NaCl concentration, the study showed that below 0.02 

mM NaCl (final concentration), there is not any significant effect on anisometry, and above 50 



 

66 
 

mM NaCl (final concentration) dried particles become fragile. Besides endpoints, within the 

series, anisometry values were calculated in between 1.20 and 1.90 with a regular increase as 

electrolyte concentration increases. In addition, at the same electrolyte concentration, dried 

particles of high S.A. value showed higher anisometry. This trend was observed for all 

electrolyte concentrations and in agreement for all type all FS dispersions. FS_300 particles 

showed the highest anisometry values, it was followed by FS_200 and FS_90 particles showed 

the lowest anisometry values in the set.  

The second system was based of NaF as electrolyte. The concentration of NaF to be added to 

FS suspensions was kept between 0.002-200 mM (initial concentration). As in NaCl case, we 

did not observe any effect of electrolyte on anisometry below 0.02 mM; however, different 

from the NaCl case, with NaF we were able to use higher concentrations of NaF as we did not 

notice any fragility above 50 mM. Like in the NaCl series, anisometry of NaF based 

supraparticles increases with increasing electrolyte concentration, but to a much lesser extent. 

However, there is a sharp increase seen at 25 mM NaF for the particles with FS_300 and above 

25 mM, FS_300 based particles show anisometry values between 1.6 and 2.0 while anisometry 

values are changing between 1.2 and 1.4 for FS_90&FS_200 based particles. In the complete 

series, anisometry values of FS_90 and FS_200 based particles are seen closer to each other 

with smooth increases as NaF concentration increases. All in all, we did not observe a 

consistent increase in anisometry for the three systems based on different fumed silica 

suspensions as NaF concentration and surface area of FS increase.  

PEG was another additive used in this study in order to get anisometric fumed silica-based 

particles. By being a hydrophilic, biocompatible low-density polymer, PEG is a good candidate 

to be used in the preparation of anisometric patchy supraparticles for self-propulsion 

experiments which take place in further steps in this thesis. For this purpose, we prepared 0.35, 

0.035 and 0.0035 % wt PEG solutions with average molecular weights between 400 to 2x106. 

The particles prepared with PEG400 showed anisometry at low PEG concentrations (0.035 and 

0.0035 % wt), the ones prepared with 0.35% wt PEG400 dried as spheres. For the particles 

prepared with PEG6000, at all concentrations dried particles look like spheres and anisometry 

values were calculated between 1.0-1.04, which means regardless of the concentration, 

PEG6000 based particles do not show anisometric tendency compared to the ones with 



 

67 
 

PEG400 with anisometry values between 1.0-1.30. A brief conclusion on these preliminary 

experiments showed that as molecular weight of PEG solution increases, the tendency of 

forming dense agglomerates increases which hinders elongation of the particles during drying 

and results in spherical particles. This phenomenon is caused by higher viscosity and lower 

mobility of PEG solution prepared with higher molecular weight. In addition, except the 

opacity of the resultant particles (observed in all sub-sections), surface area of fumed silica 

does not bring any significant difference.            

With the data obtained from PEG400-FS and PEG-6000 FS based particles, we decided to 

investigate the effect of the addition of salt to PEG-FS mixtures on the resultant particles as 

we already know that NaCl has a significant and regular effect on anisometry. To do that 0.02, 

0.04, 1.4 and 2.8 % wt PEG400 solutions were prepared and mixed with FS and 100 mM NaCl 

solutions (PEG:NaCl:FS 1:1:2). As observed in the previous case (PEG:FS) at high PEG 

concentrations,1.4 and 2.8 % wt, dried particles were formed as spheres. At low concentrations, 

0.02 and 0.04 % wt, dried particles showed anisometry increasing with surface area of fumed 

silica. At the lowest concentration, anisometry of the particles were calculated as 1.46, 1.53 

and 1.90 for the particles prepared with FS_90, FS_200 and FS_300 respectively. Another 

observation with PEG:NaCl:FS particles was their appearance. The formation of small 

agglomerates of PEG400 was clearly visible in the particles even for some of the spherical 

ones-FS_300 based particles due to their low opacity. To sum up, PEG:FS based particles show 

higher anisometry in the presence of NaCl. We might express that anisometry increases with 

decreasing concentration of PEG solution which is in agreement with the results obtained in 

the previous section. Another interesting outcome was the appearance of the dried particles 

with small PEG agglomerations dispersed quite homogeneously in the particles. We observed 

that these small agglomerations appear in the presence of NaCl.           

By knowing that spermine is a tetravalent material in a wide pH range, we decided to 

investigate the effects of spermine on the anisometry of the FS-based particles. 0.4, 1.0, 50, 

100, 200 and 400 mM spermine solutions were prepared and mixed with 7 % wt/v FS solutions. 

Up to 50 mM, we did not observe any anisometry in the dried particles. That’s why, we decided 

to focus on higher concentrations, 100-400 mM. On the other hand, as functionality of 

spermine depends on the pH of the medium, amine functionalized FS_90 was also prepared to 
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see whether FS_90 and FS_90@NH2 based particles show differences or not. pH of 

FS_90@NH2 suspension was found as 7.0 while it is 5.7 for FS_90 suspension. Spermine may 

appear as tetravalent, trivalent or divalent electrolyte depending on the pH, so it would be 

easier to observe the functionality of spermine by using FS suspensions with different pH 

values to ensure having spermine as tetravalent electrolyte. By having a neutral pH, 

FS_90@NH2 ensures that spermine would be a tetravalent electrolyte as it is known that at 

physiological conditions (pH=7.4) spermine was found as tetravalent.  

The anisometry values of FS_90-Spermine series were calculated in the range of 1.01-1.18. 

Anisometry stays around 1.01 for low concentrations, 0.4, 1.0 and 50 mM; and it rises to 1.18 

suddenly at 100 mM spermine. For 200 and 400 mM of spermine, it was observed that 

anisometry values stay nearly constant with 1.18 and 1.17 values respectively. With the 

particles made up of amine functionalized FS_90, anisometry values are calculated as 1.24 and 

1.20 for 200 and 400 mM spermine respectively. Anisometry values of the particles with 

FS_90@NH2 were found a little higher than the ones prepared with FS_90 but this difference 

is not a significant difference to talk about a systematic. In addition, for both FS_90 and 

FS_90@NH2 based particles, we observed that there is a light decrease from 200 mM based to 

400 mM-based particles unexpectedly. However, this decrease could not be defined as a 

noticeable change as the ratio of the decrease was calculated as 1.6 % for both FS_90 and 

FS_90@NH2. As a conclusion of spermine subsection, there is a critical concentration of 

spermine at which it contributes the anisometry of the particles, and above this critical 

concentration there is a tendency of formation of anisometric particles. To talk about a 

systematic, one should scan higher concentrations than 400 mM, which could be another issue 

in this part as above 1 M, it is difficult to prepare well-dissolved spermine solution.          

Herein, we showed 4 different series of fumed silica-based mm sized particles. The aim was 

to obtain anisometric particles with a systematic fashion to be further developed for patchy 

particle preparation. The series of NaCl-FS was found as well-defined by having a systematic 

fashion in the change of anisometry values with respect to the concentration of NaCl. NaF 

based system could be also useful for further modification but much lower anisometry values 

were observed in NaF series compared to NaCl series. In addition, we could not talk about a 

regular change in anisometry with respect to surface area of fumed silica in NaF series as seen 
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in NaCl series. PEG could be a very advantageous choice to be used in FS-based supraparticles 

by being biocompatible and low-density polymer. It was observed that PEG400 and PEG600 

agglomerate during evaporation at 0.35 % wt/v. At 10- and 100-times diluted solutions, 

particles show anisometry by resulting in doughnut like elliptic particles for PEG400 based 

samples. All PEG6000 droplets dried as spheres due to higher agglomeration caused by higher 

molecular weight (/chain length) of the polyethylene glycol solution. With this guiding 

information, we combined NaCl, FS and PEG to obtain anisometric supraparticles. NaCl 

concentration was fixed to 100 mM and PEG400 solutions prepared for previous subsection 

were preferred due to low crowd compared to PEG6000 and the ratio of the components were 

fixed to 1:1:2 for NaCl:PEG400:FS. Anisometry values of NaCl:PEG400:FS were calculated 

between 1.01 and 1.89 while they were found in between 1.00-1.30 for PEG400:FS series. The 

highest anisometry values were obtained at low PEG400 concentrations as in previous case. 

The contribution of NaCl on PEG-FS based particles was seen not only in the elongation of 

the particles, but also in the appearance of the particles. NaCl:PEG400:FS based particles at 

low PEG concentrations dried as elliptic opaque particles with clearly seen small agglomerates. 

NaCl:PEG:FS based particles look opaque and patterned elliptic particles while PEG:FS based 

particles were looking slightly elongated homogeneously transparent doughnuts. Besides these 

outcomes, the inverse relationship of surface area of fumed silica and anisometry of the 

resultant particles is also clear for NaCl:PEG:FS based particles. In summary, to involve PEG 

for the modification of the FS-based particles, concentration is the critical property to be 

adjusted. In addition, small agglomerates appeared in the particles in the presence of NaCl 

could hinder the diffusion of the catalyst which would be an obstacle for further applications.   

To conclude, it could be inferred that all 4 additives -NaCl, NaF, Spermine and PEG-, gave 

very interesting and useful results. Depending on the potential application area or desired 

functionality of the resultant particles, all additives seem convenient. However, our priority 

was to obtain mm sized FS-based particles with tunable anisometry. Based on our studies 

conducted for this aim, we concluded that NaCl is the best additive to obtain anisometric 

particles by showing a systematic fashion. Therefore, we decided to use NaCl-FS based 

supraparticles to be further modified for the preparation of patchy particles.      
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CHAPTER 5: PREPARATION of PATCHY PARTICLES1 

Scope of the Chapter 

As the continuation of Chapter 4, Chapter 5 is based on the improvement of the previously 

obtained particles for potential application areas. In the previous chapter, the preparation of 

anisometric FS-NaCl based particles was illustrated. Here, the preparation of FS-NaCl based 

anisometric patchy particles will be given in detail. To end up with stable patchy particles, we 

made some modifications including impartment of different components like PS, Na2SiO3 and 

MFC. Additionally, for the stability of the particles during self-propulsion experiments, we 

focused on the improvement of the hydrophobicity of the particles. Anisometry was ensured 

by NaCl and catalytic property of the patchy particles was achieved by incorporating 

Fe3O4@Pt core-shell nanoparticles.  

5.1 Introduction 

Symmetric and asymmetric colloidal building blocks have been studied for the last few 

decades. These supraparticles are then improved by making structural and internal architecture. 

One of these modifications was reported in 2008 by Rastogi et. Al.1 They obtained highly light-

diffracting spherical supraparticles from colloidal suspensions of gold nanoparticles and 

polystyrene (PS) latex microspheres. The reason of the gold particles’ gathering 

inhomogeneously at the top surface of the droplet is the evaporation flux inside the droplet.   

Here, we present a supraparticle system consisting of FS as a base component, NaCl to ensure 

the anisometry of the particles, a catalytic active patch formed with Fe3O4@Pt core-shell 

nanoparticles to provide self-propulsion ability to the particles and lastly PS, Na2SiO3 and 

MFC for the stability. Four different colloidal mixtures including these components were used 

to obtain stable patchy particles and the preparation pathway is shown in the Figure 5.1 below. 

 
1 Similar content has been published in H. Esra Oguztürk, Leona J. Bauer, Ioanna Mantouvalou, Birgit 
Kanngieβer, Orlin D. Velev, Michael Gradzielski, Preparation of Reinforced Anisometric Patchy 
Supraparticles for Self-Propulsion, Particle & Particle Systems Characterization (Part. Part. Syst. Charact.), 
2000328, Published: May 2021 (doi: 10.1002/ppsc.202000328) 
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Figure 5.1: Schematic illustration of the preparation of patchy particles 

PS and silica have been widely used in self-assembled supraparticle systems. However, to 

improve the stability of the particles, i.e. prevent disintegration during self-propulsion 

experiment, additional solutions were sought out. Na2SiO3 (waterglass) is a good candidate to 

improve the stability of the particles with suitable properties. It has been used in the industry 

as sealant, binder, deflocculant, emulsifier and buffer.2 The property of binding of Na2SiO3 

would bring the compactness to the particles and prevent disintegration during self- propulsion. 

