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1
Introduction

1.1. Colloids

A distribution of particles of one phase throughout another continuous phase is known

as a colloidal suspension if the particles have size roughly sizes as small as several nm

to as large as several micrometers. Particles that have this characteristic are known

as colloidal particles because in their theoretical description one can integrate out the

usually much faster and smaller length scale degrees of freedom of the solvent they are

dispersed in. Generally, colloidal particles are small enough that they do not settle

completely to the bottom of a vessel upon standing although for the larger particles

sedimentation diffusion equilibria can form. In most cases, the colloidal particles are

large enough to scatter light. This observation was made by Faraday who noticed that

a narrowly defined beam of light passing through a gold colloidal suspension shows

the light ray passing through the dispersion. This phenomenon was further studied by

Tyndall and is known as the Tyndall effect [1–3]. Therefore a dispersion of colloidal

particles usually appears cloudy or opaque. A colloid and a solution can be distinguished

in this way, by shining a beam of light and checking whether the scattering happens or

not. A familiar observation of the Tyndall effect in daily life is seeing the rays of light

which become visible when light is scattered by colloidal particles in the air (smoke,

dust, fog) (Figure 1.1). Other daily life examples of colloids include inks, paints (solid

in a liquid known as sol), clouds, fog (liquid in gas known as aerosol), milk, mayonnaise,

butter (liquid in a liquid known as an emulsion), and foams, whipped cream (gas in a

liquid known as foam).
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Figure 1.1. Scattering of light by colloidal particles in the air (fog in this

case), which becomes visible as paths of light beams known as the Tyndall

effect.

Besides the broad technological applications, colloids are of interest since they can

be used to study the fundamental properties of matter. The above-mentioned upper-

size limit for colloids is usually defined by Brownian motion [4]. Because of their size,

colloidal particles experience a diffusive motion that is caused by solvent molecules that

collide with them. This motion is irregular, consisting of translations and rotations,

where the particles move even when they get close to each other. In 1827, Robert

Brown used a microscope to observe the motion of pollen grains. Although he was not

the first to make such an observation, this effect has come to be known as Brownian

motion. In 1991 a researcher (D. H. Deutsch) [5] was doubting whether Brown actually

investigated ‘real’ diffusive Brownian motion in his research. His arguments were kind

of: Brown’s system was too noisy, that he did not use cover slips (not yet invented),

the microscope was not powerful enough, the pollen particles were much too large, too

light or too heavy, so he was actually looking at vibrations, drying induced motion, etc.

However, G. Cadée countered in a letter to Nature, that Deutsch had not read Brown’s

work that well as Brown clearly stated that he did not look at the motion of Pollen

particles but instead [6]: “if he had read Brown’s papers more thoroughly, he would have

noted that Brown did not describe the movements of pollen grains, which indeed are too

large for Brownian motion, but described movements of particles inside pollen grains

(see also the title of his paper).” He was mentioning the paper by Brown [7] entitled
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“A brief account of microscopical observations made in the months of June, July and

August, 1827, on the particles contained in the pollen of plants and the general existence

of active molecules.” In short, Brown used the Pollens particles and the motion of the

micron-sized particles inside like a yolk-shell system (This type of particle systems were

studied in this Thesis), thus also making it much less likely that (even without the

use of cover glasses (not yet invented) his observations were incorrectly influenced by

external vibrations and/or drying forces. Brown also mentioned that in some grasses,

the membrane of the pollen was so transparent that the motion of the particles could be

seen inside the intact pollen grains, where currents or evaporation can be excluded as

a cause of the movements observed. Deutsch did not agree [8]. But for most scientists,

it was B.J. Ford who had already reported on Brown’s work earlier using the same

microscope that Brown used, who as closely as he could, redid Brown’s experiments

and made video recordings of what he observed [9]. However, the leading improvement

was made by Albert Einstein who used colloid-atom analogy to theoretically explain

the so-called Brownian motion in 1905 [10]. Shortly after, Jean Baptiste Perrin [11]

experimentally tested successfully Einstein’s theory in 1908 by measuring both the

translational and rotational diffusion of particles using light microscopy. The Brownian

motion is driven by thermal energy and if this energy dominates the gravitational

energy, colloidal suspensions may reach thermodynamic equilibrium states. Showing

thermodynamic properties similar to those of atomic systems makes colloids a superb

model system to study condensed matter physics phenomena such as homogeneous

[12, 13], and heterogeneous [14] crystal nucleation. “Colloidal crystals” is an excellent

example illustrating the analogy between colloids and atomic systems where they can

be used to study crystallization and melting [15, 16]. There are some advantages to

studying colloids over atomic systems. First of all, they have much larger dimensions

compared to atoms which makes the dynamics of these particles slower so that they can

be studied in real time and real space. Moreover, the extensive possibilities of making

diverse colloidal particles in a broad variety of length scales, shapes, and surface charges,

together with the ability to change temperature, and solvent properties (e.g. the ionic

strength), makes it feasible to tune the colloid-colloid interactions to a certain degree.

In contrast, the interactions between molecules and atoms are almost completely fixed.

1.2. Interactions between colloids

Charged colloidal particles immersed in an electrolyte solution are surrounded by

an ionic ‘cloud’ formed by the mobile electrolyte ions. This ionic cloud contains both

co-ions (electrolyte ions with charges of the same sign as the particle surface charges),

and counter-ions (electrolyte ions with charges opposite to that of the particle surface

charges). However, due to electrostatic interactions between electrolyte ions and particle

surface charges, close to the particle surface the concentration of counter-ions is much
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Figure 1.2. The distribution of ions around a charged spherical particle of

radius a. The thickness of the electric double layer (Debye length) around the

spherical particle is κ−1.

higher than that of the co-ions. Figure 1.2 schematically shows the distribution of ions

around a charged spherical particle of radius a. The charge on the particle surface along

with the ionic cloud surrounding it forms the so-called electric double layer. Due to the

thermal motion of ions, the distribution of the counter-ions around the particle has a

diffuse structure and it decays as a function of the distance from the particle surface.

The presence of the electric double layer around the charged particle causes colloidal

particles to interact with each other. In the case of having a surface charge of the

same sign on the particles, this interaction would be repulsive. The distribution of

counter-ions around the particle and the electric potential across the electric double

layer strongly affects the electrostatic interaction between colloidal particles [17, 18].

In addition to repulsive electrostatic interactions, there is an attractive interaction

between colloids due to the van der Waals forces [19]. The attractive intermolecular

forces (also known as van der Waals forces) arise as a result of the interactions between

the fluctuating instantaneous electric dipoles of the atoms and molecules forming the

colloidal particles. If there is no repulsion, the attraction interactions due to van der

Waals forces results in aggregation of the particles that is too strong to overcome with

thermal fluctuations. Therefore, the stability of colloidal particles in a colloidal system

depends on the balance between the electrostatic interaction and the van der Waals

interaction between particles.

Derjaguin and Landau, and Verwey and Overbeek [17,18] were two pair of scientists

who independently derived a theory to explain the interactions between two charged

spherical particles. The DLVO theory assumes that the electrostatic double layer forces
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and the van der Waals forces are independent and can be summed up at each interacting

distance for two particles. Hence, the full interaction potential between two charged

spherical particle can be calculated via DLVO theory [17,18] by summing van der Waals

interaction

Uvdw = −A
3

(
a1a2

r2 − (a1 + a2)2
+

a1a2
r2 − (a1 − a2)2

+
1

2
Log[

r2 − (a1 + a2)
2

r2 − (a1 − a2
])

and the electrostatic interaction

Ues = λb
Q1Q2

(1 + κa1)(1 + κa2)

e−κ(r−a1−a2)

r
.

Here A is the Hamaker constant, a is the radius of the charged particles, r the center-

to-center distance, λb is the Bjerrum length, Q is the number of charges, e is the

elementary charge, ε0 is the permittivity of the vacuum, εm is the dielectric constant

of the medium, κ is the inverse Debye screening length which is the length at which

the inhomogeneous distributions in the ion concentrations drop to 1/e of the values,

similarly as the skin depth inside a metal and thus can roughly be interpreted as the

distance over which charged particles significantly interact as compared to their thermal

energy. The Debye screening length depends on the ion concentration that screens the

charge on the particle. It can be calculated as follows:

κ =

√
2NAce2

ε0εmkBT

where NA is Avogadro’s number, and c is the ion concentration in the bulk. According

to the Debye screening length formula, it can be realized that one can tune the repulsive

range between two charged particles by changing the salt concentration of the electrolyte

solution.

The intriguing analogy between the colloidal dispersions and the atomic systems

breaks down when the comparison shifts from thermodynamic equilibrium properties

to dynamics. As already mentioned above two colloidal particles “directly” interact

with each other through their inter-particle interactions just as atoms and molecules.

However, the particle movement through its dispersion displaces the solution in between

two particles which consequently induces a force on another particle. Here there is

an “indirect” interaction between particles through the liquid medium which has no

corresponding interaction in atomic systems since atoms move in a vacuum. Moreover,

because of the same origin of the Brownian motion and the hydrodynamic interactions

(medium molecules), the study of the dynamics of colloidal particles is rather compli-

cated [20].

In this thesis, we used a new class of colloidal particles where one particle is entrapped

by moving within another hollow particle. Both of these particles have a similar charge

on their surfaces, thus they have electrostatic repulsion interactions with each other.
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Because of their different geometry compared to two spherical charged particles, the

electrostatic interactions cannot be analytically described by the DLVO theory. This

so-called ‘rattle’ particle, is a perfect system to test the hydrodynamic interactions

of a single particle with its environment; studying and understanding the interactions

between these particles in this kind of geometry is therefore of great interest. Because

the particles inside the shells can be moved with external fields, like an electric field,

these kinds of shells with movable cores are also interesting for several tunable photonic

applications.

1.3. Silica

None of the above-mentioned physical properties can be studied unless we have

a monodisperse model system. Currently, a vast variety of colloids can be synthe-

sized out of various materials with different shapes and sizes. Polystyrene [21], poly-

methylmethacrylate (PMMA) [22, 23], silica [24, 25], titania [26, 27], and poly (N-

isopropylacrylamide) (pNIPAM) [28] can be mentioned as amongst the most common

ones. Silica in particular is of great interest because of its excellent thermal, chemical,

and mechanical properties. The word silica which is also known as silicon oxide can

be referred to all natural and synthetic, crystalline, or amorphous types. However,

in this thesis synthetic amorphous silica in the colloidal state is studied. Although

silica is a common material being one of the major components of the earth’s crust,

there is still much to learn about silica and its chemical and physical properties. Since,

Stöber, Fink and Bohn [29] developed a procedure for the synthesis of monodispersed

colloidal silica particles in 1968, different modified procedures have been developed

to produce silica particles with different shapes and chemical structures. Three main

strategies of synthesizing silica spherical particles include the Stöber [29], water-in-

oil microemulsion [30], and Amino Acid-Catalyzed (AAC) [31–34] procedures. In

subsequent sections, the synthesis method along with the properties of these silica

particles will be described. In the following, two new types of silica particles which we

have studied in this thesis, known as ‘rod-like’ silica particles and silica ‘rattles’ will be

briefly introduced.

1.3.1. Stöber silica

The synthesis procedure in the Stöber method is based on the hydrolysis and conden-

sation polymerization of alkoxysilanes. During the hydrolysis reaction the alkoxy-arms

of the silica precursor are hydrolyzed as follows:

Si(OR)4 + xH20 
 Si(OR)4−x (OH)x + xROH

Then the condensation process takes place either by water condensation:

2Si(OR)4−x (OH)x 
 (RO)8−2x (Si−O− Si)(OH)2x−2 + H2O
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Or with alcohol condensation as in the following reaction:

Si(OR)4 + Si(OR)4−x (OH)x 
 (RO)7−x (Si−O− Si)(OH)x−1 + ROH

Here x and 4-x represent the numbers of silanol and ethoxy groups, respectively (x = 1–

4). The reaction medium is a short-chained alkanol together with water and ammonia as

the basic catalyst. The synthesis has a relatively simple procedure starting with adding

saturated ammonium hydroxide solution to alcohol(commonly ethanol)-water mixture

followed by adding alkoxysilane precursor (commonly tetraethoxysilane, TEOS). Then

the mixture is agitated throughout the overnight reaction.

The products of the hydrolysis part of the reaction are Si-OH groups, known as silanol

groups. They are the reactive monomers from the silica precursor which subsequently

react with one another in the condensation part of the reaction (water condensation)

to yield branched Si-O-Si bonds, known as siloxane bonds. The first formation of

these siloxane bonds can be linked to the nucleation and growth of silica particles,

although it has been shown that aggregation between clusters is important as well

early in the silica growth [24]. Apart from the reaction between two silanol monomers,

they may also undergo a reaction with the unhydrolyzed ethoxyl groups of TEOS via

condensation between silanol and ethoxyl groups (alcohol condensation). The latter

reaction also participates in producing siloxane networks. During the hydrolysis stage,

the OH− ions attack at the silicon atom, causing a nucleophilic replacement to occur

via pentacomplexation transition state [35,36]. This explains the fact that the presence

of ammonia increases the hydrolysis rate in base-catalyzed reactions since the OH−

ions of ammonia are extremely effective nucleophiles as compared to H2O molecules.

As the reaction continues and more ethoxyl groups convert to silanol groups, the steric

hindrance of ethoxyl groups to OH− ions decreases which in turn causes an increase in

the hydrolysis rate. The condensation stage which takes place by the reaction of two

neighbor silanol monomers or silanol monomers with ethoxyl groups also occurs via

nucleophilic attack, but this time the nucleophile is the silanol group. Condensation

occurs at much higher rates compared to hydrolysis. This results in the condensation

of silanol monomers onto large siloxane network and less onto other monomers [37].

The experimental parameters of the Stöber method have been extensively studied

during the past decades to investigate their effects on the size, shape, and the chemical

structure of the silica particles. The studies showed that the reaction rate is highly

dependent on the length and thus polarity of the alcohols used. The faster reaction

was reported for a shorter chained alcohol media [29]. Methanol yields the fastest

reaction while the slowest reaction was reported when butanol was used as the medium

[29]. However, the faster reaction results in a wider particle size distribution (higher

polydispersity) [29]. Bogush et al. [38] investigated the effect of the temperature on the
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particle size. They have reported that by increasing the temperature, the mean particle

size decreased [38].

In principle, the silicon atom in a Stöber silica particle can be bonded to four other

silicon atoms through oxygen atoms. When a silicon atom has four bonds with other

silicon atoms it reaches the highest degree of condensation which is shown as Q4 in

NMR terminology (4 indicates the degree of condensation). However, in Stöber silica

it is also possible that a fraction of the silicon atoms have fewer bonds to neighboring

silicon atoms. For instance, there can be three bonds between silicon atoms. In this

case, there is one silanol group in the siloxane structure. Similarly, this is shown as Q3.

A Stöber silica particle might contain all siloxane structures (Q1 to Q4) meaning that

it is not fully condensed and interconnected. Van Blaaderen et al. [39] investigated the

structure of the siloxane network in silica particles using solid state 29Si nuclear magnetic

resonance spectroscopy (NMR) and reported that due to incomplete hydrolysis and

condensation of TEOS, a small amount of ethoxy groups can be found in particles

which results in an inhomogeneous internal structure of silica particles. This is of great

interest when the dissolution of silica is being studied. This feature together with

the ultra-microporous structure of the Stöber silica particles [40, 41] which allows the

small species such as OH−, and H+ penetrate the structure, can be used to make new

types of particles by selectively etching them. We will elaborate on this in further

sections. According to the recommendations of a panel convened by the International

Union of Pure and Applied Chemistry (IUPAC), materials with pores less than 1 nm

are considered as ultra-microporous materials, those with pores less than 2 nm are

considered as microporous, the ones with pores between 2 to 50 nm are defined as

mesoporous, and materials with pores > 50 nm are considered as macroporous materials

[42].

1.3.2. Silica particles made by water-in-oil (W/O) microemulsion method

One of the modified procedures derived from the Stöber method which is often used

to synthesize highly monodispersed silica nanoparticles is the synthesis in a non-ionic

water-in-oil microemulsion [30]. The synthesis procedure is based on hydrolysis and

condensation of alkoxysilanes same as Stöber method, except that here the reaction

takes place in water-in-oil microemulsuion droplets. Water-in-oil (W/O) microemul-

suions (also known as reverse micellar solutions) are isotropic, optically transparent,

and thermodynamically stable nano-sized liquid dispersions which consist of a con-

tinuous non-polar (oil) phase and a dispersed polar (aqueous) phase. These water

droplets are thermodynamically compartmentalized by a surfactant. The nano-sized

W/O microemulsion droplets act as microreactors where the hydrolysis and condensa-

tion reactions take place. They also act as steric barriers to prevent aggregation of the

growing silica particles. Both polar and nonpolar reagents are soluble in microemulsion
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media and it can occur in defined locations throughout the dispersion. This gives

excellent control over hydrolysis and condensation reactions providing the advantage

to synthesize highly monodispersed, smooth, and spherical silica particles. Particles

synthesized with this method usually have a size range between 25 and 70 nm [30,43,44].

The water to surfactant molar ratio (R) plays a crucial role in the relative rates of

hydrolysis and condensation reactions in a non-ionic microemulsion [45]. The complex

effect of the water to surfactant ratio (R) and the ammonium hydroxide concentration

on the particle size has been studied by Arriagada et al. [46]. They have shown that

at relatively low ammonia concentration by increasing R the particle size decreases

monotonically, while at higher ammonia concentrations the particle size goes through a

minimum by increasing R [46]. An excellent study has been carried out by Chang et al.

where they have investigated the effect of the oil and the surfactant type as well as the

surfactant and the water concentration on the formation of silica particles and their size

distribution [47]. Silica particles prepared in nonionic W/O microemulsions were found

to have a less condensed structure (lower concentration of Q4 silicon sites) compared to

Stöber silica [39], which is one of the topics that we have studied in this thesis. Although

highly monodispersed silica particles with great control on the particle size [48, 49] is

achievable with this synthesis technique, however, the presence of anionic or non-ionic

surfactants and co-surfactants in the synthesis procedure make the subsequent cleaning

steps more extensive and time-consuming [50].

1.3.3. Silica particles made by water-based amino acid-catalyzed method

The wide particle size distribution of sub 100 nm or nano-sized Stöber silica and the

time-consuming cleaning steps in water-in-oil microemulsion method have raised the

need for an alternative silica synthesis procedure without using surfactants to attain

highly monodispersed silica nanoparticles. In recent years an environmentally friendly

water-based synthesis has been developed by Yokoi et al. [31,32] and independently by

Davis et al. [33,34] which takes place under weakly basic conditions (pH 9-10) through

hydrolysis and condensation reactions of TEOS in water. The reaction is an amino acid-

catalyzed seed regrowth procedure where the formation of new particles is suppressed

during the overgrowth steps [51]. This method is different than the Stöber method in

terms of using amino acid catalyst instead of ammonia which results in a lower pH of

the reaction medium. The other difference is the different solvent used in two methods.

While the Stöber method takes place in ethanol, the solvent for the amino acid-catalyzed

method is water. The basic amino acids used in this method are usually lysine and

arginine where they act also as a buffer to keep the pH of the solution constant during

the reaction [52]. The first step of synthesis yields monodisperse silica seeds which

can be used in further particle growth steps to obtain the desired particle size. The

growth steps can be followed either by the Stöber method or completely by the amino
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acid-catalyzed method. By varying the TEOS concentration or the synthesis condition

the size of the seeds can be tuned between 8 to 35 nm [32]. Recently Shahabi et al. [53]

have developed a synthesis procedure based on the amino acid-catalyzed method to

make fluorescent silica particles by incorporating rhodamine B isothiocyanate (RBITC)

organic fluorophore. The liquid-state 1H NMR studies showed that the hydrolysis of

TEOS occurs slowly at the oil-water interface due to weakly basic environment and

the silicate species are consumed to grow the initially formed particles rather than

producing new particles [32]. The slow and continuous supply of hydrolyzed TEOS in

this method results in a different inter-particle chemical structure compared to Stöber

silica particles. This characteristic of amino acid-catalyzed silica particles is studied in

this thesis as well.

1.3.4. Silica yolk-shell (rattle) particles

A new class of particles with a distinctive core@void@shell configuration where the

encapsulated core particle ‘freely’ moves within a hollow shell, is known as a yolk-shell

particle [54–58]. They typically are shown as A@B particle where A and B represent

the core and shell materials respectively. They are also termed as mobile core-shell

or rattle-type nanostructures. In this thesis, we denote them as rattle particles. The

unique structure of the rattle particles makes them advantageous in a wide variety of

applications, such as drug/gene delivery [59, 60], catalysis [61, 62], lithium batteries

[63, 64], and sensors [65–68]. The core material is usually a metal or metal oxide

particle with e.g. optical [69] or catalytic [70] properties. Among various types of

inorganic materials, silica is one of the most promising materials to be used as the shell

because of its wide range of applications and advantageous chemical and mechanical

properties. The advantages of a silica shell can be summarized as follows: simple to

synthesize, chemically inert which is beneficial in biological applications [71], available

in different shapes and functionalization of its surface for diverse purposes such as drug

delivery [72], acting as a barrier for catalyst core to prevent aggregation and to increase

the catalytic activity [73].

Among various approaches to synthesize rattle particles, selective removal of a sac-

rificial layer, or a dissolution method, are the most common ways to make rattles

with a silica shell. Core-shell particles can be used to partially remove the core or

the shell to make rattle particles. In this method first, core-shell particles with a core

and one layer shell or double shells from different materials are made. Subsequently,

a part of the core, shell or the inner shell is selectively removed. An example of

utilizing this method can be found in Ref [74] where a core-shell particle with a

‘sandwich’ structure consisting of a core, an organic silica layer (prepared by hydrolysis

and condensation of N-3-(trimethoxysilyl)propyl ethylenediamine), and an inorganic

silica layer (prepared by hydrolysis and condensation of TEOS) was synthesized. Then
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the middle layer (organosilica layer) was selectively removed by aqueous hydrofluoric

acid (HF) etching resulting in a rattle-type particle. Another common procedure to

synthesize rattle particles with selective removal method is to use polymers as the

sacrificial layer. For instance, cross-linked polymethylmethacrylate (PMMA) is often

used as the sacrificial layer between two inorganic materials which can be efficiently

removed by heat treatment in which the polymer is burned away in an oxygen-rich

atmosphere. Highly monodisperse rattles with various compositions such as SiO2@SiO2,

TiO2@SiO2 can be synthesized using this method [75, 76]. Apart from the chemistry

of rattle particles, the spherical confinement of a charged particle in another charged

particle is an intriguing field of study in physics, and as mentioned advanced functional

photonic materials are envisaged as well.

1.3.5. Rod-like silica particles

So far we have introduced spherical silica particles with different chemical structures.

However, it is possible to make colloidal particles with different shapes such as triangles

[77], cubes [78], platelets [79,80], and octopods [81,82]. Recently, a new shape of silica

particles was developed by Kuijk et al. [83] known as rod-like silica particles. Although

the reaction is based on hydrolysis and condensation of the silica precursor, like in the

Stöber method, the anisotropic supply of the silica precursor (TEOS) results in growth

only in one direction thereby forming a rod-like silica particle. The synthesis is a simple

one-pot method where ethanol, water, sodium citrate, and ammonia were added to a

solution of polyvinylpyrrolidone (PVP) in pentanol. This yields an emulsion of water

droplets which further includes the base catalyst ammonia as well, next to PVP and

sodium citrate in pentanol stabilized by sodium citrate and PVP. Upon the addition of

apolar silica precursor (TEOS) to the continuous pentanol oil phase, the growth mech-

anism starts. Silica rods prepared with this method have a flat bottom end and a round

tip. Due to the synthesis procedure of rod-like silica particles, they possess a unique

chemical structure that can be subsequently manipulated by selectively etching the less

condensed parts of the rods to make a new shape of silica particles [84]. Moreover,

it has been shown that by changing the reaction conditions (e.g. tuning hydrolysis

and condensation of silica precursors or changing the reaction temperature) during the

growth of rods, various shapes of silica particles with inhomogeneous chemical structures

can be synthesized [85,86].

1.4. Silica dissolution

The reverse process of hydrolysis and condensation is known as the dissolution of

silica. Using this possibility, one can tailor the nano-structure and shape of silica

particles by modifying the initial shape of the silica particle by selectively removing parts

in well-controlled processes. During silica dissolution, the breakage of the Si-O-Si bonds
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occurs which is known as a silica etching mechanism. The commonly used etchants in

the dissolution of silica, are hydrofluoric acid (HF) or alkaline solutions such as NaOH or

ammonia. It has been shown that the silica can be etched in hot water shortly after the

synthesis of the particles [87,88]. However, due to the inhomogeneous chemical structure

of the Stöber silica (see section 1.3.1), the outer shell of the particle becomes robust

against etching when the particles are aged [88]. The most common way of etching silica

particles that are synthesized by hydrolysis and condensation, is to dissolve them at pH

above 9. The basic condition catalyzes the breakage of siloxane bonds and accelerates

the etching process. In these solutions, the OH− ions coordinate to Si atoms and break

the siloxane bond by increasing the coordination number from four to five in a transition

state complex. Etching in hot water and alkaline solutions can be chemically reversible

by the bond formation among different preformed silicate oligomers. On the other hand,

it is also possible to etch silica particles in acidic conditions. Hydrofluoric acid (HF)

is often used to dissolve silica. Similar to OH− ions, F− ions attack the silicon atoms

and break the Si-O-Si bonds which ultimately result in etching of the silica particle.

Nevertheless, etching with HF is fast and irreversible, and the main etched products

are gaseous Si-F compounds [89, 90]. HF was found to selectively etch the organic

silica framework. Chen et al. [74] showed this by synthesizing a sandwiched silica

nanoparticle system where the middle layer of the nanoparticles was formed by the co-

condensation between TEOS and N-[3-(trimethoxysilyl)propyl]ethylenediamine. This

layer was subsequently etched by HF to make rattle nanoparticles. The interior part

of a poly(vinyl pyrrolidone) (PVP) coated Stöber silica can be selectively etched using

NaOH [91]. Moreover, by using NaBH4 as the etchant solution, silica nanoparticles

were found to be directly transferred to hollow structures by a dissolution-regrowth

mechanism [92].

Apart from the pH and the solvent temperature, other parameters such as the

presence of the impurities, size and the shape of the particles, and hydrothermal

conditions. affect the dissolution of silica nanoparticles.

1.5. Scope of this thesis

This thesis covers a broad study on the physio-chemical properties of various types

of silica nanoparticles. Understanding the complex chemical structure of different types

of silica nanoparticles makes it possible to obtain novel shapes of silica nanoparticles

by tailoring their chemical composition. The shape of the colloidal particles greatly

affects the phase behavior, and ultimately leads to new materials with desired unique

properties. On the other hand, studying the interactions between colloidal particles with

complicated structures helps to understand the phase behavior and the self-assembly

of colloidal nanoparticles. In this thesis, these topics are studied using Liquid Phase
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Electron Microscopy (LPEM) which is a recently emerged in-situ microscopy method

[93–95].

In chapter 2, we introduce LPEM, the core characterization method in this thesis,

and the limitations associated with this technique which affect our system of particles.

Moreover, we will investigate the beam-induced phenomena found in the LPEM experi-

ments on various silica-based particles. We make use of this knowledge in chapter 3 to

study the diffusion of a spherical charged particle entrapped in another spherical charged

particle. In this chapter, we study the effect of the electron beam irradiation on the

diffusion of the colloidal particle within a spherical shell and we find the conditions where

the effects of the electron beam irradiation are minimized. Moreover, we investigate

the hydrodynamic interactions between the core particle and the spherical shell using

the LPEM technique. In chapter 4 we investigate the dissolution of various types of

spherical silica particles using the LPEM method at the single-particle level in real-time.

By optimizing the electron dose rate, we show that an investigation of the chemical

reactions such as silica etching at the single-particle level is feasible with the LPEM

technique. In chapter 5 we study the effect of the liquid cell geometry on chemical

reactions such as chemical etching occurring inside the liquid cell. Having control

over the parameters of the liquid cell electron microscopy, we investigate the etching

mechanism of rod-like silica particles with various chemical structures, and we show that

by understanding the chemical structure of the rod-like silica particles, it is possible to

make from the rods yet another new shape of silica particles. Overall, in this thesis,

we develop the LPEM technique to study the physio-chemical properties of complex

structured silica nanoparticles aimed at performing self-assembly and switching of the

nanoparticles in more using this method as well in future work.
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Electron beam induced shape-deformation

of silica based particles in liquid phase

electron microscopy

Abstract

Liquid Phase Electron Microscopy (LPEM) is a rapidly improving technique

that utilizes the powerful capabilities of the electron microscope in order to

image and investigate liquid-based processes at the nanoscale. However, the

presence of the liquid and particles dispersed in the liquid and the high energy

electron beam can greatly affect the ongoing processes inside the liquid cell

thus the results need to be carefully interpreted. In this chapter I will briefly

introduce the transmission electron microscope (TEM), the core instrument

used in this thesis, after which I will elaborate on the LPEM technique,

following by an explanation of the beam-induced phenomena found in the

LPEM experiments on various systems of silica particles studied in this thesis.

Silica particles can undergo severe shape deformation upon electron beam

irradiation in water. Optimizing the conditions as well as understanding the

challenges associated with the act of observation, affecting the nature of the

solution, the system of particles, and the dynamic behavior of the particles, is

the first step of performing any LPEM experiment with any type of dispersed

colloidal particles.
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2.1. Introduction

2.1.1. Transmission Electron Microscopy (TEM)

The defining characteristic feature of colloidal particles is their nano to micron-

scale size. There are various ways to characterizing the properties of nanoparticles,

however, ‘seeing is believing’, i.e., obtaining detailed real space information about the

particles is an important research tool to investigate and help interpret complicated

processes directly in real space. Nanoparticles cannot be resolved using conventional

light microscopes since they have much smaller dimensions than the typical wavelength

of light (ranging from 390 nm to 700 nm). According to the Rayleigh criterion, the

corresponding minimum resolvable distance for these wavelengths is 200 nm. (Although

we are aware of the super-resolution optical microscopy techniques who are pushing

optical microscopy towards true ‘nanoscopy’, these resolutions still cannot match that of

an electron microscope [96–102]. De Broglie was the first who theorized about the wave-

like nature of the electrons in 1925 [103], and soon after, the first electron microscope

was built in 1932 by Ruska and Knoll [104]. In principle the spatial resolution of an

electron microscope could be in the sub-atomic distance range as the wavelength of

the electrons is only several pms. However, there are other practical limitations which

affect the resolution of an electron microscope such as different kind of aberrations of

the lenses that are used to focus the electron beam [105]. Nevertheless, the currently

available aberration-corrected electron microscopes have a spatial resolution of 50 pm

which is several times smaller than the typical distance between atoms [106].

Understanding the electron-matter interaction is the starting point for obtaining

extensive information about the material under study. The interactions between the

electrons and materials are manifold and include e.g., diffraction, low-angle, and high-

angle scattering, X-ray emission, and electron energy losses. In modern TEMs electrons

are generated using a field-emission electron source that has a better temporal and

spatial coherence and smaller probe size compared to thermionic electron sources [105].

The electrons can be accelerated to different energies to best suit the investigation of the

material under study [107]. The accelerated electrons pass through the different elec-

tromagnetic lenses and apertures before they hit the sample. The beam characteristics

before they reach the sample are defined by the coils located above the sample which

are known as condenser lenses, see Figure 2.1. Conventional TEM’s usually contain two

condenser lenses (C1 and C2), however modern TEM’s use a third condenser lens C3.

Most materials science transmission electron microscopes possess two different imaging

modes. A wide, homogeneous, and parallel electron beam results in bright-field TEM

imaging mode. It is possible to focus the electron beam into a fine spot known as a

‘probe’ and scan the sample with it. This is known as the scanning transmission electron

microscopy (STEM) imaging mode (Figure 2.1). The C3 lens is of great importance in
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Figure 2.1. Ray diagram for bright-field TEM and annular dark-field STEM

mode. While in TEM a wide, homogeneous, and parallel electron beam is used

to image the sample, in STEM the electron beam is focused to a fine spot that

scans the sample to get information.

STEM investigations as it enables attaining a smaller probe size that results in a higher

spatial resolution. In TEM, the C3 lens makes the beam parallel to the sample. The

‘spot size’ in the STEM imaging mode, which corresponds to a certain beam current,

is tuned by the combination of the C1 lens and the C2 aperture.

When an electron passes through the lenses and apertures and hits the sample, there is

a probability of being scattered. In TEM, the sample is typically thin enough (less than

100 nm) compared to the mean free path of the electrons in the material, and most of the

electrons pass through it either unaffected and when they do have interactions with the

sample, are scattered without loss of energy (elastic scattering). The electrons which do

lose part of their energy (inelastic scattering) transfer energy to other quanta, such as X-

rays, plasmons, phonons, etc. Each of these signals contains unique information about

the sample under study, and depending on the purpose of the study, one can collect

the desired information using a proper detector. In TEM imaging mode, depending on

the selected detection of electrons with a small scattering semi-angle or those with a

high scattering semi-angle, it is possible to perform bright-field (BF) imaging or dark-

field (DF) imaging, respectively. In the case of annular dark-field STEM (ADF-STEM)

imaging, only the electrons that are scattered elastically over a large angle (larger than

30 mrads) are used.
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The electrons scattered as a result of electron-matter interaction pass through a

number of lenses before image formation. In BFTEM, objective lenses are used to

focus and magnify the electron beam and further magnification is also performed using

intermediate lenses, and the projector lens. A metal screen coated with a fluorescent

material such as ZnS can be used to form the image. Moreover, it is also possible to

record the image by using a charge-coupled device (CCD) camera. Apart from the fact

that CCD cameras are inefficient in detecting electrons possessing energies above 20

keV, and that the signal needs to be converted to photons, the main drawback of CCD

cameras is the low imaging speed (maximum 30 frames per second). Nowadays, CMOS

chip detectors, monolithic active pixel sensors, that are also known as direct detection

cameras, are used to perform digital imaging which makes it possible to image at very

high frame rates (up to 1600 frames per second) while using very low electron dose

rates [108,109].

As already mentioned, in STEM the beam is focused to a fine spot (50 to 1000 pm

wide) known as the ‘probe’, on the sample plane using the C3 lens. The sample is

scanned by this probe using deflection coils while the C2 lens is completely turned

off. An annular dark-field (ADF) detector is utilized to collect the elastically scattered

electrons. The virtual distance between the objective lens and the detector in STEM

imaging is known as the ‘camera length’. It is possible to reduce the camera length

in order to collect only the electrons which are scattered over at higher angles. This

imaging mode is known as a high angle annular dark-filed (STEM-HAADF). However, in

modern TEMs two distinct detectors are used for ADF and HAADF imaging. Elements

with higher atomic number Z scatter the electrons over higher angles. Hence, STEM-

HAADF imaging mode is a common technique to reveal the Z-contrast over the sample

as the intensity scales approximately with Z2 [105]. In this thesis, the STEM-HAADF

imaging technique was extensively used for liquid cell electron microscopy studies.