In addition to Na2SiO3, MFC was imparted to the colloidal mixture both with and without 

Na2SiO3. MFC’s contribution to the particles comes from its unique properties like high 

surface area, high viscosity and at low temperatures, being extremely robust to pH and 

temperature. However, its fibrillary internal structure which is the most important property for 

our system to improve the stability of the particles.3     
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5.2 Experimental 
5.2.1 Materials 

Materials Specifications Supplier 
Fumed silica (FS) 
AEROSIL® 90 surface area=90 ± 15 m2/g Evonik 

PS-latex d = 0.96 μm, ρsolid = 1.05 g/ml csolid = 
10%w/v Bangs-Labs 

NaCl synthesis-grade, ≥ 99.9% ChemSolute 

Na2SiO3 ≥18% Na (as Na2O) basis, ≥60% Si (as 
SiO2) basis 

Sigma-
Aldrich 

MFC grade HP-55, Mw 84 000 g/mol, Mn 21 000 
g/mol 

Shin Etsu 
Chemical 

Co. 
MiliQ water ≥ 18 MΩ/cm  

H2O2 30% wt Sigma 
Aldrich 

NaBH4 ≥96% Sigma-
Aldrich 

H2PtCl6·6H2O ≥37.5% Pt basis Sigma-
Aldrich 

Sodium Citrate Tribasic 
Hydrate ACS reagent, ≥99.0% Sigma-

Aldrich 
HCl aqueous, 37%w/w Merck 

NaOH ACS-grade, ≥ 98%, pellets Fluka 

FeCl2·4H2O ≥ 98% Sigma-
Aldrich 

FeCl3·6H2O ACS-grade, ≥ 98% Sigma-
Aldrich 

 

5.2.2 Preparation of Patchy Particles 

5.2.2.1 Preparation of Fe3O4@Pt nanoparticles 

As a starting point in the preparation of catalytic patches, the synthesis of Fe3O4 nanoparticles 

was done. The synthesis was done based on the procedure given by Kang and coworkers.4 5.2 

g FeCl3·6H2O and 2.0 g FeCl2·4H2O (molar ratio: Fe(II)/Fe(III)=0.5) were dissolved in 25 ml 

of deoxygenated water and combined with 0.85 ml of 12 M HCl added under stirring at room 

temperature. The resultant solution was added to 250 mL of 1.5 M NaOH solution to be 

neutralized under vigorous stirring. Instant black precipitate appearance was the proof of Fe3O4 

nanoparticle formation. Formed nanoparticles were then separated from the rest of the 
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suspension easily with the help of a magnet and purification was performed with simple 

decantation. 

Afterwards, Fe3O4@Pt synthesis was performed with H2PtCl6·6H2O at room temperature by 

using the conventional reduction method with NaBH4 in the presence of sodium citrate tribasic 

hydrate. 114 µl H2PtCl6·6H2O solution was added dropwise to 95 mL of the previously 

synthesized stirred Fe3O4 solution (0.02 %w) in 1 minute. After waiting for 2 min, 1.5 mL of 

ice-chilled 0.01 M NaBH4 solution was added dropwise in 1.5 min. Then 1 ml of 0.5 M sodium 

citrate solution was added at once 1 min after NaBH4 addition. After all components were 

added, the solution was stirrer for 3-5 min more at 7200 rpm speed with ultraturrax. The 

resultant solution was taken to be centrifuged for 15 min at 4000 rpm 3 times to remove the 

impurities and to be concentrated. Weight percent determination of Fe and Pt in the catalyst 

was performed with ICP-OES [Varian ICP-OES 715 ES] measurement by Astrid Mueller-

Klauke in TU Berlin. Before ICP-OES, microwave was used to dissolve Pt in Fe3O4 in presence 

of aqua regia. For microwave treatment, 8 ml aqua regia was prepared and mixed with 200 mg 

of Fe3O4@Pt and the mixture was left for at least 2-3 hours in quartz sample holder. Then the 

sample was put into a microwave and heated up to 160° at 18 bar pressure with 4 min ramp 

and 10 min hold temperature. After microwave, sample was diluted to 20 ml volumetric flask 

and given for ICP measurement with 5 standard solutions of Fe and Pt.    

The data obtained from ICP-OES demonstrated that, Fe3+ and Pt concentrations in 200 mg 

sample were 11.79 mg/l and 0.69 mg/l respectively. With this information in hand, the 

Fe3O4@Pt concentration with respect to the sample, was calculated as 0.17 %wt.  
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Figure 5.2: TEM images of a) Fe3O4, b) Fe3O4@Pt and c) SAED pattern (130 nm area was 

chosen in diameter) Scale bar: 5 nm for a and b; 21 nm-1 for c.  

TEM measurement was done to obtain structural information about the synthesized 

nanoparticles. The measurement was performed by Jan Simke in ZELMI TU Berlin and images 

collected with a FEI Tecnai G2 20 S-TWIN Transmission Electron Microscope. In the Figure 

5.2 above, electron micrographs of Fe3O4 and Fe3O4@Pt samples are illustrated. Figure 5.2c 

shows a SAED (Selected Area Electron Diffraction) pattern from the indicated region (in 

Figure 5.2b) of the Fe3O4@Pt sample which proves the presence of Fe3O4 (spots) and Pt (rings) 

by comparison to the database of The International Centre for Diffraction Data.5,6 Dark colored 

agglomerates in the Figure 5.2b is the evidence of randomly distributed Pt on the Fe3O4 

nanoparticles. The size of the Fe3O4@Pt nanoparticles lies between 8-12 nm. 

5.2.2.2 Preparation of patchy supraparticles 

7% wt/v pre-prepared FS suspensions, electrolyte (NaCl) solutions and a dispersion of 0.017% 

wt/v magnetic/catalytic nanoparticles (Fe3O4@Pt) were mixed to make patchy supraparticles. 

The long-term purpose was to obtain stable patchy particles of variable shape for self-

propulsion; therefore, final shape of the dried particles has the priority. To obtain patchy 

particles of well-defined shape, we decided to use 10 mM-50 mM NaCl solutions based on the 

observations on the previous chapter. To do that, a 100 mM NaCl stock solution was prepared 

and diluted as needed.  

For the improvement of the stability/compactness of the particles, polystyrene (PS), sodium 

trisilicate (Na2SiO3), or microfibrillated cellulose (MFC) were added to the colloidal dispersion 

separate and/or combined. 10 wt% PS latex, 1.5 wt% MFC dispersions and 0.1 M Na2SiO3 
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solution were added in different ratios to the colloidal mixture to make a droplet which was 

subsequently evaporated into supraparticle.  

Table 5.1: Concentrations of the stock solutions used in the recipes and the amounts (in 
volume) of the components added to the colloidal mixtures (*Fixed in all compositions; 
≠Variable components)  

Components wt/v% of the stock 
solution 

v% in the mixture 

Fumed Silica* 7.00 50 

NaCl≠ 0.58 20-25 

Fe3O4@Pt * 0.17 25 

Polystyrene≠ 10.00 5 

Na2SiO3≠ 0.242 10-25 

MFC≠ 1.50 15-20 

As seen in the Table 5.1, the volumes of FS and Pt catalyst were fixed in the recipe; NaCl, PS, 

Na2SiO3 and MFC amounts were changed to obtain particles with different properties to be 

investigated. We ended up with 4 type of particles and named as: Sample 1 (S1) containing 

PS, Sample 1a & Sample 1b (S1a and S1b; have the same composition as S1, the only difference 

is the additional heat treatment and hydrophobization agent applied to S1a  and S1b respectively 

after drying), Sample 2 (S2) with added Na2SiO3, Sample 3 (S3) containing MFC and Sample 

4 (S4) containing MFC and Na2SiO3. The final compositions of all particles are given in detail 

in Table 5.2 below.  
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Table 5.2: Final compositions of the different samples prepared and investigated.      

Samples / 
Components wt % 

Class 1 
(S1&S1a&S1b) 

Class 2 
(S2) 

Class 3 
(S3) 

Class 4 
(S4) 

Fumed Silica 86.33 84.37 97.09 91.12 

NaCl 0.29  0.12  

Fe3O4@Pt 1.05 1.03 0.71 1.11 

Polystyrene 12.33    

Na2SiO3  14.60  6.38 

MFC   2.08 1.47 

To obtain catalytically active supraparticles; FS, electrolyte, Fe3O4@Pt, and a potential 

additive for stabilization were mixed to a homogeneous dispersion by Vortex stirring in a vial. 

Then 3 µl droplets of this colloidal mixture was template on previously prepared 90° 

superhydrophobic surfaces. The patch made of Fe3O4@Pt nanoparticles was directed by the 

attractive magnetic forces formed by NdFeB cylinder magnets with Nickel coating (with flux 

density inside: 1.37 Tesla & flux density on the surface: 0.5856 Tesla7). As the magnets were 

fixed on a pre-determined side of the superhydrophobic surface, the patch of Fe3O4@Pt was 

localized to desired spot (see Figure 5.3).  

 

Figure 5.3: Constructed set-up to obtain patchy particles  

In Figure 5.3, optical micrographs of the prepared samples S1, S2, S3 and S4 are shown. S1, 

S3 and S4 are yellowish white with a well-defined distinction of patch. S2 was also expected 

to be nicely patched, however due to the internal alignment of ingredients catalyst was trapped 
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inside the particle during evaporation of the droplet. This phenomenon will be explained in the 

following sections.   

 

Figure 5.4: Optical micrographs of the supraparticles prepared with different colloidal 

compositions (scale bar: 500 µm and same for all images) 

The colloidal mixture first templated on the surfaces as a droplet, has a brownish color due to 

the catalyst. As time passes during evaporation, with the help of attractive forces, catalytic 

nanoparticles were pulled to the pre-determined location and this brings the slow color change 

from homogeneous brownish to yellowish white anisometric particle with a dark brown “eye-

like” patch. The animation (prepared in Autodesk Maya software8) of patch formation is 

illustrated in Figure 5.5 to clarify the description above.  

 

 

 

 

 

Figure 5.5: Step-wise patch formation (Blue color was chosen to get a better contrast) 

5.2.2.3 Self-Propulsion experiments and stability experiments in H2O2 solution 

To test the stability of the particles, we conducted preliminary self-propulsion experiments on 

H2O2 solution. The particles were put on a plastic petri dish (diameter of 9 cm) filled with 5% 

H2O2. When wetting of the particle occurs, catalyst and H2O2 contacts and decomposition of 

H2O2 into H2O and oxygen gas starts. Oxygen bubbles are formed on the patchy side of the 
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particle and when the oxygen is relieved from the particles’ surface, particles start moving 

through the opposite direction due to conservation of momentum9. The experimental procedure 

was recorded by a camera (CANON EOS 5D MARK II).  

The details on self-propulsion experiments will be given in the next chapter with the data 

handled and evaluated.         

5.3 Results and Discussion 

The patchy particles containing Fe3O4@Pt nanoparticles were prepared in order to be 

employed for self-propulsion. The proposed mechanism for self-propulsion is based on 

decomposition reaction of H2O2, which is the fuel, and the motion is defined as “away from 

the catalyst” under the title of bubble propulsion. The preparation procedure was achieved 

successfully, however one should ensure to end up with structurally long-lived particles able 

to sustain catalytic performance. Therefore, the mechanical stability and integrity of these 

patchy anisometric supraparticles is of central importance for using them subsequently in self-

propulsion. 

5.3.1 Disintegration of Pure FS/Fe3O4@Pt Supraparticles during Self-Propulsion 

The supraparticles, the whole composition of which were given in the previous sections, 

contain hydrophilic components and the major part is made up of FS. Accordingly, when the 

particles were put into H2O2 solution, water permeable pores of the FS were fully wetted. When 

the decomposition of H2O2 into H2O and oxygen gas starts, oxygen bubble formation also 

occurs in the pores and the capillary pressure leads to a substantial mechanical strain within 

the pores. This O2 buildup can cause the disintegration of the patchy supraparticles after being 

immersed with H2O2 solution, as experimentally observed. At the same time, the full wetting 

of the supraparticle raises its probability of sinking into the solution and not swimming on its 

surface, as desired for such particles. This phenomenon brings the challenge of making a 

reliable self-propelling system. That’s why we investigated the stability of the patchy 

supraparticles in H2O2 solution. We observed that the first prepared patchy particles 

disintegrate within few seconds after being placed into the 5 wt% H2O2 solution, as shown in 

the images given in Figure 5.6 (The images are taken from the videos of self-propulsion 
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experiments). Row a and row b represent two different particles with same composition and 

appearance.  

 

 

 

 

 

 

Figure 5.6: Examples of breakdown of two S1 type supraparticles (S1-a & S1-b). (Frames were 

picked from the recorded videos of self-propulsion experiments, t=0 refers to the time at which 

the particle is placed on the aqueous H2O2 solution) [Visual cross-section area: 8.2x8.2 cm2].  

 

 

 

 

 

 

Figure 5.7: Disintegration profiles of S1-a & S1-b with time (t=0 refers to the time at which 

wetting occurs; lines are guides to the eye) 

To quantify the degree of disintegration, the pixels of the particles in the frames captured at 

certain time slots were counted and evaluation was made based on the visible area decrease 

during self-propulsion experiments. The percent decomposition of the particles (S1-a and S1-

t=1.8 sec t=3.5 sec t=5.1 sec t=6.8 sec 

t=47.3 sec t=60.7 sec t=74.0 sec t=87.3 sec a) 

b
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b) previously mentioned in Figure 5.6 were calculated and drawn in Figure 5.7. As illustrated 

in the graphs above, disintegration of the 40-50 % of the particles’ projected area occurs in 

about 4-5 seconds. Rarely, for some particles this time may reach to minutes. After losing 

around 40-50 % of their projected area, particles were long-term stable and further 

disintegration was not observed.     

This observation showed that the supraparticles have high tendency to disintegrate in a few 

seconds. Therefore, some modifications were necessary to be applied to enhance the stability 

of the particles for self-propulsion.           

5.3.2. Modifications for Enhancing the Stability of FS/Fe3O4@Pt Supraparticles 

There are two main problems affecting the stability of the supraparticles. The first problem is 

their hydrophilicity, which results in gas formation within their pores due to wetting, and the 

build-up of capillary pressure within them. The second problem is the brittleness and the 

fragility as the systems including dry silicate causes cracking and rapid disintegration. In order 

to figure out particle disintegration, various solutions were considered, which were based on 

both reducing hydrophilicity and impartment of new materials to increase mechanical strength.  

5.3.2.1 Supraparticles’ Heat Treatment (Sample 1a) 

Heat treatment is another approach to reduce the number of free Si-OH groups by a 

condensation reaction in which more hydrophobic Si-O-Si bridges are formed by eliminating 

H2O.10 With heat treatment, in general it is possible to obtain more compact particles with less 

porosity. Main control parameters in this treatment are temperature and time of heating. 

After the particles had been dried on superhydrophobic surfaces, they were put into an oven at 

around 110-120 °C for 4 to 20 hours. It was observed that the efficiency of hydrophobization 

was changing depending on the heating time. When the particles were heated for a few hours 

hydrophobization was not sufficient and disintegration could not be prevented (same case with 

Figure 5.5 and 5.6). However, when the heating time was longer, i.e. 16-20 hours, particles 

became overhydrophobized similarly to in the CH3Cl3Si case, which results in the inactivation 

of the catalytic activity.     
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5.3.2.2 Supraparticles’ Treatment with Hydrophobization Agent (Sample 1b) 

To decrease the hydrophilicity of the particles, one approach could be hydrophobization of the 

particles with a hydrophobization agent, which was trichloro methyl silane (CH3Cl3Si) in our 

case. We performed hydrophobization via chemical vapor deposition (CVD) of trichloro 

methyl silane (CH3Cl3Si) on the particle. The reason of intrinsic hydrophilicity are the free Si-

OH groups on the surface of the supraparticles. CH3Cl3Si reacts with the free Si-OH groups 

due to its high reactivity and decrease the particle’s hydrophilicity (see Scheme 5.1). CVD was 

performed by simply putting the particle and few µl (5-10 µl) of CH3Cl3Si in separate petri 

dishes close together (2 cm distance) in a closed chamber at controlled humidity for a few 

seconds. 
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Scheme 5.1: Proposed mechanism of hydrophobization of patchy particles with CH3Cl3Si 

treatment 

Although the time for CVD with CH3Cl3Si was kept very short (~10 seconds), the reaction 

went too fast resulting in over-hydrophobization of the particles. In other words, CVD with 

CH3Cl3Si was successful to prevent disintegration of the particles, however in the meantime 

the catalytically active sites were covered and inactivated as well. Consequently, these 

modified supraparticles failed to sustain self-propulsion.   

On the contrary, to prevent inactivation of the catalyst, when CVD was performed for shorter 

times (3-5 seconds), partial hydrophobization occurred which could not prevent disintegration 

during self-propulsion. In conclusion, the results showed that it was not possible to adjust an 

appropriate contacting time that allowed to achieve reproducible results and to have good 

control over the hydrophobization process.  
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5.3.2.3 Incorporation of Polystyrene (PS) Latex Particles (Sample 1) 

As another approach for the modification of the particles, PS was added into the colloidal 

mixture to improve the stability of the particles by forming composite/polymer particles. PS 

was used as a multifunctional component in the particles, both being a gluing and softening 

agent, and improving the swimming ability of the particles due to having a lower density (1.05 

g/cm3) than the supraparticles (densities of the components in the colloidal mixture of FS, 

Fe3O4, Pt and NaCl are: 2.2, ~5.17, 21.45 and 2.16 g/cm3, respectively). 

For the modification of the particles with PS, we added 10.0 wt% PS solution into the colloidal 

mixture. PS functions as an internal binding agent and at the same time it glues together the 

FS network effectively. The amount of PS in the colloidal mixture is the most important 

parameter to be adjusted carefully. When we added small amounts of PS (below 5 v% relative 

to the dry supraparticles), no significant effect was observed on the stability of the particles. 

Accordingly, higher amounts of PS (10 v% with respect to the dry supraparticles) were 

employed to optimize the procedure. However, in the latter case, we observed that particles 

became brittle and were breaking into several pieces during the drying process.     

As the amount of PS is too sensitive, we decided to combine PS addition and heat treatment to 

obtain both stable and functional supraparticles. The glass transition temperature of PS is 

around 100 °C and by heating the samples above 100 °C, we could ensure softening/melting 

of the PS nanoparticles so they can form a much more homogeneous and interconnected matrix 

with the FS, as showed in the Figure 5.8 below. Therefore, we added 5 v% of PS from 10 

wt/v% stock (12.33 wt% in dry particle) into the colloidal mixture and as soon as particles 

started to become dry, they were put into an oven for few (3-4) hours at around 100-120 °C. 

In the Figure 5.8 below, it is clearly seen that randomly distributed PS spheres in the unheated 

particle (left) have disappeared in the sintered particle (right) and a relatively homogeneous 

material is formed. Having these SEM images in hand, more compact particles are expected to 

be prepared with PS’ contribution as a binding/bridging agent for the FS.   
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Figure 5.8: SEM images for the sintering process of PS under heat treatment, left: before heat 

treatment and right: after heating above the glass transition temperature (S1a). (The SEM 

images were taken in NCSU)   

5.3.2.4 Incorporation of Sodium Trisilicate Na2SiO3 (Sample 2)  

Sodium silicate, or more commonly in the industry “water glass”, has been used in various 

fields as an adhesive agent to keep silica based components together.11 By knowing the 

functionality, we also used Na2SiO3 in order to enhance the mechanical stability of our FS 

based supraparticles as an alternative to PS&heat method. Based on our observations, below 

0.1 M, Na2SiO3 does not have a significant effect on anisometry of the particles, however 

above 0.5 M particle shapes become irregular (see Figure 5.9). 

 

   

   

 

Figure 5.9: Optical microscopy images of 3 examples of 0.5 M Na2SiO3 incorporated FS based 

particles. Irregular shape and inhomogeneity formation occurred due to high 

concentration/amount of Na2SiO3 (scale bar: 0.5 mm) 

Therefore, to make an efficient modification with Na2SiO3, 0.1 M and 0.2 M solutions (10-20 

v% in droplet) were added to the colloidal mixture and 3 µl droplets of this mixture were 

templated on superhydrophobic surfaces to obtain patchy particles. Microscopy images of 

these particles are given in the figure below (Figure 5.10). It was observed in the self-

2µm 2µm 

ΔT 
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propulsion experiments that Na2SiO3 imparted particles did not disintegrate in H2O2 solution 

(see Figure 5.14); therefore, one could conclude that with Na2SiO3 it is possible to ensure 

completely stable particles for self-propulsion purposes.     

 

 

 

 

Figure 5.10: 4x microscopy images of a Na2SiO3 associated FS based particle (front and back 

side of the same particle, scale bar: 0.5 mm) (S2, for composition see Table 5.2). Clear 

separation of the patch was achieved for Na2SiO3 associated FS based particle   

5.3.2.5 Incorporation of Microfibrillated Cellulose MFC (Sample 3 and 4) 

Microfibrillated cellulose (MFC) was another good candidate for further modifications of the 

particles. It could contribute to improve the structural integrity and by its lower density also to 

the buoyancy of the prepared particles. Imparting MFC to the patchy particles may be 

interesting as MFC has unique properties (high surface area, high aspect ratio, high viscosity 

at low temperatures, being extremely robust to pH and temperature, ability to form strong 

microfiber films with excellent barrier properties etc.3) and highly porous internal structure. 

As a result, we decided to use MFC to improve the mechanical properties of the patchy 

particles and introduce additional functionality (for instance higher meso- and microporosity) 

to the systems. 

For MFC-imparted patchy particles, we prepared 1.5 %wt/v MFC (2.08 wt% of the final dry 

supraparticle). When we took SEM images of these particles, we clearly observed that MFC 

brings its characteristic fibrillated structure to the system as shown in Figure 5.11. To get a 

better insight, the central part of the particle is shown 5x magnified on the right side.    
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Figure 5.11: SEM image of an MFC-containing FS based particle (S4; for composition see 

Table 5.2) (Scale bar: left: 300 and right: 60 µm). MFC associated particles are internally more 

compact with the advantage of fibrillated structure of MFC.  

With MFC, we achieved a homogeneously distributed network structure for the internal 

alignment of the particles with a relatively smoother surface as the evaporation flow occurs 

from outside to inside. However, due to high viscosity of MFC, the concentration to be added 

must be adjusted carefully. When we employed MFC with high concentrations (i.e. 10 wt% 

relative to dry particle and higher), it was observed that the diffusion of the catalytic 

nanoparticles to the magnet is hindered, apparently due to the crowded internal media and/or 

binding to MFC. This blocking effect of high concentrated MFC in the particles is clearly 

visible with both internal and surface inhomogeneity and shown here with the optical 

microscopy images in Figure 5.12 below.       

 

 

 

 

      

Figure 5.12: Microscope images of MFC-associated FS based particles scale bar: 0.5 mm (S3; 

MFC content 2.08 wt%).  
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After observation of irregularities, the MFC amount was decreased and Na2SiO3 was 

additionally imparted (S4) to the particles to obtain more regularly shaped MFC modified 

particles. In Figure 5.12, optical microscopy images of prepared S4 type particles are 

illustrated. It was observed that S4 type particles exhibit more clear and homogeneously 

looking localization of the catalyst when compared to the particles with higher MFC amount 

(2.08 wt%).  

 

   

 

 

Figure 5.13: Microscope images of MFC & Na2SiO3-associated FS based particles (S4) scale 

bar: 0.5 mm.  

5.3.3 Comparison of the Different Particle Types 

We have evaluated the outcome from different types of modifications with respect to the 

stability and performance of the supraparticles under conditions of self-propulsion and 

summarized in the Figure 5.14. Additionally, we tabulated the results in Table 5.3. Based on 

the stability, the joint usage of Na2SiO3 and MFC (S4) seems to be the best approach to 

fabricate long-term stable particles that maintain the catalytic activity required for self-

propulsion. PS & heat treatment (S1a) is also a proper method by ensuring robust particles with 

good catalytic activity. Lastly, the results of the particles treated with CH3Cl3Si (S1b) shows 

that this method provides the most stable particles; however, by being over-hydrophobized, 

these particles does not show any movement due to the lack of contact between the catalytically 

active parts of the supraparticles and H2O2.  
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Figure 5.14: Disintegration tendency in 5 wt% H2O2 of differently treated supraparticles to 

provide hydrophobicity. Fast disintegration is observed for the particles without any treatment, 

slow disintegration is observed for the particles treated with heat and lastly for the particles 

treated with CH3Cl3Si and Na2SiO3 no disintegration is observed.  