2.1.2. Liquid Phase Electron Microscopy (LPEM)

A TEM is a powerful instrument to investigate the various properties of nanopar-

ticles. However, a TEM can be operated only at low pressures (below 10−6 mbar).

Consequently, the TEM sample needs to be thin, dry materials. There are several

disadvantages associated with drying colloidal nanoparticles. Aggregation and collapse

due to the surface tension upon drying are common drawbacks of making TEM samples

out of colloidal suspensions. Furthermore, there are plenty of liquid-based processes

that cannot be studied in a dry state, such as the diffusion of nanoparticles in a

liquid, the self-assembly of nanoparticles, chemical reactions in liquids, the operation of

batteries, the structure of biological materials in liquid, etc. Although this limitation

was recognized from the earliest times in the development of transmission electron

microscopy, a practical solution has been achieved only in recent years by the use of
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Figure 2.2. A) Schematic diagram of a LC-STEM liquid cell. The

liquid sample is enclosed between two silicon chips where the electron beam

illuminates the electron-transparent silicon nitride ‘window’ consisting of two

membranes holding the liquid. The window bulges outward due to the pressure

difference between inside and outside of the cell. B) Schematic representation

of the tip of the LPEM dedicated holder consisting of the holder tip, silicon

chips, and the clamp which keeps the holder vacuum-tight.

modern microfabrication techniques to produce liquid cells with strong but electron-

transparent windows. The method which is known as liquid phase electron microscopy

(LPEM) or liquid cell (scanning) transmission electron microscopy (LC-(S)TEM) [93–

95], has developed rapidly and it is increasingly being used to image liquid-based

processes. The liquid cell consists of two chips which are usually made of silicon,

containing a tiny electron-transparent silicon nitride (SiN) membrane known as the

‘window’ in the center of the cell (Figure 2.2). The liquid cell chips separate the liquid

from the microscope vacuum while they confine the liquid to a layer thin enough that

electrons can pass through it. The liquid is sandwiched between the top and bottom

chips that are separated from each other by a spacer positioned on the bottom chip.

The spacer is either a solid layer with a channel or consists of spherical particles. The

thickness of the commercial spacer differs from 100 nm to 5 µm and depending on

the sample dimensions an adequate spacer chip should be utilized. In principle, the

spacer thickness defines the liquid thickness between the two chips. However, because

of the pressure difference between the interior of the cell (atmosphere pressure) and

the outside of the cell (i.e the microscope column pressure; 10−6 mbar), the windows

bulge outward. This results in a liquid thickness in the middle of the cell of at least 2

to 3 µm which reduces the spatial resolution in LC-TEM dramatically. The decrease

in the resolution is due to multiple scattering of electrons in both the SiN window and

the liquid layer. In LC-STEM it has been shown that the resolution when focusing
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Figure 2.3. The resolution difference between two rattle particles in the

same LC. A) particle on the top window, B) particle on the bottom window.

The resolution on the top window is noise-limited while for the bottom window

it is related to the beam broadening due to multiple scattering events. The

water thickness is 2 µm.

the beam on the top window is noise-limited and that inelastic scattering and multiple

scattering can be neglected when the particle is on the top window (on top of a liquid

layer) [110]. On the other hand, LC-STEM imaging on the bottom window is not noise-

limited. Instead, the resolution is limited by the broadening of the electron probe by

scattering events in the liquid layer before it reaches the bottom window [110] (Figure

2.3).

Nevertheless, high-resolution LC-(S)TEM imaging can be achieved using thin ma-

terials such as graphene as liquid cell [111–114]. Apart from the investigations of the

different properties of nanomaterials in liquids, with recent developments in LC holders

and in micro-electromechanical systems (MEMS) technology, it is also possible to

incorporate additional functionalities such as flowing the liquid inside the cell, applying

electric fields using electrodes, and heating the liquid inside the cell using dedicated

heating LC chips. Despite the great improvements of the LC-(S)TEM technique,

there are still substantial limitations that should be considered when performing and

interpreting the LC-(S)TEM studies. The two main limitations are the electron beam

effects and the geometry of the liquid cell, which may change the conditions of the in-

situ experiments compared to their ex-situ counterparts. In this thesis, we extensively

study the effects of the electron beam and the geometrical differences, and we focused

on optimizing the LC(S)TEM conditions to study the physio-chemical properties of

silica based particles.
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2.2. Experimental

2.2.1. Materials

Tetraethyl Orthosilicate (TEOS, 99%, Sigma-Aldrich), Absolute ethanol (Merk),

MilliQ water (Millipore system), Sodium citrate (Sigma-Aldrich), Chloroauric acid

(ACS reagent), Polyvinylpyrrolidone (PVP, Average Mw 10000 g.mol−1), Ammonia

(ACS reagent, 28-30 w% NH3 basis, Sigma-Aldrich).

2.2.2. Particle synthesis

The rattle particles were synthesized by the selective removal of a sacrificial layer; a

polystyrene layer was grown around the Stöber particle (the core), followed by growth

an outer silica shell, after which the particles were heated at 500 ◦C for four hours in

the air to remove the sacrificial polystyrene layer a temperature at which the silica does

not yet fully condense its siloxane structure [115]. To make the rattle particles fully

condensed, they were heated to 900 ◦C (5 ◦C.min−1) for three hours [115–119]. Next,

the sample was allowed to cool down to room temperature overnight. The particles were

redispersed in deionized water (Millipore system). The detailed synthesis procedure can

be found in Ref. [120].

The Au-Si core-shell particles were synthesized in a multi-step synthesis procedure.

First, 15 nm gold cores were synthesized using the Turkevic method [121]. 10 mL water

was added to 0.10 g chloroauric acid and 0.10 g sodium citrate in two separate vials to

obtain 1.0% (w/v) gold and citrate stock solutions. Next, 300 mL water and 3.0 mL of

the 1.0% (w/v) gold solution were transferred to a two or three-necked round-bottomed

flask equipped with a condenser. The flask was heated by a heating mantle until boiling

under 600 rpm stirring. 9.0 mL of the 1.0% (w/v) sodium citrate solution was added

as soon as the solution was clearly boiling. The solution color gradually changed in

time from blue to deep red indicating the formation of gold nanoparticles. Boiling

continued for 15 minutes and then the solution was cooled down to room temperature.

Subsequently, the gold particles were transferred to ethanol to grow a Stöber silica shell

around them. To this end, first, the gold particles were coated by polyvinylpyrrolidone

(PVP) to be stable in ethanol [122]. To 5.0 mL of gold nanoparticle solution, 120.0

µL of a 10.0% w/v PVP solution (1.0 g in 10.0 mL water) was added under constant

stirring. The solution was left to be stirred for 12 hours. After 12 hours, the solution

was centrifuged 15 minutes at 15000 g in 5 mL Eppendorf tubes. Then the water was

removed carefully using a glass pipet and the particles were redispersed in an equal

amount of ethanol. The sample was sonicated for 1 minute for homogenization. The

procedure was continued by transferring 5.0 mL of PVP stabilized gold nanoparticles

in ethanol to a vial and adding 500.0 µL of ammonia to this solution under constant

stirring. 50.0 µL of 10.0 vol% TEOS in ethanol was added to the solution after 1

minute. The addition of 10.0 vol% TEOS was repeated every 90 minutes. This was
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done in 3 steps and a total amount of 350.0 µL of 10.0 vol% TEOS was added during

the synthesis procedure. The volume of the added 10.0 vol% TEOS was doubled after

every addition and the reaction was finished 90 minutes after the last addition.

2.2.3. In-situ liquid cell STEM

All in-situ experiments were performed using a Hummingbird Scientific, (USA) liquid

cell dedicated holder with corresponding microchips. The liquid sample was prepared

by sandwiching the dispersion between two silicon microchips (Hummingbird Scientific,

USA) with 50 nm thick amorphous silicon nitride (SiN) electron-transparent windows

with a size of 50 by 200 µm. Depending on the particle size a proper spacer chip

was used. For silica rattle particles with a diameter of 800 nm, a chip with a 1 µm

spacer was used. The spacer used for 100 nm Au-Si core-shell nanoparticles and 120

nm Stöber silica nanoparticles was 100 nm. Prior to sample loading, the two silicon

chips were glow-discharged for 2 minutes to remove organic contamination and to make

their surfaces more hydrophilic. For each in-situ experiment, the microchip with the

spacer was first placed at the tip of the holder. A 1 µL droplet of the desired particles

dispersed in water (Millipore system) dropped cast on the microchip. Next, the top chip

was placed on the spacer chip with the hydrophilic side facing the opposite chip and

the excess liquid was removed with filter paper, after which the windows were carefully

aligned. A syringe pump equipped with a 1 mL glass syringe was used to flow water into

the cell. The in-situ experiments were performed using a Tecnai-F20, (Thermo Fisher

Scientific) (S)TEM, equipped with a field emission gun operating at 200 kV. A high

angle annular dark-field (HAADF) detector at a 120 mm camera length was used to

continuously capture image series. In order to calculate the electron dose rate the beam

current in vacuum was measured for each spot size and the resulting electron dose rate

was calculated by dividing the beam current by the total frame size as follows [123]:

d =
Ie
eA

(2.1)

Here d is the electron dose rate, Ie is the beam current, e is the elementary charge, and

A is the total frame size determined by the magnification.

For expansion-and-shrinkage experiments after recording the image series, a Gaussian

blur (2 pixels) was applied over the images to reduce the noise and the particle size in

each frame was measured using the particle size analysis plug-in in ImageJ.

2.3. Results and discussion

In conventional transmission electron microscopy, the electron beam irradiation dam-

age has been extensively studied [124]. The beam damage in the vacuum can be

classified into electronic damage and knock-on damage. Electronic damage includes
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electrostatic charging, and ionization, while knock-on damage includes atomic displace-

ments, structural damage, and mass loss [124]. In liquid phase electron microscopy

the presence of a liquid results in a more severe electron beam irradiation damage,

as there are additional processes occurring in the liquid layer itself which changes

the chemistry of the suspending medium dramatically. Generation of molecular and

radical species as well as hydrated electrons and pH changes caused by electron beam

irradiation are some of these effects [125]. These “indirect” effects of the electron

beam irradiation along with the “direct” effects such as charging, and bond-breaking at

and/or in the particles, should be carefully considered when performing and analyzing

LC-(S)TEM experiments. In order to study the physio-chemical properties of silica

particles and their self-assembly in water, we first need to elucidate the electron beam

effects on silica particles in LC-STEM measurements. Hence, we performed LC-STEM

experiments on various types of silica particles. We analyzed the beam-induced shape-

deformation of silica particles in water. We made use of these results to optimize the

LC-STEM conditions to perform in-situ experiments where the electron beam effects

were minimized. In subsequent sections, we will elaborate on some of the electron beam

irradiation effects on various systems of silica particles studied in this thesis.

2.3.1. Expansion, and shrinkage of silica nanoparticles

Electron beam irradiation of silica particles in vacuum increases the mass density and

makes the silica structure stronger as it becomes fully condensed [126]. Studies show

that the silica particles undergo a volume reduction by 15-18% upon electron beam

irradiation [126], which is similar to heating the same particles above 850 ◦C which can

also fully condense the siloxane structure [115–119]. Nevertheless, the presence of water

during electron beam irradiation can change the out of equilibrium boundary conditions

and hereby dramatically change the observed results. For instance, electron beam

induced products may affect the silica particles. Moreover, because of the presence of

water, the hydrolysis of siloxane bonds becomes feasible, next to condensation reactions.

In this section, we investigate the electron beam irradiation effects on silica rattle

particles when water is present. The particles were heat-treated to 500 ◦C for four

hours during the synthesis procedure, as mentioned before this temperature does burn

away the polymeric material, but does not yet fully condense the siloxane structure

of Stöber silica [115]. The observations showed that the silica particles first undergo

an expansion and subsequently a shrinkage process upon electron beam irradiation in

the presence of water. The change in diameter in the expansion stage was found to

depend on the internal structure of the silica particles as well as the electron dose rate.

For silica rattle particles (see section 1.3.4) which were heat-treated at 500 ◦C for four

hours during the synthesis procedure, the shell expansion was found to be 2-3%. The
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Figure 2.4. Expansion-and-shrinkage process of silica rattle particle in water

upon electron beam irradiation (electron dose rate: 6.4×103 e−nm−2s−1, total

number of frames: 3600, frame time: 0.5 s, water flow: 5.0 µL.min−1). A) Stills

of a HAADF-STEM recording showing the expansion-and-shrinkage process of

the rattle particle in real-time. B) Shell diameter as a function of the total

accumulated electron dose. The total number of frames is 3600 frames. The

frame time is 0.5 seconds. The scale bar indicates 500 nm.

shell expansion occurred at the very beginning of the electron beam irradiation with an

electron dose rate of 6.3×103 e−nm−2s−1 where after 84 seconds of irradiation the shell

reached its maximum diameter size (second frame in Figure 2.4), which accounts for

an increase in shell diameter of 2% (20 nm for this particular shell). Subsequently, the

shell started to shrink while being continuously exposed to the electron beam at the

same electron dose rate, and this shrinkage continued until the shell closely surrounded

the core particle (Figure 2.4).

In another LC-STEM experiment, we used silica rattles which had been previously

heated to 900 ◦C for three hours. It is known that silica condensation occurs upon

heating up to 1000 ◦C [116]. By heating silica rattle particles up to 900 ◦C for 3 hours

they were fully condensed (100% Q4) [115–119] and upon exposure to the electron beam

in water the shell diameter increased up to approximately 10%, which is 75 nm for this

particular particle. This is a rather severe increase in the shell diameter compared

to the previous 2-3% (Figure 2.5). This strongly suggests that a decrease in density

occurred in the silica structure under the electron beam irradiation in the presence of

water, which lead to the initial expansion of the particle. This can be explained by the

hypothesis that the broken siloxane bonds react with water, and as a result, the density

of silica particle decreased. In these experiments, we flowed water into the cell with a

flow rate of 5.0 µL.min−1. Thus, the dissolved silica was carried away by water flow.

The reduction in density is greater for a fully condensed particle (heated to 900 ◦C)

compared to a partially condensed one (heated to 500 ◦C), which resulted in a bigger
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Figure 2.5. Comparison of the shell expansion for a fully condensed particle

heated to 900 ◦C for three hours, and a partially condensed particle heated to

500 ◦C for four hours.

shell expansion for the fully condensed particle. Eventually, the continuous electron

beam irradiation resulted in further bond-breaking which lead in the presence of water

to loss of material and shrinkage of the silica shell by dissolution.

The decrease in density by silica dissolution can be also observed in the Stöber

silica core particle where the contrast of the particle decreased upon electron beam

irradiation. Figure 2.6 shows a silica particle with an initial diameter of 120 nm. As

we mentioned in a previous section the contrast generation in STEM measurements

is due to mass contrast. Since the silica particle is composed of the same elements,

the particle thickness and density determine the observed brightness. Therefore, the

decrease in the pixel intensity during the electron beam irradiation indicates that the

particle converts from a higher density structure to a lower density structure with fewer

siloxane bonds. It is also clear that during the electron beam irradiation the particle

expanded and became smoother which is most likely due to material restructuring as
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Figure 2.6. The decrease in contrast during the electron beam irradiation

of a 120 nm silica nanoparticle in water. The yellow box shows the distance

for which the intensity profile is plotted. The intensity profile is plotted for

exposure times t = 0 s, t = 150 s, and t = 300 s. The background pixel

intensity in all frames is the same indicating that the particle mass density

decreased in time. Water was not flowed during this experiment. The scale

bar indicates 50 nm.

well. Additionally, the LC-STEM observations showed that a certain amount of silica

was deposited on the SiN window as well as on the silica particle itself. This is most

likely due to continuous bond breaking to the point that the silicon atoms or silicate

oligomers were completely disconnected from the silica matrix and redeposited on the

SiN window or the silica particle. It has been shown that silica redeposition is strongly

related to electron beam irradiation [127]. In this experiment, we didn’t flow water into

the cell and the redeposited silica was detectable as a light haze in the field of view.

The dissolved silica can be partially carried away by flowing liquid through the cell. It

is noteworthy that the flow rate above the window in the present cells used in this work

was not completely known. However, with recent developments in the commercial LC

holders, a more controlled liquid flow is attainable using a pressure based-liquid pump

where the liquid only passes through the cell window and not the whole cell.

Another interesting observation that was made from the LC-STEM experiments on

the silica rattle particles is that the silica shell maintained its spherical shape during

the expansion as well as shrinkage. This implies that during the shape deformation the

silica particle may have high plasticity. Zheng et al. [128] showed that brittle amor-

phous silica nanoparticles become ductile upon low-intensity electron beam irradiation.

They explained that the high energy electron beam generates structural and bonding

defects throughout the silica particle, which increases the flexibility by facilitating bond-

switching events [128]. This can be also applied to our system where the electron beam

continuously breaks the bonds and allowed the material to restructure, which partially
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Scanning direction

Figure 2.7. Electron beam irradiation of the rattle particle in water

(electron dose rate: 3.2×103 e−nm−2s−1, frame time: 0.5 s, water flow: 5.0

µL.min−1). Only the parts which are in the field of view undergo the shape

deformation which results in a Mickey Mouse shaped particle. This indicates

the importance of the direct effect of the electron beam irradiation on the silica

shape deformation. The scale bar indicates 200 nm.

explains the fact that the spherical shell maintained its shape during the expansion-and-

shrinkage processes. However, a full understanding of this reshaping is not yet there and

most likely will also need an approach in which this process is simulated. Moreover,

the LC-STEM observations showed that the expansion-and-shrinkage processes only

occurred for the particles present in the field of view, in other words when they were

irradiated by the electron beam. Figure 2.7 shows a rattle particle that was partially

placed in the field of view. Upon electron beam irradiation the parts of the particle

that were in the field of view shrunk while the parts placed out of the field of view did

not which resulted in a ‘Mickey Mouse’ shaped particle after shrinking.

It is noteworthy that the silica expansion-and-shrinkage processes occurred at electron

dose rates above 103 e−nm−2s−1, which is the conventional electron dose rate used

in most of the LC-(S)TEM literature and also similar to dose rates used in imaging

nanoparticles in TEM without a liquid present. The electron beam irradiation can

either directly break the bonds through radiolysis, or it can indirectly affect the particle

system by generating different reactive species in the suspending medium (water in this

case). The effect of the electron dose rate as well as the accumulated electron dose

on LC-STEM experiments of silica nanoparticles was extensively studied in Chapter

4. These results show the complicated and out-of-equilibrium nature of LC-STEM

experiments which should be carefully considered when performing such experiments.

2.3.2. Anisotropic shape deformation of silica nanoparticles

An elongation of spherical silica particles in the scanning direction was observed

during LC-STEM measurements on these. Figure 2.8 shows a few image series of Au-Si
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t= 0 s t= 80 s t= 120 s t= 160 s t= 200 s t= 240 s

Scanning direction

Figure 2.8. Electron beam irradiation of the Au-Si core-shell particles in

water (electron dose rate: 17×103 e−nm−2s−1, frame rate: 0.5 s, water flow: 5.0

µL.min−1). The elongation of the silica particles occurred along the scanning

direction. The scale bar indicates 50 nm.

core-shell nanoparticles elongation under electron beam irradiation. Here, the scanning

direction was from left to right, starting from the top left corner. The elongation of

the silica particles was found to be in the scanning direction. The presence of the Au

core particle, which remained spherical during the electron beam irradiation, indicates

that the anisotropic shape change only occurred in the silica particles and the observed

effect is not due to beam misalignment. The electron dose rate used in this experiment

was extremely high (17×103 e−nm−2s−1). The enhanced plasticity of the silica particles

by electron beam irradiation [128] was already mentioned in the previous section where

the silica rattle particle maintained its shape during the severe expansion-and-shrinkage

process. However, plastic deformation cannot explain the fact that the elongation occurs

in the scanning direction.

It was previously reported that silica nano-spheres with a diameter of 53 nm, elongate

along the scanning direction upon electron beam irradiation in water in LC-STEM [129].

The authors suggested a dissolution-precipitation model for the elongation of the silica

nanoparticles and explained that the dissolved silica redeposited at the sides of the

nanoparticles in the scanning direction of the electron beam, resulting in ellipsoidal

silica nanoparticles. In another study, a rapid elongation of silica rattle particle in the

scanning direction was reported where the silica shape changed rapidly by changing

the scanning direction of the electron beam [130]. The rapid silica particle deformation

where the particle elongated in the scanning direction immediately after changing the

scanning direction cannot be explained by the dissolution/precipitation model, although

the dissolution and the redeposition of the silica were definitely occurring during the

electron beam irradiation as it was observable as a light haze on the LC window.

Alternatively, the silica particle elongation may be related to the beam-induced electric

fields and accumulated charges [131]. Using a randomly patterned electron beam might

more about reveal the mechanism of the electron beam induced anisotropic shape

deformation and is planned in future work.
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2.4. Conclusion

The intriguing observations of nanoscale processes in real-time using the LPEM

technique, provide important insights in various fields of science where liquid-based

processes are concerned. However, the physical and chemical processes can be strongly

altered by the high energy electron beam and the peculiar liquid cell geometry, also

for electron dose rates used in ‘regular’ observation of nanoparticles. We studied

the effect of the electron beam irradiation on various systems of silica particles in

water. Heat-treated rattle particles undergo an expansion-and-shrinkage process upon

electron beam irradiation with electron dose rates above 103 e−nm−2s−1. The particle

diameter initially increased upon electron beam irradiation, most clearly exhibited by

the shell, while subsequently, the shell diameter decreased drastically until it closely

surrounded the core particle. The spherical shape of the particle was maintained

during the expansion-and-shrinkage process indicating the high flexibility of the silica

particle under electron beam irradiation. Furthermore, the observations showed that

only the particles in the field of view underwent the shape deformation indicating that

the effect of the electron beam was essential. Comparing the LCSTEM results to

electron beam irradiation of silica particles in the dry state revealed that the presence

of water is crucial for the expansion of silica particles as the only shrinkage occurs

in dry state upon electron beam irradiation. Moreover, using gold core silica shell

particles we observed elongation of the silica particle along the scanning direction

upon electron beam irradiation in water. The elongation only occurred in the silica

particle and the gold particle remained spherical during the electron beam irradiation.

This could be due to the higher plasticity of the silica particle under electron beam

irradiation or to the charging effects of the electron beam. However, these hypotheses

cannot fully explain why the elongation occurs in the scanning direction. In order to

understand the underlying mechanism of silica elongation along the scanning direction,

further experiments should be designed and compared with numerical simulation of

the processes taking place. In the case of high energy (∼MeV), ion irradiation of

silica particles with beams of charged ions such numerical investigations have already

successfully performed [132, 133]. For instance, using a randomly patterned electron

beam where the scanning direction is not simply from left to right might result in a

different type of shape deformation.
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3
Liquid cell scanning transmission electron

microscopy study of diffusion of colloidal

particles inside spherical shells

Abstract

A novel type of colloidal particle known as a rattle or yolk-shell particles were

used to study the diffusion of a particle inside a spherical shell. The study was

carried out using liquid cell scanning transmission electron microscopy (LC-

(S)TEM) at the single-particle level. The 3D diffusive trajectories of the par-

ticles were tracked in a 2D projected form using image analysis. Subsequently,

the tracks were analyzed to investigate the electrostatic and hydrodynamic

interactions between the core and the shell. We found that in water, increasing

the electron dose rate made the core particle approach the shell more closely,

and finally became attached to it. Among multiple effects of the electron

beam that could explain this observation, the effect of the increase in ionic

strength is most likely not the most significant as we did not extensively

deionize our systems, instead we think a change of surface charge associated

with pH change is more likely the main cause. Furthermore, we used glycerol

carbonate as a more viscous polar liquid with a polarity higher than water, to

slow down the diffusion of the core particle in order to do further quantitative

analysis. The hydrodynamic interactions between the core and the shell slowed

down the particle as it approached the shell. We showed that the diffusion

inside spherical confinement is asymmetrical and should be decoupled into

two diffusion coefficients in the radial and perpendicular directions. The

radial diffusion coefficient decreased as the core particle became closer to the
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shell, which can partly be attributed to insufficient time resolution, while the

perpendicular diffusion coefficient stayed constant within most of the shell. We

found that the mobility of the silica core particle did not change significantly

when increasing the electron dose rate for both shell sizes whereas it decreased

for titania core particle. We also showed that the diffusion coefficient is larger

for the particles diffusing within bigger shells.
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3.1. Introduction

The physical properties of colloids are of considerable interest due to their widespread

technological applications [134–136]. Developments in making novel model particle

systems structured on multiple lengths scale [55, 56, 69, 83, 84, 137, 138], along with

new advanced experimental techniques to study their static and dynamic properties,

are providing for new opportunities for more fundamental and applied science using

these new particle systems and techniques [139–142]. Fluctuations in the momenta of

the solvent molecules that continuously collide with the particle give rise to Brownian

motion and this may be discussed in terms of a diffusion coefficient D for particles,

D =
kBT

f
(3.1)

where kB is the Boltzmann constant, T is the absolute temperature, and f is the friction

coefficient of the particle in the solvent. Due to the diffusion of the colloidal particles

and the too good approximation incompressibility of liquids the solvent liquid has to

flow with a stick boundary condition around the particle, which in turn results in a

hydrodynamic drag on the particle. The friction coefficient is the ratio of the drag

force ~F and the particle velocity ~v. For a single, isolated, spherical particle in a large

reservoir of liquid the motion of the particle in three dimensions, having a velocity v,

produces a drag force given by the Stokes formula: [143]

~F = −6πηa~v (3.2)

where η is the solvent viscosity and a is the particle radius. Relating the drag force to

the thermal fluctuations yields the Stokes-Einstein equation which was when derived

independently by Sutherland [144] and Einstein [10] the first example of what is now

called ‘fluctuation-dissipation’ relationships:

D =
kBT

6πηa
. (3.3)

The free diffusion of particles has been extensively studied and is well understood. Over

the past decades, the study of diffusion has shifted towards diffusion in complicated

geometries. A classical problem is the characterization of the motion of a single

colloidal particle near a flat wall, which has been explored experimentally, [145–147]

theoretically, [148, 149], and by computer simulations [150]. The diffusion of a particle

placed between two parallel planar walls has also been studied [151–153]. The presence

of the wall in these cases leads to a modified hydrodynamic drag on the particle due

to the flow restriction by the wall. Furthermore, the wall breaks the symmetry around

the particle resulting in the diffusion and as a consequence, the diffusion coefficient

becoming anisotropic with different values in different directions depending on the

symmetry of the problem, in the case of a flat wall: one parallel and one perpendicular to

the wall, where both components depend on the separation distance between the particle
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and the wall. The studies have shown that the diffusion constants both in parallel and

perpendicular directions to the wall decrease as the particle becomes closer to the

wall due to the hydrodynamic interactions as a manifestation of the stick boundary

condition of the flow at the surface of the wall [146]. The hydrodynamic coupling is the

highest when the particle is closest to the wall [154]. In the case of the diffusion of a

particle between two parallel planar walls, the motion of the particle is already slower

in the middle of two walls compared to free diffusion, due to hydrodynamic coupling

between the particle and the walls [152]. Recently more complicated geometries, such

as those of a cylindrical or spherical cavity, where the particle is confined from all sides,

have gained attention as well. Eral et al. [155] showed that the diffusion coefficient

of colloidal particles in the center of a closed cylindrical cavity, with both the height

and the radius size equal to 9 particle diameters, is 0.75 of the diffusion coefficient D0

measured in the bulk the same liquid. They also showed that the diffusion inside a

closed cylindrical cavity is asymmetrical and that there is a transition region of about

3 particle diameters wide in which the radial Dr and azimuthal Dθ components of

the anisotropic diffusion coefficients decrease to respective values of 0.1D0 and 0.4D0.

This is in agreement with the results from computer simulations of the hydrodynamics

of a spherical particle entrapped in a closed cylinder [156]. In another paper by

Cervantes-Mart́ınez et al. [157] they experimentally investigated the diffusion of a 1 µm

fluorescent polystyrene spheres entrapped in 6.35 µm spherical water droplets immersed

in oil and they showed that the radial diffusion Dr (towards the liquid-liquid interface)

slowed down near the wall, however, the perpendicular diffusion Dp (along the curved

surface) remained virtually unchanged except close to contact with the interface. The

perpendicular diffusion only decreased beyond the equilibrium liquid-liquid interface

as the liquid-liquid interface used in this study was deformable, and most likely also

does not have a zero velocity at the liquid-liquid interface, resulting in quite different

boundary conditions compared to our work where the spherical confinement was a

rigid silica shell. We will explain in more detail the particle systems used in this work

in subsequent paragraphs. Recently a thorough theoretical study was carried out on

diffusion inside a spherical cavity by modeling the behavior of a concentrated colloidal

dispersion in such 3D confinements, [158] which provides useful quantitative insights

on how the radial and perpendicular diffusion coefficients change due to hydrodynamic

interactions in spherical cavities as a function of the geometry. The study shows that

3D confinement breaks the symmetry of the drag on the diffusing particle and gives rise

to the anisotropic hindrance of both the radial and perpendicular diffusion components

to a different extent. Further, it shows that the diffusion of a confined particle depends

on its proximity to the cavity wall and it is maximum at the center of the cavity while

it gradually decreases as it becomes closer to the cavity surface. For instance, for

the particle-to-cavity size ratio a/R = 0.2 the particle in the middle has a diffusion
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coefficient of approximately 60% of that of a freely diffusing particle, and when the

particle is placed at position r/R = 0.5 (r/R is 0 when the core is in the middle and

1 when the core touches the shell) the diffusion coefficient drops to 40% of that of a

freely diffusing particle. The diffusion fades entirely at particle-wall contact, which is

a direct consequence of the stick boundary condition at the wall. Another important

result shown in this study is that the perpendicular diffusion remains above 90% of its

value in the middle of the spherical geometry until the core particle is really close to

the shell wall (r/R = 0.85).

In 2003 Xia and coworkers [159] popularized a type of colloidal particles with a

movable core inside a spherical shell. Particles diffusing inside the spherical shell

of pollen were already studied as long ago as by Brown, but to make such systems

deliberately to be used in model studies and/or applications in advanced materials

has become popular only in this century [54–58]. These particles which are known as

“rattle” particles or “yolk-shell” particles have a purposely designed core@void@shell

geometry. As these particles consist of a core particle entrapped inside a rigid spherical

shell, they are an ideal model system to experimentally study the diffusion of colloidal

particles in spherical confined geometry and/or to be used in advanced e.g. photonic ap-

plications [120]. These rattle particles can be synthesized with a wide range of materials,

particle sizes, shapes, and structures [54,55,69,120]. Because of its excellent mechanical,

chemical, thermal stability, transparency for visible light, and bio-compatibility, tunable

porosity, silica is a promising material to produce rattle particles [74, 120, 160]. Using

silica as a negatively charged material in neutral pH conditions [161] to make the

shell part of rattle particles, makes it necessary if the stability of the movable core

is induced by charge interactions to also be negatively charged if the ionic strength

is sufficiently low. The electrostatic repulsion besides the hydrodynamic interactions

described above should be considered during the analysis of the core mobility inside the

confining spherical shell. Here we used two different rattle particles, TiO2@void@SiO2

and SiO2@void@SiO2, to study the diffusion of the core particle inside the spherical

shell. In both cases, the core and the shell were negatively charged.

The interaction potential between two charged spherical particles can be approxi-

mated via DLVO theory: [17–19]

U = Uvdw + Ues , (3.4)

where

Uvdw = −A
3

(
a1a2

r2 − (a1 + a2)2
+

a1a2
r2 − (a1 − a2)2

+
1

2
Log[

r2 − (a1 + a2)
2

r2 − (a1 − a2
]) (3.5)

and

Ues = λb
Q1Q2

(1 + κa1)(1 + κa2)

e−κ(r−a1−a2)

r
. (3.6)
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With the Bjerrum length, λB, defined as:

λB =
e2

4πε0εmkBT
. (3.7)

Here A is the Hamaker constant of the material of the colloidal particle interacting

through the liquid it is dispersed in with another colloidal particle, a1 the radius of

the core, a2 the radius of the shell, r the center-to-center distance, Q is the number of

charges, κ is the inverse Debye screening length, e is the elementary charge, ε0 is the

permittivity of the vacuum, εm is the dielectric constant of the medium.

However, the different geometry of rattle particles where a charged particle has elec-

trostatic interactions with a charged shell makes the interaction potential calculations

different than the case of the DLVO theory for two charged spherical particles and

we are not aware of analytical approximations/solutions for this geometry, although

it is not too difficult to numerically solve the Poisson-Boltzmann equations e.g. using

Comsol, for this geometry. The interaction potential for a rattle particle is still to be

studied and explained. However, the important parameter in the DLVO theory in this

respect is the Debye screening length, κ−1, which mainly determines the repulsion range

inside the shell and is related to the ion concentration (ionic strength) is for monovalent

ions via:

κ =

√
2NAce2

ε0εmkBT
(3.8)

where NA is Avogadro’s number, and c is the ion concentration in the bulk. The

range of the Debye screening length determines how close the core can get to the shell.

The ions screen the charges around the charged object and reduce the length of the

electrostatic potential thus making the repulsion shorter ranged. This region is known

as the ‘electric double layer’.

Liquid-cell (scanning) transmission electron microscopy [94,95] (LC(S)TEM), which

is starting to become a powerful in-situ electron microscopy technique, provides the op-

portunity of observing and recording dynamic processes of colloidal particles in liquids.