We investigated disintegration behavior of the particles when they were placed in 5 % H2O2 

solution. The quantification of disintegration was done with the same technique performed for 

Figure 5.7 as explained in that section. As explained earlier, S1 type particles, the particles 

without any treatment, start to disintegrate as soon as they are placed in H2O2 solution and 

loose about 50% within 4-5 seconds. The particles modified with heat treatment could provide 

much more stable particles with moderate heating conditions (8 hours at 115 °C) when 

compared to the particles without any treatment, but they still disintegrate to some extent. On 

the contrary, the particles sintered with CH3Cl3Si (S1b) or modified with Na2SiO3 & MFC (S4) 

showed long-time stability and they could be good candidates for self-propulsion purposes.    
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Table 5.3: Stability and motion performance comparison of the particles (+++: very good; +: 

poor; -: no motion was observed)   

Method Stability Motion 

PS+Heat +/++ ++/+++ 

CH3Cl3Si +++ - 

Na2SiO3 +++ ++/+++ 

MFC +++ +/++ 

Na2SiO3+MFC +++ +++ 

 

5.3.4 Visualization of the Internal Structure of the Particles 

To investigate the properties of the supraparticles prepared, structural characterization is very 

important. Accordingly, all particles were analyzed with optical microscope to investigate 

surface characteristics and to evaluate anisometry and body length. However, a deep 

understanding of the internal structure of the particles is necessary to be discovered for the 

alignment of the catalytically active Fe3O4@Pt nanoparticles and optical microcopy only allow 

to image the surface. Optical microscopy images were not enough to give detailed information 

about the internal structure of the supraparticles, indeed it gives very little information on the 

distribution of the catalytically active Fe3O4@Pt nanoparticles, which bears the highest 

importance for their potential usage as self-propelling particles. From the optical microscopy 

images, it is clear that the particles have nicely elliptical shape with an “eye-like” dark patch 

on one side (see Figure 5.3). But still there are open questions: How deep this catalytically 

active nanoparticles go into the supraparticle, Does the shape of the patch depend on the 

composition of the supraparticles, and how does the catalytically active nanoparticles align 

within the particles.  

As a potential technique, scanning electron microscopy (SEM) could be a good candidate to 

address that questions, however in that case one has to cut the particles to investigate the 

internal structure for the measurement which risks changing the particles’ internal structure. 

Accordingly, a much less invasive investigation tool, confocal micro-X-ray fluorescence 
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spectroscopy (CMXRF) was chosen. CMXRF enables us to make elemental imaging of 

specimen in three dimensions, for our particles with a resolution of roughly 30 µm.12–14 In 

addition to higher resolution compared to other techniques, the measurement of the localization 

of Fe and Pt in the whole particles can be performed without need for sectioning in CMXRF 

due to the low density of the particles.  

For the internal structural analyses of the patchy supraparticles, particles were attached to a 

carbon tape and multiple experiments on all classes of the supraparticles were performed by 

means of CMXRF.    

The visualized shown here are the virtual slices through the particle with 30 µm distance 

between the slices and the pixel size is also 30 µm. Intensity distributions of Fe, Pt and the 

whole particle are collected by visualizing the particle slice by slice in xy and yz projections. 

With a full XRF spectrum for each pixel, elements can be imaged simultaneously and to obtain 

net peak intensities, fluorescence peaks were deconvoluted.    

5.3.4.1 Localization of the Patch 

Localization of the patch for patchy particle preparation with the help of magnetic attraction 

forces was described in detail in the section 5.2.2.2. We handled two particles with same 

composition (S2 type) and let one of them dry with magnetic force and the other without 

magnetic force (Figure 5.15).  MSc physicist Leona Bauer (Kanngießer Group-TU Berlin) 

conducted the CMXRF analyses of the particles and evaluated the data obtained in terms of 

the intensity distribution of Fe, Pt and the density of the particles.   
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Figure 5.15: Distribution of Fe (top) and Pt (middle) inside a particle of type S2 (Na2SiO3) 

obtained in the absence of a magnetic field (left), and in the presence of a magnetic field (right). 

The bottom images show the distribution of the density of the particle through the analysis of 

scattered radiation.  

The results are all in agreement with the statements previously mentioned. Without magnetic 

force, catalytically active nanoparticles are distributed randomly in the particle as seen in the 

Figure 5.15 on the left. Whereas, in the figure lying on the right, it is clearly seen that Fe3O4@Pt 

nanoparticles are localized in a smaller and predetermined volume in the particle.  

5.3.4.2 Heat Treatment of S1 Type Particles  

To improve the stability of the particles, as mentioned before, several methods were employed 

one of which was heat treatment of S1 type supraparticles (PS imparted supraparticles). For 

the sake of mechanical instability of the particles during self-propulsion, dried PS imparted 

particles were kept in the oven at 100-120 ˚C for a few hours. This approach served well for 

the particles’ stability and compactness during self-propulsion, however there was not any 

evidence on the probability of any other structural changes happening besides PS’s binding the 

components inside. Accordingly, an S1 type particle was prepared and CMXRF measurements 

were taken both before and after heating process (see Figure 5.16).    
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Figure 5.16: Distribution of Fe (top) and Pt (middle) inside a particle of type S1 (PS) before 

heat treatment (left), and after heat treatment (right). The bottom images show the distribution 

of the density of the particle through the analysis of scattered radiation.  

The spectra of the particle taken before (on the left) and after (on the right) heat treatment were 

given in Figure 5.16. It was observed that the alignment of the Fe3O4@Pt nanoparticles did not 

change inside the particle after heat treatment, i.e. position of the patch remained stable. This 

result confirms that the approach based on heating of the particles in order to improve the 

mechanical stability of the particle, is a totally reliable method.      

5.3.4.3 Visualization of the Stable Anisometric Patchy Particles 

For the structural investigations of the stable patchy particles prepared for self-propulsion 

purposes, twelve particles from all suitable classes (S1, S2 and S4) were chosen for CMXRF 

measurements and one representative result is shown here in Figure 5.17.    
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Figure 5.17: Comparison of the typical shape and patch localization (via the localization of the 

different metals) for the different classes of supraparticles  

For S1 type, in PS imparted supraparticles, a well-defined patch localization is seen. In 

addition, as it was mentioned previously in section 5.3.4.2, heat treatment does not change any 

further diffusion of Fe3O4@Pt nanoparticles so as the self-propulsion properties. The particles 

modified with Na2SiO3 (S2) shows a clear patch separation. Finally, in S4 type particles, 

modified with Na2SiO3 and MFC, patch formation does not seem to be localized well-defined 

as diffusion of Fe3O4@Pt nanoparticles is partially blocked due to the network characteristics 

of MFC.   

From CMXRF analyses on patchy supraparticles, we were able to evaluate the internal 

alignment of the patch in addition to surface localization. The measurements show that 

Fe3O4@Pt nanoparticles are placed not only on the surface but also up to 200 µm deep, and it 

is illustrated in Figure 5.18 below. For that purpose, the intensities evaluated from the data are 

plotted over the relative distance from the surface (position 0 µm).   
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Figure 5.18: Line profiles along the marked paths of Figure 5.17. The intensities are plotted 

as a function of position with the surface at 0 µm.   

Line profiles of the marked paths showed in Figure 5.17 are illustrated in the Figure 5.18 above. 

There are three regions where the probing volume is inside the particle (grey boxes), the 

regions without material and the regions where the volume enters or inside the carbon tape that 

carriers the sample are (yellow boxes).   

For S1 and S2 type particles, intensive distribution of Fe3O4@Pt nanoparticles is seen on the 

surface of the particles and distribution gradually decreases as going deeper. The reason of this 

decrease is the absorption inside the particle as well as the distribution of the elements. First, 

the attenuation differs from element to element due to the energy dependency of the linear 

mass absorption coefficient15. As Pt is less attenuated than Fe, the decrease in Pt signal is less 

than the decrease in Fe signal. Second reason is the fact that the signal of Pt is overall much 

less intense than Fe signal (see Figure 5.17). These two reasons lead to detection of Pt signal 

at depths while Fe signal is already very low at depths compared to the signal at the surface. 

For S4 type particles, as it was clearly seen in Figure 5.17 too, the distribution of Fe3O4@Pt 

nanoparticles are seen both on the surface and inside the particle and it was observed that 
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internal distribution of the nanoparticles are more intense compared to other class of the 

particles due to the network characteristics of MFC.  

5.4 Conclusions 

In this chapter, the preparation of the FS-based stable patchy particles was explained in detail. 

Fumed silica-based mm sized particles were obtained on bent superhydrophobic surfaces by 

templating 3 µl droplets of the colloidal mixtures via evaporation induced self-assembly. To 

obtain patchy particles, we synthesized catalytically active patches of Fe3O4@Pt nanoparticles 

(that decompose H2O2 and thereby lead to self-propulsion), added to the colloidal mixture and 

with the help of a magnetic field, the catalytically active nanoparticles were located on a pre-

determined side of the particles. However, the main obstacle for these supraparticles is their 

fragility during self-propulsion experiments in the presence of H2O2 as fuel.  

Due to hydrophilicity of the particles and the fuel, it was necessary to improve the mechanical 

stability of the particles to inhibit their disintegration during self-propulsion. To do that, we 

focused on two methods: Lower hydrophilicity of the particles, and addition of other 

components. To lower the hydrophilicity, we employed CH3Cl3Si by chemical vapor 

deposition as hydrophobization agent in order to get long-time stable particles. However, even 

with very small amounts of CH3Cl3Si (5-10µl) and very short application times of 3-5 seconds, 

the particles were over-hydrophobized and they did not show any motion during self-

propulsion experiments. Heating was another approach for lowering hydrophilicity as it 

reduces the number of Si-OH groups. However, this method also brings the deactivation of the 

catalytic activity as in the previous method resulting in no motion.           

As another approach, PS nanoparticles were used to improve the stability of the patchy 

particles due to its low density PS would contribute to swimming of the particles by decreasing 

the density of the particles. It was observed that only the addition of PS did not work for 

stability of the particles during self-propulsion. Therefore, we decided to combine 2 methods: 

addition of PS and heating. It was observed that above the glass transition temperature of PS, 

obtained particles were rather homogeneous supraparticles with enhanced stability which are 

able to self-propel on H2O2 solution by being long time stable. 
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As an alternative approach to improve the stability of the particles, Na2SiO3 addition was done. 

Na2SiO3 is a multifunctional material for our system by contributing the stability and 

eliminating the necessity of NaCl which brings fragility to the particles by dissolving in 

aqueous solution as Na2SiO3 would be used as a control agent for anisometry of the particles 

instead of NaCl.  

In addition to the just described approaches, we also employed microfibrillated cellulose 

(MFC) as an additive to control the mechanical properties and provide additional functionality. 

MFC has a significant contribution to the mechanical stability of the particles by aligning 

inside and binding the components due to its network structure. However, usage of MFC in 

such a system is tricky as the properties of MFC which bring a notable advantage to the stability 

becomes a disadvantage for the diffusion of the catalyst in the procedure of preparation of the 

particles. Due to high network structure, MFC partially blocks the diffusion of the catalytical 

nanoparticles, hence obtaining patchy particles with clear separation of the patch and the rest 

of the particle becomes difficult in the presence of MFC. To overcome this obstacle in the 

presence of MFC, we decided to combine the usage of MFC and Na2SiO3. With this 

combination one could obtain well-defined patch formation and stable particles which are very 

suitable for self-propulsion.     

While making the structural modifications mentioned above, we used confocal micro-X-ray 

fluorescence spectroscopy (CMXRF) for the visualization of the particles. Compared to optical 

microscopy and scanning electron microscopy, CMXRF is a very advantageous method with 

30µm resolution for our particles as it enables us to visualize not only the surface of the 

particles but also 30 µm resolution without the necessity of cutting them. The results obtained 

from CMXRF showed that the Fe3O4@Pt nanoparticles are contained rather deeply in MFC-

modified particles due to hindered free motion of the Fe3O4@Pt by MFC. This phenomenon 

results in larger patch formation with the distribution of Fe3O4@Pt nanoparticles both on the 

surface and inside of the particles.   