In principle, LC-(S)TEM is a new high-resolution method to analyze the diffusion of

colloidal nanoparticles in confining spherical shells with high spatial resolution, be it

that the analysis is necessarily a 2D projection of a 3D diffusional process. However, the

high energy electron beam can significantly affect the diffusion of the particles under

study. So far, the far majority of published diffusion studies of colloidal particles in

LC-(S)TEM have focused on an extremely slowed down diffusion of particles (3-8 orders

of magnitude slower than theoretical predictions) often in studies where effects of the

electron beam induced could not be excluded [123,160,162–183]. For instance, de Jonge

and coworkers [123] proposed that in their study of Au particles with a diameter of 30

nm and stabilized by thiolated chitosan (TCHIT) there is a highly viscous ordered

liquid layer exhibiting a viscosity 5 orders of magnitude larger than a bulk liquid
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near the LC window, which led to a dramatic slowing down of the particle diffusion

of the particles close to the windows of the liquid cell. Other explanations include

hydrodynamic hindrance near a wall [166,169] and strong (beam-induced) interactions

with the LC windows [123, 163, 166, 169, 171]. Or a combination of these effects where

attractions make the particles reside stuck onto the wall while they can still undergo a

kind of stick-slip process moving over the surface. In this explanation, no anomalous

viscosity is needed to explain the extreme slowing down of the particles compared to

free diffusion. Using rattle-type particles enabled us to record the diffusion of the core

particle while the shell was attached to the LC wall in a way where the core particle

was not influenced by the window allowing us to find the conditions in which the effects

of the electron beam could be neglected. In this study, we investigated the diffusion

of core particles inside spherical shells using a low dose scanning transmission electron

microscopy (STEM) technique combined with a viscous liquid medium to slow down the

movement of the core particle for further analysis. Finding the conditions to observe the

diffusion of particles using the LC-(S)TEM method would allow us to explore in future

work experiments such as studies on self-assembly of colloidal particles [184]. Moreover,

it serves as a powerful new technique to study the diffusion of colloidal particles in liquids

at a single particle level with a high spatial resolution which subsequently helps to better

understand the diffusion of colloidal particles in more complicated confining geometries.

Additionally, if fully understood the diffusional motion of the particles inside the porous

silica shells could also be used in more complicated liquid cell experiments as a local

probe for the temperature and/or ionic strength.

3.2. Experimental

3.2.1. In-situ liquid cell STEM

All in-situ experiments were performed using a Hummingbird Scientific, (USA) liquid

cell dedicated holder with corresponding microchips. The liquid sample was prepared

by sandwiching the dispersion between two silicon microchips (Hummingbird Scientific,

USA) with 50 nm thick amorphous silicon nitride (SiN) electron-transparent windows

with a size of 50 by 200 µm. A spacer of 500 nm on the bottom chip separates the top

and bottom chips. However, the pressure difference between inside and outside the cell

when the holder is inserted in the microscope makes the windows bulge outwards result-

ing in a bigger separation between the top and bottom chips thus a thicker liquid layer

(for liquid thickness determination see Chapter 5). Prior to sample loading, the two

silicon chips were glow-discharged for 2 minutes to remove organic contamination and to

make their surfaces more hydrophilic. For each in-situ experiment, the microchip with

the spacer was first placed at the tip of the holder. A 1 µL droplet of the desired particles

dispersed in water (Millipore system) or glycerol carbonate (4-(Hydroxymethyl)-1,3-

dioxolan-2-one, Sigma-Aldrich 455067) dropped cast on the microchip. Next, the top
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chip was placed on the spacer chip with the hydrophilic side facing the opposite chip

and the excess liquid was removed with filter paper, after which the windows were

carefully aligned. For the experiments that were carried out in the water, a syringe

pump equipped with a 1 mL glass syringe was used to flow solutions into the cell.

However, when glycerol carbonate was used as the solvent for particles, no liquid was

flowed during the experiment due to the high viscosity of glycerol carbonate (η = 0.147

Pa·s). It should be realized that there is a small uncertainty in the viscosity due to

the possibility of there being some water present within glycerol carbonate therefore it

is a good strategy for hygroscopic liquids to add a certain amount of water (e.g. 5%).

The in-situ experiments were performed in a Tecnai-F20, (Thermo Fisher Scientific)

(S)TEM, equipped with a field emission gun, operating at 200 kV. An annular dark-

field detector (ADF, E.A. Fischione Instruments Inc., Model 3000, USA) with a 120

mm camera length was used to continuously capture image series to produce movies

of the diffusion of the particles. The frame times in all experiments were either 0.2 or

0.5 seconds. The electron dose rate was calculated as mentioned in Chapter 2, section

2.2.3.

3.2.2. Particle tracking and analysis

We used a published algorithm by John Crocker and David Grier for the fitting and

tracking of particles in 2D electron microscopy images using IDL Version 8.3 [185].

Prior to tracking, a Gaussian blur (2 pixels) was applied over the image to reduce the

noise using ImageJ (Fiji version). By inserting the particle size in pixels in the code,

the center of the particle was identified. After identifying all particle positions in all

frames it was tracked in time by looking for the particle in the next frame within a

certain maximum displacement which is defined for the software as the distance from

particle’s previous position.

Next, when the x and y coordinates of the particle were determined in all frames we

performed the analysis using Wolfram Mathematica software version 11.1 to obtain the

analytical data to study the diffusion of a core particle in a confined spherical shell.

The displacements between frames were split into a radial component and a compo-

nent perpendicular to the radial direction. This resulted in radial and perpendicular

displacements in time steps of 0.2 s. These displacements were categorized to be in a

certain part of the shell by the average position of the particle between the two frames.

For the part of the shell geometry under investigation, a histogram of displacements for

both directions was made with a bin size of 10 nm. The width of the distribution was

translated to a radial and perpendicular diffusion coefficient Dr and Dp using Di =
σ2
i

2t
,

where σi is the width of the Gaussian fit for the radial or perpendicular displacements

and t is the timestep of 0.2 s.
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3.2.3. Finite element calculations

In order to model the hydrodynamic slowing down of a core particle within the shell

geometry, we performed finite element calculations using the COMSOL 5.4 MultiPhysics

Modeling Software. We set up a system with a spherical colloid of radius R = 170 nm

(no-slip boundary condition) within a no-slip shell of varying radius, depending on the

particles in the experiments. The spherical shell, including the core particle and liquid,

was placed within a cylindrical domain with open boundary conditions (zero normal

stress) for the fluid. We solved Stokes’ equations for an incompressible fluid. The fluid

density was taken as ρ = 1.4×103 kg m−3 and the dynamic viscosity used was η = 0.147

kg m−1 s−1 in accordance with the experimental parameters. We solved for the force

exerted by the fluid and the shell wall on the sphere. We applied a constant velocity

boundary condition to obtain the translational mobility. To ensure that the laminar

flow condition is satisfied, a low velocity of the sphere was used: v = 10−6 m s−1. This

typically resulted in a Reynolds number Re < 10−2. We varied the position of the sphere

inside the shell to determine the radial position dependence on mobility. Furthermore,

we changed the direction of the velocity boundary condition on the core particle to

decouple the hydrodynamic slowing down of the mobility towards the shell and along

with the shell. Whenever possible, we exploited the rotational symmetry of the system

to minimize the number of elements required, i.e. when the velocity boundary condition

was directed towards the shell. When the velocity boundary condition was directed

along with the shell, a full 3D calculation was required. Constructing a sufficiently

small mesh was only feasible when local refinement of the elements on the surface of

the core particle was used. Generally, an element size of 2 nm was employed on the

surface of the core particle and the element size was allowed to grow radially outward.

We performed mesh refinement for a few selected calculations and found no significant

difference for even smaller element sizes.

3.3. Results and discussion

In order to study the diffusion of colloidal particles in spherical shells a novel type

of colloidal particles known as rattle particles were used (Figure 3.1). Although the

emergence of the synthesized rattle particles is quite recent, in Chapter 1 we mentioned

that Brown used the Pollens particles and the motion of the micron-sized particles

inside like a yolk-shell system [7]. Rattle particles enabled us to record the movement

of a core particle within a shell at the single-particle level at a convenient time scale

while the shell is attached to the SiN window of the LC. In this study, we used rattle

particles with different silica shell sizes (small being 800 nm, and big being 1100 nm)

as well as different core materials with different zeta potentials (silica and titania) as

they have both different pH dependencies and different refractive indexes and thus

Hamaker constants. We used water and glycerol carbonate as a solvent for these
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a b c

Figure 3.1. Transmission electron microscopy (TEM) images of rattle-type

particles: (a) silica core diameter dcore = 340 nm, the void diameter dvoid =

740 nm (b) silica core diameter dcore = 340 nm, the void diameter dvoid = 990

nm (c) titania core diameter dcore = 350 nm, the void diameter dvoid = 690

nm. The scale bar indicates 1 µm

particles. Using two different solvents allowed us to investigate the effect of the viscosity

and the interactions on the mobility of these particles, and finding the optimized LC

experimental conditions to study the diffusion of colloidal particles within a spherical

shell. We used a published particle identification/tracking code to study the direct

electrostatic interactions as well as the indirect hydrodynamic interactions between the

core and the shell which depends on the core position inside the shell along with the

cavity geometry. As mentioned, the diffusional process in the shells is 3D, but we can

only analyze a 2D projection of this process in LC work which introduces errors and/or

deviations that we tried to correct for by numerical calculations of the frictions factors

in full 3D shells. We also qualitatively investigated the effect of the electron dose rate

on the interaction potential inside the shell and the diffusivity of the core particle.

3.3.1. Rattles in water: Electrostatic repulsion under electron beam irradi-

ation

Initially, rattle particles with a titania core and a silica shell were used to investigate

the interaction potential between a core and a shell in water. The dispersion was en-

closed between two silicon microchips with 50 nm thick electron-transparent amorphous

silicon nitride (SiN) windows. The chips were loaded on a dedicated TEM holder and

inserted in the electron microscope. Water was flowed at a rate of 2 µL.min−1 during the

measurements. Since the mobility of the core inside the shell can be strongly influenced

by the strength and even more importantly the range of electrostatic interactions, the

effect of the electron beam was found to be quite prominent. Hence, to analyze the

effect of the electron beam on the electrostatic repulsion between the core and the shell,

we performed LC-STEM experiments at various electron dose rates.

The free diffusion coefficient of 340 nm spherical particles in water is 1.45×106 nm2.s−1,

which makes tracking and quantitative analysis almost impossible with currently avail-

able scanning speeds. For instance, for the minimum available frame time in our
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microscope (0.2 s), a 340 nm spherical particle diffuses 2.9 × 105 nm2 in water in a

single frame. However, it is still feasible to analyze the data qualitatively and roughly

find out how close the core particle can come to the shell in water. This was done by

taking the maximum intensity of pixels in each frame and making a superposition of

all frames of the same movie, which then showed the area in which the particle moved

over many frames. Figure 3.2a shows a single LC-STEM image whereas figure 3.2b

shows the area the particle displacements averaged in over 255 frames. The core feels

electrostatic repulsion as it approached the shell due to the electric double layer overlap.

By measuring the minimum distance between the particle and the shell over long periods

(such as Figure 3.2b), a measure for the distance at which the core feels repulsion from

the shell was obtained for various electron dose rates. It is also clear from Figure 3.2

that the rattle particles were elongated in the scanning direction to a small extend

which was due to the high accumulated electron dose (0.6×106 e−nm−2) used to record

these frames (see Chapter 2). Figure 3.3 shows the relationship between the electron

dose rate and the minimum separation distance between the core and the shell. The

results show that by increasing the electron dose rate the minimum separation distance

between the core and the shell decreased. For instance, by increasing the electron dose

rate from 90 to 160 e−nm−2s−1 the minimum separation distance decreased from 85

to 75 nm. At elevated electron dose rates (∼ > 300 e−nm−2s−1) some of the particles

become attached to the shell (Figure 3.4). A corresponding movie for the titania core

getting attached to the shell at higher magnifications (electron dose rates higher than

∼> 300 e−nm−2s−1) can be found in supporting movie 1. We attempted to understand

this finding by looking at electron-solvent interactions.

Schneider et al [125] devised a model to model electron-solvent interactions. Upon

the interaction of an incident electron with an individual water molecule, the transferred

energy from the electron to the molecule excites its orbital electrons. This causes the

decomposition of the water molecule into a few species, including hydrated (solvated)

electrons e−h , hydrogen radicals H•, hydroxyl radicals OH•, and hydrogen gas H2 where

the subsequent reaction of these products yields the primary products as follows: [125]

H2O → e−h , H
•, OH•, H2, H2O2, H3O

+, HO•
2 (3.9)

In this way, the electron-water interactions resulted in an increase in the ion con-

centrations and thus the ionic strength. It is important to remark though that these

simulations of the effects of the electron beam in water were done in pure solvent and

that is almost certain that details will be (possibly) strongly affected by what also

happens within and/or on the particles by the electron beam, which is not taken into

account. However, it is still safe to conclude that the ionic strength also if the presence

of the particles was fully taken into account would increase. Because of the porous
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a b

Figure 3.2. LC-STEM measurements on rattle-type particles with a titania

core and silica shell in water. (a) A single frame of 0.5 s of the recorded

HAADF-STEM movie. (b) A superposition of 255 frames of the same movie,

showing how close the core particles can get to the shell. During the imaging

process, some particles detached and diffused away from the imaging area,

while some other particles diffused in the imaging area and attached to the

window. That is the reason for differences appeared in the area which is

indicated by a red arrow. The scale bar indicates 1 µm

structure through which also the inner shell was removed [120] of the shell we assume

that ions can pass through it so that the ionic strength inside and outside the shell was

equalized. By screening the surface charge with ions, one can tune the Debye length

and thus the repulsion-free region inside the shell. As already described, the ionic

strength, or ion concentration c (mol m−3) is related to the Debye screening length κ−1

via equation 3.8. The calculations of the interaction potential between two charged

spherical particles using DLVO theory show that by increasing the ionic strength they

become closer to each other. After reaching a certain distance which is close enough for

the van der Waals attraction forces to become the dominant interaction, the potential

becomes attractive. We calculated the increase in ionic strength in our system according

to the code from Schneider et al. [125]. It should be noted that the calculation from

Schneider et al. [125] was done for homogeneous electron beam irradiation for solvent

only, so not taking into account the particles as mentioned, which obviously is not the

case in our system, where a focused electron beam scans over the sample. However, it

still provides important insights for the interpretation of the LC-STEM observations.

The calculations show that an increase in ion concentration for the electron dose rate

interval of our LC-STEM experiments ranges between 5× 10−3 mM to 28× 10−3 mM

(Figure 3.5a). The ionic strength of deionized water if no precautions are taken to

exclude the dissolution of CO2 can become as high as 10−3 mM [186–188]. This means
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Figure 3.3. The minimum separation distance between the titania core and

the silica shell as measured for various electron dose rate conditions. The

particle position over several frames (>10) was averaged to determine how

close the core particle could move to the shell. The closest distance from the

shell is a measure for when the core particle feels a repulsive force from the

shell.

that the increase in ionic strength for our system is perhaps not that significant and the

change in Debye screening length κ−1 is relatively small. This would have been quite

different if we would have precluded CO2 dissolution, e.g. by working under an inert

atmosphere like the group of Palberg pioneered [186,187]. Again, we also do not know

the amounts of ions released from the particles as well, which most likely cannot be

neglected. These reactions might also affect what happens to the pH. Therefore, the

change in ionic strength can probably not the main effect that explains our observations,

although such effects should always be considered in LC-(S)TEM experiments and

clearly need to take into account modellation of the presence of the particles as well in

future work.

The relationship between the separation distance and the ionic strength dependence

of the interaction potential may not be the only factor affecting the LC-STEM observa-

tions. Increasing the electron dose rate not only increases the ion concentration but also

caused differences in the charging of the silica surfaces [189] and/or a change in the pH

which would change the surface charge on the core and the shell as well. The presence
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a b c d

Figure 3.4. LCSTEM measurements on rattle-type particles with a titania

core and silica shell in the water at increasing magnification and electron dose

rate, until they eventually get attached to the shell. (a) Single frame directly

after increasing the magnification, when the electron dose rate becomes 317

e−nm−2s−1. At dose rates lower than this, the particles did not get attached

to the shell. b) A single frame at the same magnification and electron dose

rate as (a), but 2 seconds later. Three particles on the left side of the frame

got attached to the shell. (c) A single frame at the same magnification and

electron dose rate as (a) and (b), but 20 seconds after frame (b). The particles

that were moving in (b) are still moving in (c), indicating the equilibrium ion

concentration is reached quickly upon increasing magnification. (d) A single

frame, taken directly after increasing the magnification from (c). The electron

dose rate is now 634 e−nm−2s−1. The core particles that were moving got

attached to the shell within a single frame. The scale bars indicate 500 nm

of H3O
+ in the electron beam irradiation radiolysis products influences the solution’s

pH [125], but again the chemistry of the electrons and the silica is not included in

this reasoning. The charge on the surface of the negatively charged colloidal particles

decreases when the solution pH goes down [189]. The lower surface charge might have

resulted in a decreased repulsion between the core and the shell, and a large decrease

in the surface charge (due to pH changes) could have to lead the core particle to get

attached to the shell.

To better understand the effect of pH on the interaction potential between the core

and the shell we estimated the pH of water upon electron beam irradiation for the

electron dose rates which we used in these experiments according to the calculation

code from Schneider et al. [125]. The results show that the drop in pH for an electron

dose rate of 640 e−nm−2s−1 – where we observed the attaching of the core particle to

the shell within a single frame (Figure 3.4) – would be from the initial pH of 7 for

water to 4.8 (Figure 3.5b). This drop of pH upon electron beam irradiation would

be significant. Around pH 4 to 5, silica is minimally stable (zeta potential of around

-20 mV) [189], however for now too much is not known to know for sure what the

change in pH actually was, as also the dissolved CO2 will be affected by the electron

irradiation, next to the effects on the particle itself. For all these reasons there are
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Figure 3.5. Calculated (a) ion concentration increase and (b) pH versus

electron dose rate. These values are calculated via the homogeneous model

of Schneider et al. However, as mentioned the presence of the particles is not

taken into account. [125]

even opposite effects on pH indicated of silica particles dispersed in water as caused by

electron irradiation [127, 129]. We reach this regime using conventional electron dose

rates reported in the literature. The effect may be even more severe in STEM mode due

to local strong irradiation of the sample. Therefore, using low-dose imaging conditions

in LC-(S)TEM experiments to observe the diffusion of particles is important. Moreover,

Figure 3.5b shows that the drop in pH is highest when the electron dose rate slightly

increases whereas the rate of the pH drop decreases when increasing the electron dose

rate. Thus it is important to account for the effect of the potential pH change when

interpreting liquid phase electron microscopy results. Overall by analyzing the effect of

ionic strength as well as pH change upon electron beam irradiation it can be concluded

that the pH change is most likely a more important parameter in the attaching of the

core particle to the shell than the increase in ionic strength. However, direct charging

effects by the beam hitting the core particle cannot be excluded, just as other chemical

transformations as caused by the bond breaking. Multiple effects likely contribute to

the core becoming unstable.