In conclusion, the studies in this chapter were pointing to improve the stability of the patchy 

particles by varying the components to obtain suitable candidates for self-propulsion 

experiments. With different modification techniques, we achieved to obtain stable particles 

useful for self-propulsion. With respect to the stability, MFC/Na2SiO3 modified particles seem 
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to be most promising ones. Conducted self-propulsion experiments with the modified particles 

are given in the following chapter.  
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CHAPTER 6: SELF-PROPULSION of the PATCHY PARTICLES 

Scope of the Chapter: 

In this chapter, we analyze the self-propulsion of the patchy particles previously obtained. Our 

purpose was to construct a system consisting of compositionally different particles and to make 

a correlation between the composition and the motion behavior. For self-propelling systems 

there are many parameters to be adjusted carefully. As it was mentioned in the previous 

chapters, for a stable anisometric patchy particle, ionic strength and hydrophobization are the 

most important parameters. Besides these primary parameters, fuel concentration (H2O2 in our 

case) is another parameter affecting the motion of the patchy particles. Therefore, in addition 

to investigate the correlation between the composition and the trajectories, we studied the 

effect of fuel concentration on the average speed of the particles.  

6.1 Introduction 

In the last few decades, nonbiological micro- and nano-particles performing translational 

motion by converting chemical energy, have been widely investigated.1 Starting with the 

difference between passive motion and active motion, self-propulsion could be explained in a 

more clear way. Passive motion is the motion caused by any type of flow due to a chemical 

potential gradient formed by external fields. Active motion, self-propulsion, is defined as the 

motion generated by the conversion of chemical or external energy into mechanical energy. In 

other words, self-propelling micro/nano particles could overcome the chemical potential 

gradient which is responsible for passive motion, leading to active motion.2  

    

As it was mentioned in the first chapter, 4 main mechanisms could be discussed for Janus 

particles: Self-Diffusiophoresis, Bubble Propulsion, Self-electrophoresis and Interfacial 

Tension Motion Induced Propulsion3,4. However, the shape has a crucial effect on the 

mechanism of the Janus particles. For example, talking about the same mechanism, self-

electrophoresis, Janus rods move towards the catalyst3 while Janus spheres move away from 

the catalyst2.  
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For the systems in which H2O2 is used as a fuel to drive the motion, theoretically there are two 

options; either bubble propulsion or self-diffusiophoresis. Microtubular particles coated with 

platinum in the interior concave surfaces, generate bubbles from one side and this brings 

bubble propulsion mechanism; while convex Janus particles show self-diffusiophoresis as they 

do not generate any visible bubbles in general5.  

6.2 Experimental 

6.2.1 Materials  

Materials Specifications Supplier 
Fumed silica (FS) 
AEROSIL® 90 surface area=90 ± 15 m2/g Evonik 

PS-latex d = 0.96 μm, ρsolid = 1.05 g/ml csolid = 
10%w/v Bangs-Labs 

NaCl synthesis-grade, ≥ 99.9% ChemSolute 

Na2SiO3 ≥18% Na (as Na2O) basis, ≥60% Si (as 
SiO2) basis 

Sigma-
Aldrich 

MFC grade HP-55, Mw 84 000 g/mol, Mn 21 000 
g/mol 

Shin Etsu 
Chemical 

Co. 
MiliQ water ≥ 18 MΩ/cm  

H2O2 30% wt Sigma 
Aldrich 

NaBH4 ≥96% Sigma-
Aldrich 

H2PtCl6·6H2O ≥37.5% Pt basis Sigma-
Aldrich 

Sodium Citrate Tribasic 
Hydrate ACS reagent, ≥99.0% Sigma-

Aldrich 
HCl aqueous, 37%w/w Merck 

NaOH ACS-grade, ≥ 98%, pellets Fluka 

FeCl2·4H2O ≥ 98% Sigma-
Aldrich 

FeCl3·6H2O ACS-grade, ≥ 98% Sigma-
Aldrich 

 

6.2.2 Experimental Set-Up 

Patchy supraparticles prepared previously, described in detail in Chapter 5, were put onto an 

aqueous 5% H2O2 solution in a petri dish (9cm diameter) for self-propulsion one-by-one 
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(Scheme 6.1). After few seconds, wetting occurred and catalytic patch and H2O2 solution came 

into contact which gives rise to decomposition of H2O2 into H2O (liq) and O2 (gas). Oxygen 

gas formation occurred on the patchy side of the particle and when bubbles burst or detached 

from the particle, the particle started to move in the opposite direction of bubble formation due 

to conservation of momentum.6   

 

Scheme 6.1: Experimental route in the investigation of self-propelling patchy particles on an 

aqueous H2O2 solution 

Observation of the self-propulsion experiments was done with a digital camera (CANON EOS 

5D MARK II) and the recorded videos were transferred to a computer to be analyzed. The 

videos were analyzed with Image J Software.7,8 The frame rate of the videos was constant (25 

frames/sec), and the software gave the trajectories of the supraparticle’s motion in pixel units 

(1088x1920) with the help of Multi Tracker plugin. Frame numbers were converted directly 

into the time. Trajectories given by the software were evaluated in x- and y- Cartesian 

coordinates in pixel units. Knowing the diameter of the petri dish, the units of the trajectories 

were converted into real length (mm scale) by calculating the conversion factor in the software. 

With all these data in hand, we were able to draw the speed and root mean square displacement 

graphs of the particles. To make the correlation between the composition and the movement, 

the particles with similar appearance and dimensions form different classes were chosen.     

6.3 Results and Discussion 

FS-based structurally modified supraparticles (see Chapter 5) were employed for self-

propulsion experiments. Three type of particles with different composition (S1a, S2 and S4) 

were used in self-propulsion experiments and the evaluated data is given here with the graphs 
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in the following sections. Particles from different classes were first analyzed in between in 

separate sections (6.3.1.1-6.3.1.3). Then we took 3 particles with different composition (from 

different classes) but same appearance and dimensions and analyzed the motion of these 

particles to observe the effect of composition on the motion (6.3.2). An important question was 

the availability of the particles for multiple experiments. In other words, the main concern is 

that “These particles were suitable to be used in multiple experiments without any damage or 

not?”. To answer this crucial question, three particles from different classes were used for self-

propulsion experiments twice (6.3.3) and CMXRF analyses were conducted before and after 

the experiments (6.3.4). In addition to these studies, self-propulsion experiments of three 

particles from the same class (S1 type) with similar appearance and dimensions were 

conducted with 0%, 5% and 10% H2O2 solutions to investigate the effect of fuel concentration 

(6.3.5).  

Compositions of the particles belonging different classes are given in the table below. 

Table 6.1: Final composition of the different samples prepared and investigated.      

Samples / 
Components wt % 

Class 1 
(S1&S1a&S1b) 

Class 2 
(S2) 

Class 3 
(S3) 

Class 4  
(S4) 

Fumed Silica 86.33 84.37 97.09 91.12 

NaCl 0.29  0.12  

Fe3O4@Pt 1.05 1.03 0.71 1.11 

Polystyrene 12.33    

Na2SiO3  14.60  6.38 

MFC   2.08 1.47 

 

6.3.1 Motion Analyses of S1, S2 and S4 Type Particles 

In Chapter 5, stability and motion ability of the particles were explained in detail while 

preparation of the patchy supraparticles was described. More than 300 particles in each class 

were prepared and around 100 of them for each class were used for self-propulsion 
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experiments. The reason why we chose only 1/3 of the particles prepared for self-propulsion 

experiments was the necessity of a well-defined systematic shape and appearance of the 

particles to describe and allocate the motion behaviors of the particles more accurate. In the 

following subsections, the motion behavior of the particles from different classes will be 

explained separately.  

Table 6.2: Properties of S1, S2 and S4 type particles chosen to be illustrated      

 

 

 

 

 

6.3.1.1 Motion Analyses of S1 Type Particles   

Herein, the particles in a certain range of dimensions from Class 1 were picked to be reported 

to characterize the motion of this class. The properties of the particles chosen to be reported in 

this section is given below in the Table 6.2. Average speed of the particles from Class 1 was 

calculated as 0.60 mm/sec and obtained by evaluating more than 20 data set, however 4 

particles (S11-4) were chosen to be shown here to represent this class.  

S1 type particles, as it was mentioned in the previous chapter, have a clearer separation 

between the patchy part and the rest, due to the internal alignments of the components. The 

localization of the patch has a prominent effect on the motion abilities and the trajectories of 

the particles as expected. With a well-defined boundary of the patch, S1 type particles show 

smoother translational motion when compared to S2 and S4, which will be explained in detail 

in the following subsections. The trajectories, obtained from the data of the videos with the 

help of the software, of 4 particles are shown below (see Figure 6.1). Once decomposition of 

H2O2 starts after wetting, bubble formation may occur at different spots on patchy side. With 

a clear boundary of the patch mainly localized on the surface rather than inside, bubbles formed 

Particle/ 

Properties 

Anisometry/ 

(unitless) 

Body Length 

(mm) 

Average Speed 

(mm.sec-1) 

S11-4 1.24-1.63 1.08-1.20 0.60 

S21-4 1.18-1.29 0.84-1.06 0.41 

S41-4 1.35-1.62 1.02-1.19 0.32 
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at different spots contribute the motion together as the distance between the spots are not too 

long to inhibit each other. This prevents chaos during motion resulting in a smoother trajectory 

without many oscillations and circling tendency.  

 

Figure 6.1: Separate trajectories of the patchy particles swimming on 5% H2O2 a) S11, b) S12, 

c) S13 and d) S14. S and F represent starting and finishing point of the trajectories respectively. 

With the evaluated data, instantaneous average speed distribution (between each frame, which 

is 0.04 s) histograms were drawn (see Figure 6.2). The average speeds of the particles during 

the whole motion were also calculated and marked with red in the histograms. Based on the 

histograms, the average speeds of the particles were found as 0.52, 0.64, 0.66 and 0.54 mm/sec 

for S11, S12, S13 S14 respectively. Average speed distributions of the particles from Class 1 

show similar tendency as it is seen in the figure. The columns concentrate in between 0.2 and 

0.8 mm/sec with a mutual peak at 0.2 mm/sec and a steady decrease right after the peak.  
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Figure 6.2: Speed distributions of the patchy particles swimming on 5% H2O2 a) S11, b) S12, 

c) S13 and d) S14. (Red columns represent average speed.) 

6.3.1.2 Motion Analyses of S2 Type Particles   

In this section, the particles belonging to Class 2 were handled to investigate the motion 

characterizations. Due to the composition of this class, prepared particles were lower in 

anisometry when compared to Class 1 (see Table 6.2). By having 14.60 % wt (in the dried 

particle) Na2SiO3, S2 type particles have very compact and dense alignment inside which 

causes difficulties in elongation during evaporation of the H2O in the droplet in the preparation 

process. That`s why, the particles from Class 2 show lower anisometry and body length 

compared to S1 and S4. Anisometry values of the analyzed particles to be shown here change 

in between 1.18 and 1.29 with 0.9 mm body length at average (see Table 6.2) while they were 

found as in between 1.24-1.63 with 1.15 mm average body length in Class 1 particles. Average 

speed of all S2 type particles prepared for this study was calculated as 0.41 mm/sec.    
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S2 type particles have porous internal structure as it was described in the previous chapter. 

Being porous and compact, the localization of the patch is not as well-defined as in the Class 

1. Internal complexity of the S2 type particles inhibits the diffusion of the catalyst (Fe3O4@Pt) 

nanoparticles to some extent during the evaporation of the droplet which results in some of the 

nanoparticles are being trapped inside the particle. Therefore, catalytic nanoparticles are 

localized not only on the surface but also inside the particle which is proven with CMXRF 

studies in previous chapter. This localization of the catalytic nanoparticles brings a bubble 

crowd surrounding the particle during self-propulsion. Bubble formation occurs at different 

spots as in S1, but these spots are further to each other in S2. The bubbles formed at different 

spots in Class 2 particles, cross other`s paths which breaks a smooth translational motion and 

ends up with a little chaos during movement. This chaos appears as oscillation like zigzags and 

small circles in the trajectories (see Figure 6.3).  

 

Figure 6.3: Separate trajectories of the patchy particles swimming on 5% H2O2 a) S21, b) S22, 

c) S23 and d) S24. S and F represent starting and finishing point of the trajectories respectively 
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With the data obtained from the analyses of the trajectories, average speed distribution 

(between each frame, which is 0.04 s) histograms were drawn (see Figure 6.4). Red columns 

represent the average speed during the whole motion of the particles and calculated as 0.41, 

0.55, 0.37 and 0.47 mm/sec for S21, S22, S23 S24 respectively. The histograms show similarities 

with the ones obtained for Class 1 particles. The concentration of the columns is observed in 

the area between 0.2 and 0.8 mm/sec. The highest speed values are seen in between 0.2 and 

0.4 mm/sec and the decrease after the hill is detected as an exponential decrease. As expressed 

before, average speed of the self-propelling particles of this class was found as 0.41 mm/sec, 

lower than Class 1 due to the differences in internal alignment of the particles, as expected. 