3.3.2. Rattles in glycerol carbonate: Mobility of a core particle within a

spherical shell

In order to perform a more quantitative study on the diffusion of colloidal particles

within a confined spherical shell using LC-STEM, the core particle needs to be tracked.

As already mentioned, the high diffusivity of the core in water makes tracking and

analysis almost impossible with current scanning speeds. For this reason, we used

glycerol carbonate, a medium with higher viscosity (η = 0.147 Pa·s) as the solvent

for rattle particles where the free diffusion of particles is slowed down to 8.7 × 103

nm2.s−1. Along with a higher viscosity compared to water, glycerol carbonate has

other advantages for LC-STEM experiments as well. A high dielectric constant (ε =
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111.5) which may reduce the charging effects of the electron beam, together with low

vapor pressure, make glycerol carbonate a promising solvent for LC-(S)TEM studies. It

is noteworthy that using low electron dose rates is extremely important when glycerol

carbonate is used as the solvent since higher electron dose rates (∼ > 600 e−nm−2s−1)

were found to cause bubble formation, caused by either dissolved gasses and/or a

decomposition reaction during the scanning which subsequently results in a dry liquid

cell. The rattle particles were redispersed in glycerol carbonate, which slowed them

down, such that we could observe their motion within the temporal resolution available.

The LC sample was prepared using the same procedure of sample preparation for

an aqueous dispersion by enclosing the glycerol carbonate dispersion between two

silicon microchips with 50 nm thick electron-transparent amorphous silicon nitride (SiN)

windows. No liquid was flowed during the experiment. The dynamics of particles were

recorded using LC-STEM.

In our system, the diffusion coefficient of the core particle will be different at every

point within the geometry. The two factors that influence the diffusion coefficient are

the proximity of the core particle to the shell wall, as well as the direction the particle

is moving in. Due to the symmetry of the system, the diffusion coefficient can be split

into a component in the radial direction as well as a component that is perpendicular to

that and along the shell wall. We used these two components in section 3.3.3. However,

in the middle of the shell, neither of these two components should yet be significantly

different from one another, which means we can use 1 diffusion coefficient to describe

the diffusion in the middle of the spherical geometry (r/R = 0).

Another complication arises from the fact that the microscope data are a 2D pro-

jection of a 3D system. This means that the diffusion coefficient we obtained from the

experiments is an average of all diffusion coefficients at various z heights within the

system.

We performed finite element calculations to estimate the error that is introduced

by not knowing the z coordinate in our experiments. We placed the core particle at

various z and r coordinates and gave it a velocity in the radial direction or the direction

perpendicular to that. The r coordinates range from 0 to 60 nm as we took this to be

the middle of the shell in the experimental analysis (see Figure 3.6b). The z coordinate

ranges from 0 to 120 nm from the center for the small shell, and from 0 to 200 nm for

the large shell. This is based on how close the core particle can approach the shell in

the x and y directions in the experiments. We assumed that this is the same in the z

direction. To calculate the diffusion coefficient we expect to find in the projected data,

we averaged the diffusion coefficients for all r and z values. Here we assumed that there

is no potential in this region and it is thus equally likely to find the particle on all those

positions.
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Figure 3.6. Mobility of a rattle-type particle with a silica core and small

silica shell (Figure 1a) in GC. The electron dose rate is 66 e−nm−2s−1. (a)

consecutive frames of a HAADF-STEM movie of a silica core and small

silica shell rattle-type particle. The time between each frame is 0.2 s. b)

Positions where the core particle is found at over the duration of the acquired

movie. The points inside the red circle (radius 60 nm) were used for the

analysis to represent the diffusion coefficient in the middle of the shell. (c)

Displacements of the core particle in the radial direction between frames of

0.2 s. (d) Displacements of the core particle in the perpendicular direction

between frames of 0.2 s.

For the small shell, we found that the diffusion coefficient for the particle in the middle

of the small shell should theoretically be 18% of the free diffusion coefficient, which leads

to a theoretical diffusion coefficient of 1.5×103 nm2.s−1. However, if we average all the

diffusion coefficients we obtain between 0 < r < 60 nm and 0 < z < 120 nm, we

expect to find a diffusion coefficient that is 16% of the free diffusion coefficient, which is

D = 1.4×103 nm2.s−1. This is therefore the value we expect to find in the experiments.

For the large shell, we found that the diffusion coefficient for the particle in the

middle of the small shell should theoretically be 33% of the free diffusion coefficient,

which leads to a theoretical diffusion coefficient of 2.8×103 nm2.s−1. However, if we

average all the diffusion coefficients we get between 0 < r < 60 nm and 0 < z < 200 nm,

we expect to find a diffusion coefficient that is 31% of the free diffusion coefficient,

which is D = 2.6×103 nm2.s−1, which is the value we expect to find in the experiments.

The error in the diffusion coefficient introduced by averaging in the z direction for

the particle in the middle area of the projected shell is less than 10% for both the small
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and large shells. Our projected data from the experiments should therefore still give a

reasonable value for the diffusion coefficient of the particle in the middle of the shell.

Figure 3.6a shows frames of a video recorded with a HAADF-detector of a rattle

particle with a silica core and a silica shell in glycerol carbonate. The particles could

be tracked and its mobility can be investigated at an extremely low electron dose rate

(< 100 e−nm−2s−1). The tracking was done using a particle identification and tracking

computer code in IDL [185]. The positions of the core particle are shown in Figure 3.6b.

The histogram of radial and perpendicular displacements between frames obtained by

tracking are shown in Figure 3.6c and 3.6d respectively. The width of the distribution

gives information about the diffusion coefficient D of the particle. The broader the

distribution, the higher the mobility of the particle. The standard deviation σ of a

Gaussian curve is used to quantify the 1-dimensional mobility of the core particle in

the radial or perpendicular direction via: [143,190]

D =
σ2

2t
(3.10)

where t is the time between frames.

Influence of the electron dose rate and core material on mobility

First, we investigated the core mobility within the spherical geometry as a function

of core material and electron dose rate. For this part particles with a titania core or

silica core within a silica shell were used, while the size and the geometry of the rattle

particles were similar.

Figure 3.7a shows the relationship between the electron dose rate and the mobility

for titania core particles within the shell. We already showed that in water the titania

core particle could move closer to the shell at higher electron dose rates. Interestingly,

when we increase the electron dose rate for titania core rattles in glycerol carbonate, the

titania core became more confined to the middle part of the shell geometry (Supporting

Movie 2). Therefore the mobility of the titania core particle in glycerol carbonate

seemed to decrease as the electron dose rate increased (Figure 3.7a). Due to our

relatively long frame time, we were unable to record a reliable diffusion step of the

particle between two frames, thus the scanning speed was insufficient when the particle

became more confined. Using a direct electron camera might help to understand this

odd behavior of titania core in glycerol carbonate better. But it might be caused by

an increase in surface charge (as compared to the silica particles), but for now, this

is mostly speculation. Figure 3.7b shows the relationship between the electron dose

rate and the mobility for silica core particles within the shell with sizes similar to those

for titania core/silica shell particles. The mobility of silica core particles seemed less

affected by the electron dose rate. A slight increase in the diffusion coefficient of the

silica core might occur (Figure 3.7b), although this cannot be said conclusively due to
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Figure 3.7. The mobility of the core particle at different electron dose rates.

(a) The influence of the electron dose rate on the mobility of a titania core

inside a silica shell. The void diameter is 690 nm. (b) The influence of the

electron dose rate on the mobility of a silica core entrapped in a silica shell.

The void diameter is 740 nm. c) The influence of the electron dose rate on the

mobility of a silica core entrapped in a silica shell. The void diameter is 990

nm.

the errors in the measurement. The diffusion coefficient could increase slightly due to

the electron beam altering the solvent’s viscosity slightly. It is noteworthy that this

was not due to electron beam heating. A detailed study on the heat generation and

conduction caused by electron beam found minimal heating (10−2 - 10−3 K) even at

a higher electron dose rate compared to this work (1.1×103 e−nm−2s−1) [128]. As the

electron dose rate had a large effect on the confinement of the titania core particle to

the middle of the shell, we cannot give a diffusion coefficient for the titania core, as it

may already be affected at the lowest electron dose rate. However, since the silica core

seemed to be largely unaffected by the electron dose rate we discuss the diffusion of the

silica core particle in the small and large shells in the next section.
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Influence of the shell size on mobility of the core particle

Second, we studied the mobility of the core within the middle of the spherical

geometry as a function of shell size. Here particles with an identical silica core, but

smaller or larger silica shells were used. The mobility of the core particle did not

change significantly when increasing the electron dose rate for both shell sizes (Figure

3.7b and c). We used a weighted average of the radial and perpendicular diffusion

coefficients, which are similar in the middle of the shell (Figure 3.7b and c), to give

a diffusion coefficient for the particle in the center of the spherical geometry. For the

small shell we found a diffusion coefficient of Dsmall = (1.5 ± 0.5) · 103 nm2s−1, while

we found Dlarge = (2.7 ± 0.6) · 103 nm2s−1 for the large shell. When we compare this

to the diffusion coefficients we expected to find from our finite element calculations,

namely Dsmall,calc = 1.4 · 103 nm2s−1 and Dlarge,calc = 2.6 · 103 nm2s−1, we find excellent

agreement. We attributed the difference in mobility of the core particle in the two shell

sizes to hydrodynamic slowing down due to the spherical confinement of the core where

the hydrodynamic coupling between the core particle and the shell wall in larger shells is

lower than in smaller shells. Roughly speaking, the stick boundary condition of the fluid

motion at the shell surface is causing the slowing down of the diffusion as compared to

free diffusion. The closer one is on average to this shell the stronger the slowing down,

while the motion in the direction towards the shell because of this boundary condition

completely stops almost at the shell surface while the motion parallel to the shell is

also strongly affected but does not go to zero. We will investigate the hydrodynamic

interactions between the core and the shell further in the next section.

3.3.3. Hydrodynamic interactions between a core particle within a rigid

spherical shell

The hydrodynamic coupling between a diffusing object and a boundary depends on

the inter-separation distance as well as the confining geometry [146, 152]. Moreover,

in spherical confinement the particle-wall separation and the particle-cavity size ratio

influence the diffusivity [158]. Here we study the position-dependent displacement of

the core particle. The diffusion of the particle in different parts of the shell is not the

same. It can be seen for instance from Figure 3.8 that the mobility of the particle slows

down as it approaches the shell. We analyzed the motion of the core particle in various

parts of the shell for multiple particles and all of them showed the same decreasing

trend as the core approached the shell wall more closely. As the particle approaches the

shell, as mentioned, the hydrodynamic interactions become stronger and the radial and

perpendicular core diffusion coefficients decrease, but in different ways. We analyzed

the 2D projection of the motion of the core particle. By binning the displacements by

radial distance from the center in a way that each bin contains the same amount of

data points, we can find the influence of the proximity of the shell on the mobility of
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Figure 3.8. Experimental diffusion data for the mobility of a core particle

within a shell as a function of the projected radial position of the core within the

shell for (a) Rshell/Rcore ratio of 3 and (b) Rshell/Rcore ratio of 2.2. Both radial

and perpendicular components of the diffusion coefficient are shown. The time

step used to obtain the diffusion coefficients was 0.2 s. The radial binning of

the displacements was done in such a way that each projected radial area had

the same amount of data points. The diffusion coefficients in the graphs are a

weighted average over the diffusion coefficients of several data-sets of particles

(13 for the small shell and 8 for the large shell).

the particle, as the core will be relatively more often close to the shell even in 3D when

it is far from the middle in the 2D projection. As described in the introduction section

of this chapter, the shell wall breaks the symmetry around the core particle resulting

in an anisotropic diffusion represented by two diffusion constants depended on two

orthogonal directionalities with respect to the shell. One for the local motion along the

radial direction Dr(r) (towards or away from the center) and another component for

the motion perpendicular to the radial direction Dp(r) (parallel to the curved surface).

Both components depend differently on the particle wall separation distance [157,158].

Hence, we decoupled the radial and perpendicular mobility of the core in order to study

the dynamics in the 2D projections. Figure 3.8a shows the experimental data for the

silica core diffusion inside big shells and Figure 3.8b shows the experimental data for

the silica core diffusion inside small shells.

We start the analysis by first looking at the projected radial mobility. The results

for both the small and large shells show that the radial diffusion coefficient dropped off

when the particle got further from the middle of the shell geometry. While this is in

qualitative agreement with the reduction of the radial diffusion coefficient predicted by

the theoretical work on the hydrodynamic coupling of a particle in spherical confinement

[158], we are likely also observing influence of the time resolution being insufficient to

analyze the data close to the shell. For a freely diffusing particle the average step size

within our frame time of 0.2 s would be approximately 60 nm. As the particle got further
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from the center of the geometry the time resolution was therefore no longer sufficient,

especially in the radial direction towards the shell. The particle could go towards the

shell and return within 0.2 s, which makes drawing conclusions about the radial diffusion

coefficient close to the shell unfeasible. A more viscous medium, such as glycerol mixed

with approximately 5 v% of water, as well as a faster camera would improve this result.

However, we found that working with glycerol in the electron microscope is even more

tricky than working with glycerol carbonate due to bubble formation.

For the direction perpendicular to the radial direction, the problem of the time

resolution is still present when the particle is close to the shell wall. However, our

data show that the perpendicular diffusion coefficient remained fairly constant for

most projected radial positions until r/R > 0.4, where the perpendicular diffusion

coefficient drops off rapidly. This is likely due to the insufficient temporal resolution

of our measurement. The fairly constant perpendicular diffusion coefficient up until

r/R = 0.4, where the time resolution problem occurs, is in agreement with theoretical

work of Aponte-Rivera et al. which predicted that the perpendicular diffusion coefficient

remains above 90% of its value in the middle until the core particle is really close

(r/R = 0.85) to the shell. However, our data again shows the influence of the time

resolution being insufficient as we observed that the perpendicular diffusion coefficient

started to decrease much further away from the shell than predicted.

The error bars in Figure 3.8 show a large spread in the data for individual particles.

This may be due to the polydispersity of both the core and the shell sizes which arose

from the synthesis procedure, leading to the widespread data points for individual

particles, translating to large error bars. This, next to the poor time resolution, hinders

us from drawing accurate conclusions. However, our data does hint that the radial and

perpendicular components of the diffusion coefficient change differently depending on

the radial position of the core particle. With a more viscous medium and a better time

resolution, the decoupling of these two components could lead to accurate comparison

to theory, and/or comparing these measurements with full 3D measurements that are

possible with light 3D nanoscopy as is planned in future work.

The core feels the hydrodynamic interactions even in the middle of the shell due to

the long-range character of hydrodynamic interactions. The detailed analysis of the

hydrodynamic interactions at the proximity of the shell (r/R > 0.5) is not feasible as

the electrostatic repulsion between the core and the shell prohibits the core to become

close to the shell. Increasing the ionic strength by flowing salt solutions inside the LC

increases the repulsion-free region inside the shell and provides the opportunity to study

the hydrodynamic interactions when the core is close to the shell.

As mentioned above, our experimental data are a 2D projection of a 3D motion. We

used finite element calculations to compare them with experimental results by averaging

for the unknown z coordinate in the experiments. This was done by calculating the
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hydrodynamic slowing down in many z planes and averaging those calculations in a

geometrically meaningful way. For the calculation, the core particle is placed on various

z planes, as shown in Figure 3.9a. It is then moved closer to the shell while staying

on the same z plane, in order to calculate the effect of the distance between the core

and the shell on the diffusion. This results in curves relating the diffusion of the core

particle to its position in the shell for a certain z coordinate, as shown in Figure 3.9b

and 3.9c. To get a prediction for the trend we would expect to see in the experimental

2D projections, we need to average the curves of all z coordinates. This was done by

seeing each z coordinate as a volumetric part of the total object. We calculated an

average which was weighted by the likelihood of the core particle, being in the volume

of that particular z coordinate region. In the form of an equation, this would look like

D(r) =
z=1∑
z=0

D(r, z)

Vslice(z)× Vtotal
(3.11)

where

Vslice(z) = 2π(1− z)2dz (3.12)

and the different z planes are between 0 and 1. This way we made sure that the sum

of all the volume slices is the same as Vtotal:

z=1∑
z=0

Vslice(z)× Vtotal = 1 (3.13)

It is important to notice that, for the calculation of the volumes, an exclusion zone of 30

nm from the shell was assumed to predict the volumes in which the core particle could

move. The average of the diffusion curves of all the z slices resulted in an expected

diffusion curve for the experimental 2D projection data. The expected diffusion curves

for the radial and perpendicular components of the diffusion are plotted in Figure

3.9d and 3.9e, respectively. The 2D projection curves are compared to the 3D curves.