 

Figure 6.4: Speed distributions of the patchy particles swimming on 5% H2O2 a) S21, b) S22, 

c) S23 and d) S24. (Red columns represent average speed.) 

In the previous chapter, 4 modification techniques to obtain stable patchy particles suitable for 

self-propulsion were explained in detail. However, S3 type particles (Class 3) were not 
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discussed here due to irregular distribution of catalytic nanoparticles caused by high network 

structure of MFC (see Figure 5.11). As there is not a clear separation of the patch and the rest 

of the particle seen in S3 type particles, they are not considered for self-propulsion experiments 

and further analyses.   

6.3.1.3 Motion Analyses of S4 Type Particles   

As in the cases of S1 and S2 type particles, S4 type particles were handled for self-propulsion 

for the investigation of the motion analyses. Experiments were done under same conditions 

and analyses were done by using the same method. After encountering with the problem of 

bubble crowd resulting in drowning of the particles in Class 2 and disordered localization of 

the patch in Class 3, the necessity of the combination of these two classes has arisen. Class 4 

was formed by decreasing the weight percentages of Na2SiO3 and MFC (in dried particle) used 

in Class 2 and Class 3 to eliminate the disadvantages caused by crowded internal media.   

The particles taken to be analyzed in this section were selected similar to the Class 1 particles 

with respect to dimensions (see Table 6.2). Average speed of all particles in this class was 

calculated as 0.32 mm/sec.     

To represent Class 4, 4 particles were chosen to be shown here. By combining Na2SiO3 and 

MFC, prepared particles showed excellent stability. Particles` being stable is a necessity to 

prevent disintegration during self-propulsion, however as it was seen in Class 2 it might 

become a disadvantage for the localization of the patch. The boundary of the patchy part and 

the rest in Class 4 is not as clear as in Class 1. The contribution of Na2SiO3 and MFC bring the 

particle a very nice porous and network internal structure. However, this results in difficulties 

in the diffusion of the catalytic nanoparticles during evaporation of the droplet. It was observed 

and proven that catalytic nanoparticles were localized not only on the surface but also inside 

the particle as in Class 2 with more nanoparticles trapped inside when compared to Class 2. 

This phenomenon causes chaos like in Class 2 particles during self-propulsion and this chaos 

is clearly seen in the trajectories of the particles (see Figure 6.5). Class 4 particles have a high 

tendency to make oscillations/ zigzags and small and big circles while swimming on H2O2 

solution. During self-propulsion experiment, bubble crowds surrounding the particles for Class 

4 were not often observed as in Class 2. There are two reasons decreasing this confusion in 
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Class 4 particles: less Na2SiO3 compared to Class 2 and the benefit of the network structure of 

MFC. Although being very compact and dense, particles inhibit H2O2 and the bubbles` 

fluctuations and contribute in balancing hydrodynamic instabilities to some extent by having 

a network structure inside.           

 

Figure 6.5: Separate trajectories of the patchy particles swimming on 5% H2O2 a) S41, b) S42, 

c) S43 and d) S44. S and F represent starting and finishing point of the trajectories respectively 

As it was mentioned above, the average speed of the particles in Class 4 was found as 0.32 

mm/sec. Instantaneous speed distributions of the 4 particles shown here were drawn with 

histograms and showed in below (see Figure 6.6). Average speeds of the particles were 

calculated as 0.27, 0.29, 0.3 and 0.4 mm/sec for S41, S42, S43 S44 respectively and marked 

with red color in histograms. It is seen that columns concentrate in the area between 0.2 and 

0.6 mm/sec and the highest speeds were observed at 0.2 mm/sec as in the previous cases. The 
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prevalence of the speeds above 0.2 mm/sec is at least 2 or 3 times lower than the prevalence 

of 0.2 mm/sec unlike other classes.    

 

Figure 6.6: Speed distributions of the patchy particles swimming on 5% H2O2 a) S41, b) S42, 

c) S43 and d) S44. (Red columns represent average speed.) 

6.3.1.4 Comparison of all Particles Belonging to Different Classes   

This study was based on 5 hoops each connected: obtaining anisometric supraparticles, making 

stable anisometric patchy supraparticles, modifying the particles to be stable for self-

propulsion, motion analyses of the self-propelling particles and finding the correlation between 

the composition and the motion characteristics of the particles. After analyzing different 

classes separately in previous sections (6.3.1.1, 6.3.3.2 and 6.3.3.3), these 12 particles were 

taken to investigate the correlation between the Classes (composition), anisometry and average 

speeds. To do that, anisometry versus average speed of the particles were drawn together (see 

Figure 6.7).     
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Figure 6.7: Speed distributions of the patchy particles swimming on 5% H2O2 from all 

Classes 

As seen in the graph (Figure 6.7), the average speeds of the particles were highest in Class 1, 

followed by Class 2 particles and Class 4 particles having the lowest speeds which was already 

expressed in the sections above. The smoothness of the boundary of the patches in the particles 

determines the average speeds of the particles. Smoother patch localization leads to faster 

particles as the bubbles formed via decomposition reaction do not inhibit each other and do not 

blockade the particles. The smoothest patch localization was observed in Class 1 and the least 

was observed in Class 4, which is in total agreement with the data shown here (see Figure 

6.12). 

Another observation is, as mentioned previously, graph shows that S1 and S4 type particles 

could reach higher anisometry values while S2 type particles have less anisometry and look 

more spherical when compared to S1 and S4. In addition, it was observed that average speed 
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increases as anisometry decreases for Class 1 and Class 4 and the opposite occurs for Class 2 

particles. These two observations stem from a single reason: composition of S2 type particles. 

Class 2 contains 14.6 %wt Na2SiO3 which makes the particles very compact. This compactness 

prevents elongation of the droplets during evaporation to some extent; therefore, dried particles 

appear less anisometric compared to other classes. For the anisometry and speed relation, one 

would expect to see higher speeds at lower anisometry values due to the increase in 

hydrodynamic instability for longer particles which is totally true for Class 1 and Class 4. 

However, for Class 2 particles, speed decreases with decrease in anisometry. During self-

propulsion, all particles might be surrounded by the bubbles formed. The particles having 

higher anisometry are not stuck and continue motion while less anisometric particles may be 

trapped inside the bubble crowd. As a result, S1 and S4 type particles are able to continue 

motion in case of being surrounded by bubbles while S2 type particles have difficulty due to 

their shapes.      

After analyzing the relationship between trajectory, average speed and anisometry of the 

particles with their composition, a very important question appears: How consistent are the 

average speeds of the particles during whole motion? To investigate the consistency of the 

average speeds of the particles, average speeds were calculated in certain time intervals: 1st 30, 

60, 90, 120, 150, 180, 210, 240, 270, 300, 330 and 360 seconds. Evaluated data was drawn and 

represented with grouped columns separately for Class1, Class 2, Class 4 and all 12 particles 

together (see Figure 6.8).     
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Figure 6.8: Average speed distributions of a) S11, S12, S13 and S14, b) S21, S22, S23 and S24, c) 

S41, S42, S43 and S44 and d) all 12 particles together  

As it is clearly seen from the graphs above, average speeds of the particles are fixed right after 

2-3 minutes and this outcome is in agreement for all 12 particles. These results prove that the 

motion analyses of the particles are definitely reliable for the particles moving at least for 3 

minutes. It would not be accurate to describe a similar system moving for 1 or 2 minutes or 

less as these short time intervals are not enough for the particles to show a systematic behavior.    

6.3.2 Motion Analyses of Self-Propelling Particles and the Correlation between the 
Composition and the Motion 

By achieving successful self-propulsion experiments with stable patchy supraparticles, we 

investigated self-propulsion of the particles with same appearance and different compositions. 
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To do that, we chose S1a, S2 and S4 class particles, due to their stability as it was mentioned 

in the previous chapter, to be investigated. Three particles with similar shape, dimensions and 

appearance were selected from each class (see Table 6.3). 

Table 6.3: Properties of the particles selected from 1st, 2nd and 4th classes for correlation studies 

Particle/ 

Properties 

Anisometry 

(unitless) 

Body Length 

mm 

S1 1.46 1.21 

S2 1.45 1.11 

S4 1.48 1.10 

S1 type particles having NaCl and PS, are more compact and the separation of the patchy part 

and the rest is more clear. S2 type particles containing Na2SiO3 have more porous internal 

structure, as consistent with CMXRF outcome in the previous chapter, giving rise to easier 

H2O2 intrusion during the experiment. Lastly, S4 type particles include MFC and Na2SiO3. 

Due to Na2SiO3 being porous, due to MFC having a network structure internally S4 type 

particles exhibit more curvature motion, i.e. have a higher tendency to turn more frequent due 

to internal structure, when compared to S1 and S2. H2O2 coming in and going out, has many 

locational options for S4 type particles due to the internal structure which results in different 

trajectory obtained from the experiments (see Figure 6.9). 

 

Figure 6.9: Trajectories of the patchy particles swimming on 5% H2O2 a) S1, b)S2 and c)S4. 

Due to more compact internal structure, S1 shows more directional behavior, S2 tends to make 

a circle in a long time period; S4 makes turning during swimming. 
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From the data evaluated, we also drew the cumulative distances travelled by the particles. S1, 

S2 and S4 travelled around 300, 400 and 60 mm in total. For S1, total moving time is 6.7, for 

S2 11.7 and S4 2.7 mins (Figure 6.10). Total time is not related with the particles’ activity, but 

it is related with the particles’ movement. More clearly, when the particles reach to the wall of 

the petri dish, it is not always easy for them to turn back to solution and continue motion as 

soon as they touch the wall. Accordingly, the experiments were stopped in case the particles 

did not turn back to the solution, so total time travelled for motion may be shorter for some 

particles.  

 

 

Figure 6.10: Total distances travelled by the particles with respect to time a) S1, b) S2, c) S4 

and d) S1, S2 and S4 together [Inset: Total distances travelled by the particles with respect to 

travelled time specific to each one. (Total travelling time of the particles differ due to 

adhesion.)] 
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Average speeds of the particles were calculated by dividing the total distances travelled over 

total travelling time and found as 0.65, 0.54 and 0.32 mm/sec for S1, S2 and S4 respectively. 

For self-propelling particles, another term to define speed is body length. Average velocities 

with respect to body length were also calculated and found as 0.54, 0.49 and 0.29 BL/sec for 

S1, S2 and S4 respectively. All data evaluated for three particles is tabulated below.  

Table 6.4: Properties and average speeds of the particles S1, S2 and S4 

 

 

 

 

 

In 

addition to make average speed calculations, speed distributions of the particles per frame (0.04 

sec) were obtained with the instantaneous speeds from the data evaluated and illustrated with 

a histogram (see Figure 6.11). Based on the histograms, the columns representing the speeds 

show a dense distribution between 0.2 and 0.6 mm/sec for all particles. However, for S1 the 

distribution looks more regular, whereas for S2 and S4 the distributions show some peaks at 

low speeds and the overall structure of the histograms do not show any defined trend, especially 

for S4.   

 

Particle/ 

Properties 

Anisometry 

(unitless) 

Body Length 

(mm) 

Average Speed 
(mm.sec-1) 

Average Speed 
(BL.sec-1) 

S1 1.46 1.21 0.65 0.54 

S2 1.45 1.11 0.54 0.49 

S4 1.48 1.10 0.32 0.29 
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Figure 6.11: Speed distributions of the particles a) S1, b) S2 and c) S4. Columns concentrate 

at higher speeds for S1 and S2 when compared to S4, which consist of MFC. (Red columns 

represent average speed.) 

In the Figure 6.11, instantaneous speed distributions of 3 particles from the 1st, 2nd and 4th 

Classes is shown together. Speed distributions of Class 1, 2 and 4 type particles were 

previously illustrated in the Figures 6.2, 6.4 and 6.6 respectively. Looking at the histograms 

here, it is clearly seen that the shapes of the histograms of S1 (Figure 6.11-a), S2 (Figure 6.11-

b), and S4 (Figure 6.11-c) type particles resemble the ones illustrated in the Figures 6.2, 6.4 

and 6.6 respectively. As mentioned before, the particles belonging to the same class show 

similar trend during self-propulsion while the particles from different classes show different 

trends due to the compositional differences; therefore, similar trajectories and similar speed 

distributions are expected to be seen by the particles from the same classes.     