It can be seen that the curves for 2D projection are slightly altered from their 3D

counterparts. Most notably, the 2D projection curve for both the radial and the

perpendicular component predicts that a 2D projection of a 3D object gives a slower

apparent diffusion than if the measurement would be done “correctly” in 3D. We are

therefore planning to perform such full 3D diffusion data using light nanoscopy on

fluorescent rattle particles, before doing the same measurements by TEM. Figure 3.9f

shows the final radial and perpendicular diffusion curves we expect for the experimental

data, where a 2D projection of a 3D object is measured. Comparing the calculations

with experimental results shows that there is a qualitative agreement between the

theoretical predictions and the experimental results for the radial diffusion coefficient.

The radial diffusion coefficient in the experiments dropped more rapidly as it became

closer to the shell wall, due to the limitations of the time resolution. On the other
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a) b) c)

d) e) f)

Figure 3.9. Finite element calculations for the expected curves for

hydrodynamic slowing down in a shell with a Rshell/Rcore the ratio of 3 in

experiments, corrected for the 2D projection of a 3D object. a) Schematic

showing different particle positions in z, which would be viewed as the same

position in an experimental 2D projection image. b,c) Hydrodynamic slowing

down of a core particle on different z planes for the radial and perpendicular

component of the diffusion, respectively. The arrow indicates the direction of

increasing z values. The used z values were 0, 0.15, 0.31, 0.46, 0.61, 0.67,

0.74, 0.80, 0.83, 0.86, 0.89. d,e) The resultant curves after averaging over all

z planes, representing a 2D projection, compared to the 3D curves for the

radial and perpendicular component of the diffusion, respectively. f) The final

radial and perpendicular diffusion curves we expect for the experimental data,

where a 2D projection of a 3D object is measured. The red curve is the radial

component and the blue curve is the perpendicular component of the diffusion.

hand, the comparison between the experimental results and the calculations reveals

that the perpendicular component of the diffusion in the middle of the shell is lower

than expected for all types of particles. This is mainly an artifact because any motion

from the middle of the core to somewhere else has to be at least partially radially

outward. This is seen in experiments, but not in the finite element calculations.
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3.4. Conclusions and outlook

We optimized the LC-STEM conditions to study the diffusion of colloidal particles

within a spherical shell. A model system of particles where a charged colloidal particle

is entrapped in a charged shell, known as a rattle or yolk-shell particles, were utilized

to investigate the electrostatic and hydrodynamic interactions between the core and

the shell. We found that the diffusivity of the particle in different parts of the shell is

different due to the hydrodynamic interactions, which are dependent on the particle wall

separation distance as well as on the particle-cavity size ratio. The diffusion coefficient

in spherical confinement should be decoupled into two components: one in the radial

and the other in a perpendicular direction with respect to the shell. We showed that

the radial diffusion decreased as the particle moved closer to the shell, which is partly

due to insufficient time resolution, and that the perpendicular diffusion stayed constant

for most parts of the shell, in qualitative agreement with hydrodynamic calculations

and simulations [158]. We performed finite element calculations to correct the 2D

projection experimental data with diffusivities calculated for the full 3D geometry. The

results showed that the curves for 2D projection are slightly altered from the correct

3D counterparts. The electrostatic interactions were affected by the presence of the

electron beam, and by increasing the electron dose rate the particle was found to be

able to diffuse closer to the shell in water. This is the result of multiple effects of

the electron beam including pH changes, and direct charging of the particles. The

effect of the increase in ionic strength due to a higher electron dose rate was most

likely not the main cause of these effects since the change is not significant in our

system. Our data provided limits for this system where the effects of the electron

beam can be minimized. By using glycerol carbonate and slowing down the movement

of the particles, quantitative analysis showed that the diffusion of silica particles is

dependent on the shell size and it was found to remain largely unchanged by increasing

the electron dose rate. However, the titania core particles were found to be more

confined to the center of the shell geometry in glycerol carbonate with increasing the

electron dose rate. This effect could be due to the different charging effects of the

electron beam on titania in comparison to silica particles. Despite all the limitations

of LC-STEM for studying the dynamics of colloidal particles, we expect that using

the low dose conditions (< 100 e−nm−2s−1) with low accumulated electron dose (less

number of frames) in combination with a viscous solvent as described in this work, and

utilizing advanced microscopy equipment such as direct electron cameras, will make

the LC-(S)TEM technique a powerful tool to study the dynamics of colloidal particles

in complex geometries. Furthermore, we are close to performing full 3D measurements

using nanoscopy and electron microscopy on the same rattle particle to obtain the exact

diffusion coefficient of the core particle, which in the future makes it possible to use
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rattle particles as a temperature probe and/or a sensor for other sensing capabilities,

like the ionic strength inside the liquid cell.
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Appendix 1: Supplementary Movies

Supporting Movie 1

LC-STEM movie showing the titania cores became attached to the shell in the water

at higher magnifications (electron dose rates higher than ∼ > 300 e−nm−2s−1). The

movie is accelerated by a factor of 5 with respect to real-time.

https://drive.google.com/file/d/13MXBFTvh4JpBMkstqw73hA31dE5jV7UQ/view?

usp=sharing

Figure S3.1. Corresponding QR code for supporting movie 1

Supporting Movie 2

LC-STEM movie showing the titania core became more confined to the middle part

of the shell geometry in glycerol carbonate by increasing the electron dose rate. The

movie is accelerated by a factor of 5 with respect to real-time.

https://drive.google.com/file/d/1HKfwB2zsXeH8OjGjPCgN-36GxLy1cZbN/view?

usp=sharing

Figure S3.2. Corresponding QR code for supporting movie 2

https://drive.google.com/file/d/13MXBFTvh4JpBMkstqw73hA31dE5jV7UQ/view?usp=sharing
https://drive.google.com/file/d/13MXBFTvh4JpBMkstqw73hA31dE5jV7UQ/view?usp=sharing
https://drive.google.com/file/d/1HKfwB2zsXeH8OjGjPCgN-36GxLy1cZbN/view?usp=sharing
https://drive.google.com/file/d/1HKfwB2zsXeH8OjGjPCgN-36GxLy1cZbN/view?usp=sharing
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4
In-situ study of the wet chemical etching of

SiO2 and Metal(oxide)@SiO2 core-shell

nanospheres

Abstract

The recent development of Liquid Cell (Scanning) Transmission Electron Mi-

croscopy (LC-(S)TEM) has opened up the possibility of studying the behavior

of nanomaterials down to the nanoscale in a liquid environment. In this study,

we show that the chemically induced etching of different silica nanoparticles

can be reliably studied at the single-particle level using LC-(S)TEM with a neg-

ligible effect of the electron beam. Here we scrutinize the influence of electron

beam irradiation on the etching process for multiple silica-based model sys-

tems, and we show that the cumulative electron dose on the imaging area plays

a crucial role in the observed damage, and needs to be considered during the

experimental design. Monte-Carlo simulations of the electron trajectories dur-

ing LC-(S)TEM experiments allowed us to relate the cumulative electron dose

with the deposited energy on the particles, which was found to significantly

alter the silica network under imaging conditions of nanoparticles. Finally, we

used optimal LC-(S)TEM imaging conditions to systematically characterize the

wet etching of silica and metal(oxide)-silica core-shell nanoparticles with cores

of gold and iron oxide, which stand for many other core-silica-shell systems.

The LC-(S)TEM method reliably reproduced the different etching patterns of

Stöber, water-in-oil reverse microemulsion (WORM), and amino acid-catalyzed

(AAC) silica particles that were reported before in literature. Furthermore, we

directly visualized the formation of yolk-shell structures from the wet etching
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of Au@Stöber silica and Fe3O4@WORM silica core-shell nanospheres, without

the strong deforming drying forces present in previous studies on dry materials.
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4.1. Introduction

Silica nanoparticles or core-shell silica-shell nanoparticles are of general interest, as

they are biocompatible and stable in a large number of solvents [191], in which they also

form stable dispersed colloidal systems with interactions tunable over a large range of

distances [122, 192–194]. Three widely used strategies to synthesize spherical colloidal

silica systems are the Stöber [24, 25, 29, 38, 195], water-in-oil reverse microemulsion

(WORM) [30,44,46,196] and amino acid-catalyzed AAC methods [31,32,34,51,52,197–

201]. These approaches all have in common that a basic environment is created in which

both the hydrolysis and condensation of tetra- and/or tri-alkoxysilanes are catalyzed

by OH− ions which also impart the growing particles with a negative surface charge

and colloidal stability. The Stöber method relies on the hydrolysis and condensation

of the precursor tetraethyl orthosilicate (TEOS) which is homogeneously dissolved

by the addition of an alcohol to the water phase while basic ammonia catalyzes the

hydrolysis and condensation reactions, additionally, protocols for successful seeded

growth processes have been developed as well [24,25,29,38,195]. The WORM method

also exploits ammonia as the catalyzing agent, but the condensation reactions take

place in the aqueous phase of a water-in-oil microemulsion, while the TEOS is initially

dispersed inside the oil phase and hydrolysis at the oil-water interface and then gets

dissolved within the water droplets; also for this methodology seeded growth has been

achieved [30,44,46,47,196]. In the AAC method, TEOS condensation is catalyzed by a

basic amino acid (L-lysine, L-arginine) in an aqueous solution while unhydrolyzed TEOS

is not dissolved until after the first hydrolysis of an ethoxy group; again seeded growth

conditions have been established for this method as well [32, 33]. All three synthesis

approaches result in spherical, relative monodisperse particles, but potentially different

internal silica structures which have shown to be in all cases not to be homogeneous

[31,39,198].

So far the best-studied silica nanoparticles are Stöber based particles. Their growth

mechanism consists of an initial aggregation process of several nm-sized siloxane moi-

eties, followed by their continuous growth by monomer addition into smoother, spherical

particles [24, 25, 29, 38, 195]. The overall growth rate is limited by the speed of the

hydrolysis of TEOS, which is a first order reaction. Towards the end of the reaction

the concentration of hydrolyzed silanol groups goes down, giving more time for the

formation of siloxane bonds and the amount of Q4 silica goes up [45,202]. This growth

mechanism results in an inhomogeneous internal distribution of silica condensation lev-

els [31,198,202]. Silica condensation is typically described using the NMR terminology

for the relative amounts of silicon atoms with one (Q1), two (Q2), three (Q3) and four

(Q4) siloxane bonds [39]. Particles synthesized with the WORM method are believed to

also have an internal structure even less condensed to those of Stöber spheres [39], as the
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growth conditions are similar and it has been shown that the cores of the particles are

more easily dissolved than the outer parts [203] similarly as for Stöber silica particles.

In the AAC method particles form in an aqueous environment, and although it has been

shown that the amino acids become incorporated inside the silica particles by adsorbing

to the nuclei [31] the total silica particles have similar Q4/Q3 ratios indicating that

these aggregating smaller silica units from which the particles are build up from [201]

are more highly condensed. Furthermore, AAC reactions are performed at relatively

elevated temperatures. Silica is known to further condense when the temperature is

increased [198] which could explain while the AAC based synthesis overall Q4/Q3 ratio

is the same as that of Stöber silica, but within the clusters not having AAC attached

it has to be higher [197].

Understanding the internal distribution of condensation levels in silica particles can

help to explain the reported differences in properties and behavior w.r.t. dissolution

between the different silica nano-spheres [197]. The characterization of the internal

structure of silica nanoparticles can be investigated with invasive techniques, such

as inducing the chemical etching of the particles and monitoring its effects. Silica

is slightly soluble in room temperature neutral pH water, as siloxane bonds break, and

silicic acid and silicates are released into the aqueous phase [161]. Silica solubility is

strongly dependent on the pH, and increased pH values lead to increased solubility [204].

Therefore, the internal organization of the condensation degrees of the silica network

can be revealed by exposing the nanoparticles to a basic aqueous solution. Loosely

condensed parts (low Q4:Q3:Q2:Q1 ratios) will dissolve more easily, as fewer siloxane

bonds need to be broken [45]. Highly condensed parts (high Q4:Q3:Q2:Q1 ratios) will

dissolve slower, as the density of siloxane bonds is higher. Gas physisorption can also

be used to characterize the size of the pores of nanoparticles and has been used to

characterize silica colloids [205], but of course, only gives an averaged impression of

the internal structure. Previously how the morphology of particles changes in etching

studies consisted of several time-consuming cleaning steps in which the etching needs to

be quenched and the particles need to be dried for regular (S)TEM analysis as a function

of time. It should be remarked that if drying is not done by e.g. critical drying the

drying forces can significantly alter the structures under observation as surface tension

forces can be quite strong as compared to kT when the radius of curvature of liquids

become in the nm size range.

LC-(S)TEM allows in-situ monitoring of the morphology evolution of nanostructures

in chemically active, wet environments [112, 113, 206–209], and thus could possibly be

used to characterize the evolution of silica-based nanoparticles in liquid solutions in

which the particles can be etched. LC-(S)TEM studies rely upon the illumination of a

sample in a liquid environment by a highly energetic electron beam. However, beyond

particular thresholds of intensity, electron beam irradiation is known to directly generate
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conditions for which particles are affected by radiolysis of the liquid [125, 210]. Up to

now, the role of electron irradiation on chemical reactions has been studied extensively

for the stability of precursors in solution [111,211–217] but its effects on other chemical

processes (e.g. wet etching of nanostructures) remain not that well investigated. Wet

etching (or dissolution) of nanostructures in LC-(S)TEM has been reported in previous

studies, but the effects of electron dosage were only partially evaluated or only evaluated

after the sample was exposed to the electron beam irradiation in time [206, 208]. The

total dose experienced by a sample is also known to play an important role in the

behavior of systems in a liquid cell and the interpretation of its results, as the effects

of the electron beam accumulate the damage done [212,218]. Therefore, describing and

understanding the impact of the electron beam exposure onto nanoparticles dispersed

in chemically reacting solvents is important for the future development of in-situ LC-

(S)TEM methodology with a particular aim on finding the conditions where these effects

can be neglected.

In this study, we first describe the etching of AAC silica particles dispersed in

basic aqueous solutions contrary to Stöber and WORM type silica nanoparticle were

found to not etch from the interior through an outside shell, but reduced in size

continuously from the outside inwards. Next, we made use of this better defined

and different etching of AAC silica nanoparticles to characterize the effects of the

electron beam irradiation on this type of silica particles immersed in water and in

basic aqueous solutions. The cumulative electron dose during the LC-(S)TEM imaging

of the wet etching of silica nanoparticles is the main parameter regarding electron

beam effects. Our findings revealed that the effects of the electron beam on the

etching and stability of silica nanoparticles can be reduced and even made negligible by

minimizing the cumulative electron dose on the particles, independent of the electron

dose rate. Furthermore, we found that the electron irradiation directly affected the

wet chemical etching of silica by depositing enough energy in the silica to severely

alter the siloxane network. This knowledge was used to characterize the wet etching

of Stöber and WORM silica nanoparticles, and Fe3O4@WORM silica and Au@AAC

silica core-shell nanoparticles. The inhomogeneous etching patterns of silica-based

nanospheres synthesized via different methods were characterized. We report the direct

imaging of the void formation step of yolk-shell nanoparticles from metal@silica core-

shell nanospheres via the inhomogeneous etching of the silica shell. LC-(S)TEM shows

that the metal core became mobile during this void formation. Describing the behavior

of the gold and iron oxide core-shell silica particles, which stand for many more of such

core-shell systems, during the yolk-shell formation can lead to a better understanding of

the final product, as well as potentially opening the door to new synthesis procedures.
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4.2. Experimental

4.2.1. Materials

Tetraethyl Orthosilicate (TEOS, 99%, Sigma-Aldrich), L-arginine (98%, Sigma-

Aldrich), Absolute ethanol (Merk), MilliQ water (Millipore system), Sodium hydroxide

(reagent grade, ≥98%, pellets, Sigma-Aldrich), Hydrogen tetrachloroaurate trihydrate

(HAuCl4·3H2O,≥99.9%,), Sodium citrate tribasic dihydrate (≥99.0%), polyvinylpyrroli-

done (PVP, Mw = 10000 g/mol), Polyoxyethylene (5) Nonylphenyl Ether (IGPAL CO-

520, Sigma-Aldrich), Ammonia (NH3, 30w%, Sigma-Aldrich), Iron chloride (FeCl3.6H2O,

98%, Sigma- Aldrich), Sodium Oleate (95%, TCL), Hexane (98%, Sigma-Aldrich), Oleic

acid (90%, Sigma-Aldrich), 1-Octadecene (90%, Sigma-Aldrich).

4.2.2. Synthesis protocols

Stöber Silica Spheres. Stöber Silica particles (120 nm) were synthesized with a simple

one-pot synthesis. A 1000 ml round bottom flask was cleaned thoroughly with ethanol

and Milli-Q water. Then 500 mL of absolute ethanol was added. 33.3 mL of ammonia

was added and the flask was stirred at 600 rpm. Then 20 mL (0.2 M) of TEOS were

injected on the top of the stirring cone. The flask was sealed and stirred overnight. The

particles were cleaned by centrifugation steps with ethanol and Milli-Q water.