In this section, the comparison of the particles from classes S1, S2 and S4 were compared in 

terms of motion and we found the correlation between the composition and the motion 

behaviors. All particles belonging the same class have similar tendencies in the motion in terms 

of trajectories and speed distributions. Here in the figure below, there is an illustration 

schematically showing the overview of the particles and the area of the angle which includes 

all potential directions of the motion travelled by the particle. The area of the angle was 

produced by taking the location of the nanoparticles into consideration.          
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Figure 6.12: a) Schematic illustration of the patchy part boundaries b) Potential angle of the 

motion directions 

As seen in the illustration above, due to the alignment of the nanoparticles, S1, S2 and S4 have 

different probabilities for the direction of motion. In other words, S4 has more options 

(potential movement area is wider) when compared to S1 and S2 lies in between S1 and S4, 

i.e. α<β<γ. By having the widest area, S4 has more directional options and especially in case 

of catalysis at different locations simultaneously, trajectory of the particle becomes more 

complex when compared to the particles belong to the other classes.    

6.3.3 Reusability of the Particles 

For the observation of the particles’ availability for multiple reactions, self-propulsion 

experiments were repeated for the same particle. To do that, the particles used in the section 

6.3.2 were chosen (see Table 6.3). After the self-propulsion experiments, particles were taken 

and gently rinsed with dI water. After they dried, they were taken to be used in other self-

propulsion experiments. 1st and 2nd experiments were set with the same conditions. 5% H2O2 

was used as the fuel, experiments were recorded by video camera and the videos were analyzed 

with the same parameters.  
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Based on the outcome, it was observed that particles showed similar tendency for the 

trajectories, which means the shape of the trajectories recorded in the first and the second 

experiments were very similar. In addition to trajectories, average speed distributions (Figure 

6.14) also showed similar trend.  

 

Figure 6.13: Trajectories of S1 (a&b), S2 (c&d) and S4 (e&f) 1st (left) and 2nd (right) self-

propulsion experiments 
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The data obtained were analyzed and we ended up with an expected outcome about average 

speed of the particles. As it was mentioned before S1, S2 and S4 type particles have different 

compositions. To improve the stability of the particles, different modifications were taken into 

account and it was observed that these different modifications resulted in different 

characteristics in the internal alignment of the particles also in swimming features. In the 2nd 

experiments, particles moved with slower speeds in general. However, specifically, the average 

speed of the S1 type particles showed a highest decrease while S4 type particles showed the 

lowest decrease in the second self-propulsion experiments. The outcome is tabulated in the 

table below.      

Table 6.5: Properties and average speeds of the particles S1, S2 and S4         

The decrease in the average speed of S1, S2 and S4 types were calculated around 38.5%, 29.6% 

and 12.5% respectively. Due to the ingredients, S4 type particles are more compact when 

compared S1 type and S2 type particles lie in between two. This high rigidity of S4 type is an 

advantage for the stability of the particles however, it is disadvantageous for the distribution 

of the components, i.e. difficult to obtain well-defined patch in the particles. Looking at the 

experimental outcome, the lowest decrease in the average speed of S4, when compared to 

others, is related with the rigidity and compactness of these particles. By being more compact 

and rigid, S4 type particles were nearly undamaged after the experiments and as expectedly 

did not loose too much efficiency.  

Particle/ 

Properties 

Anisometry 

(unitless) 

Body Length 

(mm) 

Average Speed 

1st experiment 

(mm.sec-1) 

Average Speed 

2nd experiment 

(mm.sec-1) 

S1 1.46 1.21 0.65 0.40 

S2 1.45 1.11 0.54 0.38 

S4 1.48 1.10 0.32 0.28 
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Figure 6.14: Speed distributions of S1 (a&b), S2 (c&d) and S4 (e&f) 1st (left) and 2nd (right) 

self-propulsion experiments. (Red columns represent average speed.) 

When we investigated the instantaneous speeds of the particles for the 1st and 2nd experiments, 

we found that the speed distributions show the same shapes in between, i.e. the distributions 

for S1, S2 and S4 for each experiment are in consistency for each particle. For S1, columns 

concentrate in the interval of 0.2-1.0 and 0.2-0.8 mm/sec in the 1st and the 2nd experiment 
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respectively. In the histogram of S2, instantaneous speeds concentrate in the interval of 0.2-

1.0 and 0.2-0.8 mm/sec in the 1st and the 2nd experiment respectively. Finally, for S4, columns 

concentrate in between 0.2 and 0.6 mm/sec for both 1st and the 2nd experiments. To look closer 

to the average speed distributions, 1st and 2nd experiments were drawn together in the Figure 

6.15 below.  

The decrease in the average speeds of the particles when they are used for second experiments 

were quantified above and calculated as 38.5%, 29.6% and 12.5% loss for S1, S2 and S4 

respectively. The loss in average speed is seen clearly in the graphs below for the particles 

from Classes 1, 2 and 4. In addition, the graphs show that average speed distribution of the 

particles belonging to different classes show different characteristics as it was mentioned in 

previous sections too. Here, we observe that besides having different characteristics, all classes 

keep their characteristics of the speed distributions for the 1st and the 2nd experiments.     

 

Figure 6.15: Speed distributions of a) S1, b) S2 and c) S4 1st (down-almond) and 2nd (up-

green) self-propulsion experiments. (Red columns represent average speed.) 

6.3.4 CMXRF Measurements before and after Self-propulsion Experiment for the 
Investigation of the Reusability of the Particles 

For the investigation of the availability of the supraparticles for multiple self-propulsion 

experiments, CMXRF measurements were conducted for S1 type particle. After the 

preparation of the particle, it was taken for the measurement. All CMXRF measurements were 

performed by MSc Leona Bauer with a M4 Tornado with Rh anode material. As CMXRF 

sample preparation was done by fixing the particle gently between two foils, particle could be 

handled after the measurement without any damage. Then the particle was used for self-

propulsion experiment with 5% H2O2. After self-propulsion experiment, particle was taken and 
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rinsed with dI water gently to eliminate any H2O2 residue on the surface. Then we let the 

particle dry and took CMXRF measurement again. With the data obtained from measurements, 

intensity vs energy graph was drawn (Figure 6.16).    

 

Figure 6.16: Intensity of the elements with respect to energy. Black and yellow line represent 

the measurement before and after self-propulsion experiment respectively. (The signals of Ca 

and K come from the foil to hold the particle during measurement.) 

The particle (S1) contains FS, NaCl, PS and Fe3O4@Pt nanoparticles. Due to the sensitivity of 

the instrument, we were able to look at Cl, Fe and Pt. Based on the outcome, the intensity 

signals of Cl, Fe and Pt before the experiment and after the experiment overlap. This means, 

the distribution of the components of particle does not show any difference before and after 

self-propulsion experiment, which proves that the particles are definitely suitable for multiple 

usage in self-propulsion experiments.    
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6.3.5 Effect of Fuel Concentration  

For the fuel dependent propulsions, the average speed of the particles is proportional to the 

concentration of the fuel. Ke and coworkers reported the results of their study on spherical Pt-

Silica particles.9 By conducting the experiments with these micro spherical half-coated Pt-

Silica particles on 15% and 30% concentrated fuel, H2O2 in this case, they observed that 

average speed increases with increasing fuel concentration as in agreement with Howse et. 

Al.10 

Here we wanted to investigate the effect of fuel concentration on the average speed of the 

particles. For that purpose, we chose three S1 type particles with very similar shape and 

appearance. We called the particles as “swimming particles” so named as SP0, SP1 and SP2. 

Anisometry and body length values of the particles were equal and calculated as 1.23 and 1.00 

mm respectively. To make a control experiment, one of the particles was put on 0% H2O2 

solution and as expected, it does not show any motion. The other particles were put on 5% and 

10% H2O2 solutions and self-propulsion experiments were conducted to observe the motion 

behavior of the particles and to investigate the relationship between the fuel concentration and 

the average speed. 

The trajectories while swimming on H2O2 solutions are generically similar, irrespective of the 

fuel concentration (Figure 6.17).  

 

Figure 6.17: Trajectories of the particles put on 5% H2O2 (left) and 10% H2O2 (right) solutions. 

S and F represent starting and finishing point of the trajectories respectively.  
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Both particles move around 6.7 mins, but total distances travelled were 20 and 25 mms for the 

particles put on 5% H2O2 and 10% H2O2 solutions respectively (Figure 6.18). This means, as 

in consistency with the theory, the particle put on 10% H2O2 solution moved faster than the 

one put on 5% H2O2 solution. 

 

Figure 6.18: Cumulative distances travelled by the particles put on 5% H2O2 (left) and 10% 

H2O2 (right) solutions. 

Average speeds of the particles were calculated by dividing the travelled distance by total time 

travelled and found as 0.56 and 0.63 mm/sec for the particles put on 5% H2O2 and 10% H2O2 

solutions respectively. To see the instantaneous speeds of the particles, average speed 

distribution histograms were drawn (Figure 6.19).  

 

Figure 6.19: Average speed distributions of the particles put on a) 5% H2O2 and b) 10% H2O2 

solutions. (Red columns represent average speed.) 
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As it is seen in the figure above, the speed columns for the particle put on 5% H2O2 solution 

concentrate at lower speeds when compared to the histogram belong to the particle put on 10% 

H2O2 solution. This result explains that, the particle swimming on more concentrated H2O2 

solution was faster for both short and long term. However, the difference is relatively small, 

indicating that effectively one is already approaching an upper limit here and the conversion 

of H2O2 is less limited by the fuel than the available catalyst surface. 

Average speeds of three particles, swimming on 0% H2O2 (control particle), 5% H2O2 and 10% 

H2O2 solution are illustrated in the figure below. As it was mentioned above, the control 

particle did not move at all, the particle put on 5% H2O2 moved with 0.56 mm/sec speed and 

the particle put on 10% H2O2 moved faster than others with 0.63 mm/sec speed.      

 

Figure 6.20: Average speed vs H2O2 concentration of the particles put on 0%, 5% and 10% 

H2O2 solutions. 

The properties of the particles and the speeds are tabulated in the Table 6.6 below. By having 

the same anisometry and appearance but swam in different conditions, SP2 moved around 15% 

faster than SP1.     
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Table 6.6: Properties of the particles SP0, SP1 and SP2 

 

6.4 Conclusions 

In Chapter 6, our focus was to make the analyses of self-propulsion experiments of previously 

prepared stable patchy supraparticles.  For this purpose, we selected particles belonging to 3 

different classes: S1, S2 and S4. S3 type particles were not preferred due to the disordered 

localization of the catalytic nanoparticles in the particles. Self-propulsion experiments were 

conducted for around 300 particles in total. We were interested in the differences in the motion 

behavior of the particles modified with different additives. To do that, first we took 4 particles 

from each class within a certain body length interval and compared motion behaviors within 

their own class. Then, 3 particles having same dimensions and appearance but different 

compositions (from different classes) were taken for comparison.  

S1 type particles look like white opaque eye-like particles with a very clear separation of 

catalytic patch. This appearance brings us to expect smoother trajectories without many circles 

and zig-zag like oscillations. When we analyzed the motion of S1 type particles, we observed 

that overall trajectory of the particles show more rectilinear motion with little oscillations either 

at first (t=0 sec) or last parts of the motion. Rotational motion was not seen in the trajectories. 

Instantaneous and overall average speed of the particles were calculated and average speed of 

the particles in this class was found as 0.60 mm/sec. Instantaneous speed distribution 

histograms of the particles show Gaussian Curve like distribution.  

The distribution of the catalytic nanoparticles for S2 type particles was a little less organized 

compared to S1 type particles, nonetheless the separation of the patch and the rest of the 

particle looks still clear. However due to this small disorganization in the particles, we ended 

Particle/ 

Properties 

Anisometry/ 

(unitless) 

Body Length 

mm 

H2O2 

Concentration 

Average Speed 
mm.sec-1 

SP0 1.23 1.00 0.0 0.00 

SP1 1.23 1.00 5.0 0.56 

SP2 1.23 1.00 10.0 0.63 
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up with more complex trajectories when we analyzed the motion of S2 type particles. There 

are many zigzag-like instantaneous oscillations and a higher rotational motion tendency 

observed in the trajectories. This chaos was caused by the alignment of the catalytic 

nanoparticles. Motion in self-propulsion of the particles used was driven by the decomposition 

of H2O2 by catalytic nanoparticles via bubble propulsion. In this case, any disorder in the 

localization of the nanoparticles would cause confusion with respect to the direction of the 

particles as multiple bubbles are formed at distant spots simultaneously. Moreover, this 

crowded media results in deceleration due to the traffic jam of the bubbles. The average speed 

of S2 type particles were calculated as 0.41 mm/sec, as expected less than S1 type particles, 

approximately 70% of S1 type particles` average speed. When looking at the instantaneous 

speed distribution histograms, the effect of chaotic behavior in the trajectories is noticed. While 

the first parts standing left side of the peak (average speed) have sharp increases at certain time 

intervals, the right part of the histograms show exponential decreases.  

S4 type particles, by bearing MFC in addition to Na2SiO3 different from S2 type, was expected 

to show the most complex behaviors during self-propulsion experiments. Both Na2SiO3 and 

MFC have partially blocking effects on the diffusion of Fe3O4@Pt nanoparticles, demonstrated 

with CMXRF images in Chapter 4, this brings more dispersed nanoparticles and less organized 

patch, i.e. least clear separation of the patch in all classes. We have already seen the effect of 

Na2SiO3 on the motion behavior of the particles in S2 class, here with the addition of MFC we 

obtain a more complex system for S4 class. Unclear separation of patch results in formation of 

multiple bubbles at different spots simultaneously and fibrillar contribution of MFC enables 

H2O2 comes in and out during self-propulsion. Combining these two phenomena, we ended up 

with the most complex trajectories with full of zigzag like oscillations and rotations. 

Expectedly, average speed of the particles was calculated as the lowest compared to S1 and S2 

classes and found as 0.32 mm/sec (approximately 50% of S1 and 80% of S2). Instantaneous 

speed distribution histograms of S4 type particles were also shown and the overall shape of the 

histograms was found rather different than S1 and S2 types. The first part of the histograms 

shows sharp increases and decreases, and the second part of the histogram standing after the 

peak columns show exponential decreases with some occasional instantaneous increases.  
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To get a better understanding of all classes, 12 different particles with different dimensions 

belonging to the classes 1, 2 and 4 were taken and self-propulsion experiments were conducted. 

With a complete agreement in previous sections, it was observed that average speeds of the 

particles were decreasing with the increase in the complexity of the particles, in other words 

V1>V2>V4. Another interesting observation was the relationship between the average speed 

and anisometry of the particles. Normally, one could expect that average speed decreases with 

increase in anisometry as once the particle gets longer and thinner, it could be more difficult 

to tolerate hydrodynamic instability formed during motion driven by bubble propulsion. This 

behavior was seen for S1 and S4 particles. However, for S2 type particles, as anisometry 

increases speed increases different from other classes. The reason for that is the bubble crowd 

surrounding the particles during self-propulsion. The particles with less anisometry are easy to 

be trapped by bubbles while longer and thinner particles are harder as they are better in getting 

rid of the bubble crowd by using the advantage of their length. In that case, by bearing Na2SiO3, 

S4 particles might be expected to show similar manner. However, as mentioned previously, 

MFC in the particles brings its network structure to the particles which turns to a big advantage 

during self-propulsion as fibrillar network helps to balance the hydrodynamic instability and 

prevents the particles from drawing into bubbles by enabling the fuel comes in and out during 

motion.  

In order to have a closer look at the relationship between the composition and motion behavior 

of the particles, 3 particles with very similar dimensions but different compositions (one 

particle from each class: 1, 2 and 4) were taken and put on 5% H2O2 solutions for self-

propulsion. The trajectories and instantaneous speed distribution histograms are found in a 

complete agreement with the examples from their classes separately. Average speed values of 

the particles were calculated as 0.65, 0.54 and 0.32 mm/sec for S1, S2 and S4 respectively.  

Besides all those studies stated above, there was another important concern: Are these stable 

patchy particles available for multiple usages? In order to find an answer to this question, we 

took the same particles from the previous paragraph and let them self-propel one more time. 

We observed that obtained trajectories in the 2nd experiments resemble those obtained in the 

1st experiments for all particles and these similarities were observed in instantaneous speed 

distribution histograms too. Average speeds of the particles in the 2nd experiments were 0.40, 
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0.38 and 0.28 mm/sec for S1, S2 and S4 respectively. The particles lose some efficiency after 

the 1st experiment by having lower speeds in the 2nd experiments. The losses in average speed 

of the particles were calculated as 38.5, 29.6 and 12.5 % for S1, S2 and S4 respectively. The 

reason for losing efficiency with different percentages is related to the rigidity of the particles. 

All particles are compact and stable, but rigidity and durability of the particles are different 

due to the components and S4 class is expected to have the highest rigidity while S1 class is 

expected to have the lowest rigidity. The observation of reusability of the particles was a very 

valuable outcome, nonetheless it had to be supported by internally visualization of the particles 

to ensure that particles do not change during self-propulsion experiments. To do that, we took 

an S1 type particle for CMXRF measurements before and after self-propulsion experiment. 

The CMXRF data reveal that the concentration of the elements in the particle is the same before 

and after the self-propulsion experiments, thereby showing that the particles were not harmed 

by the self-propulsion experiments and are suitable for multiple experiments.  

Lastly, we conducted a preliminary study to see the effect of fuel concentration. To do that, we 

took 3 S1 type particles with same appearance and dimensions. These 3 particles were put on 

0, 5 and 10% H2O2 solutions (namely SP0, SP1 and SP3 respectively) for self-propulsion 

experiments. As expected, of 0% no movement is seen, while for 5 and 10% similar trajectories 

are seen. However, by having a more concentrated fuel, the trajectory for 10% looks a little bit 

more complex with more frequent zigzags and circles. With the increase in the concentration 

of the fuel, we increase the interaction between the catalytic nanoparticles and the fuel by 

increasing the possibility of the number of collisions between them. Consistently, average 

speeds of the particles were found as 0.56 and 0.63 mm/sec for the particles swimming on 5 

and 10% H2O2 solutions, respectively.  

In summary, in this chapter we achieved to analyze the motion of the particles prepared and 

modified in previous chapter. It was observed that the manners of the particles seen in their 

trajectories and calculated average speeds are directly related with the compositions of the 

particles. With the help of CMXRF studies, we were able to prove the particles’ reusability by 

conducting the measurements before and after self-propulsion experiments. Moreover, the 

effect of fuel concentration was also shown in the last section with the analyses of 3 identical 

particles swimming on 0, 5 and 10% H2O2 solutions.   
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CHAPTER 7: GENERAL CONCLUSION 

In the scope of this thesis, we started with the preparation of FS-based anisometric 

supraparticles with tunable anisometry. To do that, NaCl, NaF, PEG and Spermine were used 

as additives to obtain series with changing anisometric systematically. All additives gave 

remarkable results however to take one step further, we decided to continue with FS-NaCl 

series. The second step was to prepare FS-based patchy supraparticles for self-propulsion 

purposes. The mechanism of self-propulsion was bubble propulsion as a result of 

decomposition of H2O2. By knowing that decomposition of H2O2 is a metal catalyzed reaction, 

we synthesized Fe3O4@Pt nanoparticles to be used in FS-NaCl based patchy supraparticles. 

Fe3O4@Pt nanoparticles were successfully located on a predetermined side of FS-NaCl based 

supraparticles which brings us to the third step: self-propulsion experiments. However, we 

observed that the particles decompose when they are put on H2O2 solution for self-propulsion. 

This brings the necessity of modifications for the sake of stability of the particles during 

swimming on H2O2. To modify the particles hydrophobization (with an hydrophobization 

agent and heating) was the first method tried and it was figured out that hydrophobization could 

not be controlled easily. The particles might be partially hydrophobized which does not prevent 

disintegration, or they might be over-hydrophobized which results in immobile particles due 

to lack of interaction between the nanoparticles and the fuel. Therefore, we sought for new 

alternatives for the structural modifications of the particles: additives. The additives used for 

structural modifications of the particles were PS, Na2SiO3 and MFC. By combining PS and 

heat treatment, we obtained S1 type; by using Na2SiO3 we obtained S2 type and with the 

addition of MFC we obtained S3 type particles. After recognizing that the patch localization 

clearly for S3 type particles was problematic due to the structural properties of MFC, we 

decided to decrease the amount of MFC and combine it with Na2SiO3 to get S4 type particles. 

With this combination, obtained particles were more like S1 and S2 type particles with clear 

separation of the patch. These observations were supported with CMXRF measurements with 

the opportunity of visualizing the particles up to 30 µm depth. Then S1, S2 and S4 type 

particles were taken to be used for self-propulsion experiments on 5% H2O2 solution. 

Experiments were recorded by a video camera and the records were analyzed with Image J 

Software. With the evaluated data we were able to draw trajectories of the particles and 

calculate instantaneous and average speeds of the particles during their self-propulsion. With 
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all these data in hand, we could analyze all classes separately and together to find the 

correlation between the composition and the motion of the particles belonging to different 

classes. Besides these, we were able to ensure the availability of the particles for multiple self-

propulsion experiments by conducting two self-propulsion experiments with same particles. 

CMXRF measurements before and after self-propulsion experiments prove that the particles 

are not exposed to be any changes during self-propulsion; therefore, they are reliable to be used 

for multiple self-propulsion experiments. Lastly, to investigate the effects of the concentration 

of fuel, 3 identical particles were picked to be put on 0, 5 and 10% H2O2 solution and we found 

out that the particle put on 0% H2O2 did not swim at all while the particle put on 10% H2O2 

was the fastest swimmer as expectedly.  

All in all, here we exhibit an accomplished study consists of preparation of anisometric FS-

based supraparticles, preparation of FS-based patchy supraparticles with catalytic 

nanoparticles (Fe3O4@Pt), modifications of FS-based patchy supraparticles for the sake of 

mechanical stability of the particles, self-propulsion experiments of previously modified 

stable patchy particles and detailed motion analyses of the self-propulsion experiments.       
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CHAPTER 8: APPENDICES 

8.1 Dynamic Light-Scattering Data of FS Suspensions 

 

Figure 8.1: Correlation function versus delay time for FS suspensions taken at scattering angle 

of 90°. [Inset: Zoom into a specific time interval 10-2 to 101 ms] 

 

Figure 8.2: Intensity from static light scattering as a function of magnitude of the scattering 

vector q for FS suspensions   
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Figure 8.3: Fractal dimensions, Df obtained from static light scattering data for FS suspensions   

8.2 Zeta Potential and Conductivity Measurements of FS Suspensions 

 

Figure 8.4: Zeta potential measurements of 0.07 % wt/v Fumed Silica suspensions   
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Figure 8.5: Conductivity measurements of 0.07 % wt/v Fumed Silica suspensions   

8.3 Anisometry Calculation via CMXRF 

 

Figure 8.6: xy (left), yz (middle) and xz (right) slice schematics of a particle 

Anisometry (A) is calculated as the ratio of A to B. Three anisometry values were calculated 

for all slices. xy, yz and xz represent length/width, length/height and width/height respectively. 

Anisometry values were found as Axy=1.3±0.1, Ayz=1.9±0.1 and Axz=1.5±0.1. By the 

definition of anisometry (ratio of length/width), Axy is taken into consideration and anisometry 
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values calculated by optical microscope and CMXRF were very close to each other and found 

as 1.4 and 1.3±0.1 respectively. 

8.4 TGA Outcome of a Patchy Particle 

 

Figure 8.7: TGA outcome of a prepared patchy particle (For the preparation pathway, see 

Figure 5.1) 

A particle, 0.142 mg, was taken for TGA measurement to investigate the evidence of water in 

the particle after evaporation. Particle was heated up to 600 °C and it lost about 35% in total.  
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8.5 CMXRF Results Before and After Self-Propulsion Experiment 

 

Figure 8.8: Distribution of Cl, Pt, Fe and the whole particle’s scattering for Class 1. (Left 

images: 1st measurement/ before self-propulsion experiment; Right images: 2nd measurement/ 

after self-propulsion experiment) 
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8.6 Probability Density Distribution of Speeds of the Patchy Particles 

 

Figure 8.9: Probability density distribution of speeds of the particles from Class 1, Class 2 and Class 4 shown in the subsections 6.3.1.1, 

6.3.1.2 and 6.3.1.3, respectively (For the instantaneous average speed distributions of the particles, see Figures 6.2, 6,4 and 6.6). 

 

Figure 8.10: Probability density distribution of speeds of the particles from Class 1, Class 2 and Class 4 shown in the subsection 6.3.3 

(For the instantaneous average speed distributions of the particles, see Figure 6
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