Amino Acid-Catalyzed (AAC) Silica Spheres. AAC Silica particles (113 nm diameter)

were synthesized with a three-step synthesis based on previous literature [53]. First, 28

nm cores were synthesized as follows: in a 500 mL 1-neck flask (cleaned with the base)

182.5 mg (0.006 M) L-arginine was dissolved in 169 mL Milli-Q water. The mixture was

heated to 70 ◦C and stirred slowly (200 rpm). After 1 hour, 11.2 mL (0.34 M) of TEOS

was added slowly via the wall. The reaction mixture was stirred for 1 day to complete

the synthesis. These cores were overgrown up to a diameter of 55 nm as follows: in

a 500 mL 1-neck flask (cleaned with the base) 183.5 mg (0.006 M) L-arginine was

dissolved in 169 mL Milli-Q water. 19.3 mL of the dispersion of 28 nm silica particles

was added. The mixture was heated to 70 ◦C and stirred slowly (200 rpm). After 1

hour, 11.2 mL (0.34 M) of TEOS was added slowly via the wall. The reaction mixture

was stirred for 1 day to complete the synthesis. These nanoparticles were overgrown

up to the final 113 nm diameter as follows: in a 500 mL 1-neck flask (cleaned with the

base) 182 mg (0.006 M) L-arginine was dissolved in 169 mL Milli-Q water. 19.3 mL

of the dispersion of 55 nm silica particles was added. The mixture was heated to 70
◦C and stirred slowly (200 rpm). After 1 hour, 11.2 mL (0.34 M) of TEOS was added

slowly via the wall. The reaction mixture was stirred for 1 day to complete the synthesis.

Water-in-Oil Reverse Microemulsion (WORM) Silica Spheres. WORM Silica spheres

(30 nm diameter) were synthesized following the water-in-oil reverse microemulsion
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method [219, 220]. 20 mL of cyclohexane and 1.6 mL of IGPAL CO-520 were mixed

and stirred for 15 minutes. To this solution, 120 µL of NH4OH solution and 30 µL of

Milli-Q water was added. After 15 minutes, 360 µL (92 mM) of TEOS was added and

the reaction mixture was left under stirring for 12 hours at room temperature. The

resultant colloids were centrifuged (7500 g, 15 min) and washed with absolute ethanol.

The solid product was then redispersed in ethanol.

Au@Stöber Silica Core-Shell Spheres. Citrate stabilized spherical AuNPs (15.5 nm

diameter) were synthesized using the sodium citrate reduction method [191, 193]: 200

mL H2O and 2.0 mL of an aqueous solution containing 10 g/L HAuCl4·3H2O were added

to a 500 mL two-neck flask with stirring bar and reflux condenser. The flask was placed

in an oil bath and heated until boiling. Then, 6.0 mL of an aqueous solution containing

10 g/L sodium citrate tribasic dihydrate was rapidly added under vigorous stirring

(1200 rpm) and the mixture was left refluxing and stirring for 15 min. during which a

color change from yellow to dark blue to pink and finally deep red was observed. The

stirring was slowed down to 400 rpm and the mixture was allowed to cool down to room

temperature. Au@Stöber NPs were synthesized as follows: 2.4 mL 10 wt.% PVP [122]

in water was added to 100 mL of the as-synthesized AuNPs and stirred (300 rpm) for

24 h. The PVP-coated particles were collected by means of centrifugation (15000 g, 1

h.), redispersed in 100 mL ethanol and added to a 300 mL Erlenmeyer flask. Then, a

10 mL ammonium hydroxide solution was added, followed by 0.2 mL of a 10% (V:V)

TEOS in ethanol solution under vigorous stirring (1200 rpm) and left stirring. After

90 minutes, another 0.4 mL 10% TEOS in ethanol solution was added and left to react

for 90 minutes after which the particles were collected using centrifugation (15000 g, 1

h.), redispersed in ethanol, centrifuged and finally redispersed in 10 mL ethanol. The

ethanolic particle dispersion was stored at room temperature for at least 1 year without

loss of colloidal stability.

Magnetite (Fe3O4)@WORM Silica Core-Shell Spheres. Mono-dispersed magnetite nanopar-

ticles (9 nm diameter) were prepared from an iron oleate precursor by thermal decom-

position as described in literature [221]. The method involves two steps. In the first

step, the metal-oleate precursor was synthesized by reacting iron chloride (FeCl3.6H2O)

with sodium oleate. In the second step, this metal-oleate precursor was further heated

to 320 ◦C using the high boiling point solvent 1-Octadecene. The solution was kept

at this temperature for 30 minutes, which lead to the nucleation and growth of the

nanoparticles. The resulting solution was washed with excess acetone and collected

by centrifugation and dispersed in hexane or cyclohexane. To synthesize the core-

shell magnetite-silica spheres (40 nm diameter) we followed the water-in-oil reverse

microemulsion method [196, 219, 220, 222]. In a typical synthesis procedure, 2.5 mg
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of Fe3O4 nanoparticles stabilized by oleic acid as ligands were dispersed in 20 mL of

cyclohexane and 1.6 mL of IGPAL CO-520 were stirred for 15 minutes. To this solution,

120 µL of NH4OH solution and 30 µL of Milli-Q water was added. After 15 minutes,

360 µL of TEOS was added and the reaction mixture was left under stirring for 12

hours at room temperature. The resultant colloids were centrifuged and washed with

absolute ethanol. The solid product was then dispersed in ethanol.

4.2.3. Ex-situ etching experiments

Nanoparticles were dispersed in plastic vials with final concentrations of 0.6 mg.mL−1

(10 mM) in NaOH aqueous solutions with the desired base concentrations and were left

to react for the desired amount of time. Samples were collected by drop-casting on

Formvar/Carbon Film 200 Mesh Copper TEM grids after 1 cleaning step consisting of

10 minutes of centrifugation at 20000 g and redispersion in Milli-Q water.

4.2.4. In-Situ liquid cell experiments

Experiments were performed using a liquid cell dedicated holder from Hummingbird

Scientific, (USA). Silicon chips with silicon nitride (SiN) windows (50× 200 µm, 50 nm

thickness) were used to encapsulate the liquid volume. In all experiments, spacers of

100 nm or 250 nm were used. The side of the chips which were in contact with liquid

was glow discharged for 90 seconds prior to use. Around 2 µL of a diluted suspension

(0.06 mg.mL−1) of the desired nanoparticles were drop-casted on the top chip and let

to dry, this way a number of particles were found to be attached to the top window

during the experiments. Then the bottom chip was placed in a dedicated holder, 2 µL

of Milli-Q water was drop-casted on it and then the top chip was placed into position

aligned over the bottom window. Excess water was removed with filter paper and the

cell was sealed. To flow solutions into the set-up, a Hamilton syringe pump was utilized

with a 1 mL glass syringe. If needed, the chip was carefully opened, left to dry, and

placed on a regular TEM holder for dry imaging of the resulting particles after the

experiments.

4.2.5. Sample characterization and Imaging

Dynamic light scattering (DLS). The ex-situ etching of AAC silica spheres was followed

via DLS with a Zetasizer Nano ZS. A dispersion of AAC silica spheres with a final

particle concentration of 0.6 mg.mL−1 was prepared in an aqueous solution with the

desired NaOH concentration. The particle size was measured continuously every 10

seconds and averaged per minute.

(S)TEM. Imaging was carried out with a Tecnai-F20 transmission electron microscope

(TEM, Thermo Fisher Scientific) equipped with a field emission gun and operated at

200 keV. Scanning TEM ((S)TEM) imaging was performed with an annular dark-field
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detector (ADF, E.A. Fischione Instruments Inc., Model 3000, USA) with a camera

length of 120 mm. The dose rate was calculated from the beam current of the empty

column (no holder) and the frame size as described in Chapter 2.

4.3. Results and discussion

4.3.1. AAC silica spheres as model system to study the beam effects on wet

silica etching

To study the effects of the electron beam irradiation on the wet etching of silica

nanospheres, a system of nanoparticles with a quantifiable etching pattern was required.

Comparing the LC-(S)TEM observations of such processes with their known ex-situ

counterparts would expose the effects of the electron beam irradiation. We characterized

the ex-situ etching of AAC silica nanoparticles (d = 113 nm, PD: 3%, concentration:

10 mM) dispersed in NaOH aqueous solutions. We monitored the etching process by

taking samples in time to compare the bulk etching with the in-situ etching inside

the liquid cell (Figure 4.1). AAC silica spheres showed a homogeneous decrease in

diameter when exposed to the basic media (Figure 4.1a). The etching process lasted

up to weeks if enough NaOH was present in the system (Figure 4.1b), and could be

used to easily tune the size of a batch of AAC silica spheres to any desired size. The

polydispersity of the AAC silica nanoparticles increased as the particle size reduced

during etching while the width of the size distribution remained roughly the same

(Figure S4.4). These observations indicate that AAC silica was not found to etch

through a more condensed outer shell as Stöber and WORM based silica was found to do

[197,200,201]. A similar etching behavior was observed when AAC silica nanoparticles

were etched in HF aqueous solutions (Figure S4.3).

The homogeneous internal structure of AAC silica spheres was further studied by

closely following their etching in time. As the diameter of the particles changes gradu-

ally, dynamic light scattering (DLS) is a suitable technique to follow their etching in the

presence of different NaOH concentrations (Figure 4.1c). The etching process happens

in two different phases. For the first ∼300 minutes, the particle size decreased slowly

(less than 5 nm in a 100 mM NaOH solution). After this initial regime, the etching rate

increased and the particle size showed a more pronounced decrease. This second phase

has been studied as a linear process to compare the etching rates between various base

concentrations. It can be readily observed that as the base concentration increased,

the etching rate did increase as well (Figure 4.1d). However, the positive trend of the

etching rate slowed down at higher pH.



68 4. Wet chemical etching of Silica based nanospheres studied via LC-STEM

0 100 200 300 400 500 600 700 800 900 100011001200
0

10

20

30

40

50

60

70

80

90

100

110

120

D
L

S
 M

ea
su

re
d

 D
ia

m
et

er
 (

n
m

)

Time (min)

0 10 20 30 40 50 60 70 80 90 100 110

-0,03

-0,02

-0,01

0,00

D
ia

m
et

er
 e

vo
lu

ti
on

 (
n

m
/s

)

[NaOH] (mM)

100 nm

100 mM 
NaOH

100 nm

t = 168 h

t = 0 h

1 mM
5 mM
10 mM
100 mM

b)a)

c) d)
0 50 100 150 200 250 300 350

20

40

60

80

100

120

A
ve

ra
ge

 p
ar

ti
cl

e 
d

ia
m

et
er

 (
n

m
)

Time (hours)

5 mM
10 mM
50 mM
100 mM

Figure 4.1. Ex-situ, bulk etching of AAC silica nanoparticles. a) TEM

imaging of AAC Silica particles dispersed in a NaOH aqueous solution. AAC

silica particles etch homogeneously, decreasing in size over time. b) Time

evolution of the etching process of AAC silica spheres in aqueous NaOH

solutions. The data were obtained from TEM imaging of dried samples taken

at different time points. c) Time evolution of the etching process of AAC silica

spheres in aqueous NaOH solutions followed by DLS during the first 20 hours

of the process. The etching process shows two parts. For the first hours (up to

around 300 min), the decrease in diameter is slow. The second part (from 300

min to 1200 min) of the etching process shows a faster decrease in diameter.

d) The slope of the second part of the etching fitted by linear regression. The

speed of the etching increased with the base concentration, but the change in

rate was smaller for higher base concentrations.

4.3.2. Characterization of the electron beam irradiation effects on the sta-

bility and the wet etching of silica particles

LC-(S)TEM allowed us to study the wet etching of silica nanoparticles at the single-

particle level by exposing them to an aqueous NaOH solution during (S)TEM imaging.

We showed that AAC silica nanoparticles exhibit two different regimes of etching during

the first hours of etching. Here we exploited the mode of etching of the AAC silica
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colloids during the first hours in a 100 mM NaOH aqueous solution to determine the

conditions under which the silica wet etching process became not altered by the electron

beam. The expected behavior was a slow etching of the spheres, and any change in such

behavior to be ascribed to electron beam effects. The low degree of polydispersity of the

initial AAC silica particles (3%) allowed for the precise analysis of the morphological

evolution of the particles. The size evolution of the particles was followed by digital

analysis via ellipsoid fitting to binarized data sets as it was done before in the literature

[209]. We prepared the liquid cell set-up as described in the methods; the top window

of the chip was covered by the nanoparticles. A region of particles was used to focus on

the window, the imaging area was shifted with the beam blanked to avoid unnecessary

irradiation of any area of interest, after which imaging was performed. If the experiment

happened under the NaOH aqueous solution flow, the imaging was started when the

liquid leaving the holder outlet was found to be at the desired pH by probing it with

pH paper, which happened one or two minutes after the flow started.

Continuous imaging was performed with 1024×1024 pixels, 16 µs dwell time, and

1.58 nm or 0.78 nm pixel sizes. The nanoparticles were imaged while pure water was

flowing into the cell (Milli-Q grade, 5 µL.min−1). Our LC-(S)TEM observations show

that the particles expanded gradually up to ∼10% of their starting size (Figure 4.2a),

and subsequently dissolved, in agreement with the results in Chapter 2 and previous

LC-(S)TEM studies of silica particles in water at high electron dose rates [209]. The

initial expansion under a flow of pure water happened at a similar rate for all electron

dose rates ranging from 570 e−nm−2s−1 to 2.3×103 e−nm−2s−1, but the dissolution was

faster for higher electron dose rates. When the behaviors were compared for similar

accumulated doses they became almost the same (Figure 4.2b). The electron beam

irradiation in pure water is known to change the pH of the solution to more acidic

values and to produce a number of reducing and oxidizing agents [125]. Scavenging

some of these radicals (e−(aq), H•) was shown to increase silica stability in water during

LC-(S)TEM experiments [209].

AAC silica spheres were remarkably more affected by the electron beam if the particles

were imaged under a flow of a basic aqueous solution (100mM NaOH (aq), 5 µL.min−1).

The pronounced expansion was consistently observed if the system was imaged for all

of the used electron dose rates (Figure 4.2c). This expansion was found to amount to

up to ∼30% of the initial size of the nanoparticles. This process was faster for higher

electron dose rates, ranging from a few minutes for dose rates of 2.3×103 e−nm−2s−1 and

3.4×103 e−nm−2s−1, to around 20 minutes for a dose rate of 520 e−nm−2s−1 to a number

of hours for a dose rate of 31 e−nm−2s−1. The disparity was completely lost when the

expansion is considered as a function of the cumulative dose on the frame (Figure 4.2d).

The onset and initial evolution of all the expansions happened at similar cumulative

electron doses, regardless of the electron dose rate. On the other hand, the dissolution
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Figure 4.2. In-situ etching of AAC silica monitored by Liquid Cell (S)TEM.

a) Time evolution of the size of AAC spheres in pure water under different

electron dose rates. The size evolution of the same experiments as a function

of the cumulative dose is shown in b). c) Time evolution of the size of

AAC spheres in a 100 mM NaOH aqueous solution under different electron

dose rates. The size evolution of the same experiments as a function of the

cumulative dose is shown in d). Each panel contains data of 4 to 5 different

nanoparticles. The flow rate was 5 µL.min−1 in all experiments.

process remained different for different dose rates even if these were corrected for the

total accumulated doses. At low dose rates (31 e−nm−2s−1), expansion was slow as few

electrons were deposited per frame. This allowed the concurrent dissolution process to

take place extensively during the expansion period, and therefore the overall expansion

was not as high as in other cases. At a moderate electron dose rate (520 e−nm−2s−1),

the expansion happened faster, and therefore the dissolution could not play a large

role during the expansion phase. The dissolution of the particles happened faster for

higher dose rates than for lower dose rates as the network is continuously affected by

the electron beam irradiation. At a high electron dose rate (2.3×103 e−nm−2s−1), the

network was so strongly affected by the imaging that the dissolution was faster also
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during particle expansion. This resulted in a slightly reduced expansion, but also in

much accelerated dissolution. Finally, at a high electron dose rate (3.4×103 e−nm−2s−1),

expansion happened so fast that the dissolution process could not affect the expansion

period. At such high electron dose rates, the scanning induced the deformation of silica

particles, as was previously reported [129,209]. Therefore, our results indicate that the

expansion process of silica particles upon electron beam irradiation in presence of water

appears to be completely driven by the cumulative electron dose rate on the particle

and that the extent of such expansion depends on the media in which the particles

are immersed in. On the other hand, the dissolution process was not directly related

to the cumulative electron dose. The different dissolution rates are better understood

when considering the direct interaction of the electron beam with the silica network,

together with the passive dissolution process taking place between the nanoparticle and

the surrounding liquid phase. In conclusion, the etching of AAC silica nanoparticles

was best imaged by minimizing the cumulative electron dose. Considering this, the

relative stability of AAC silica particles during the first hours exposed to an aqueous

solution of NaOH was successfully characterized by using a low electron dose rate (41

e−nm−2s−1) and discontinuous imaging (30 minutes blanks) to reduce the number of

electrons accumulated on the imaging area to approximately 2751 e−nm−2 (1024×1024

pixels, 16 µs dwell time, 1.58 nm pixel size) (Figure 4.2c, dark purple triangle data).

4.3.3. Monte-Carlo simulations of the electron trajectories during LC-

(S)TEM imaging of silica particles in water

So far, the effects of electron beam irradiation on silica particles in LC-(S)TEM ex-

periments discussed in literature were in terms of the radiolysis of the solvent. However,

this interpretation does not fully explain the expansion/dissolution behavior. Our DLS

results show that although a higher pH resulted in increased etching rates, this resulted

in a small increase in the etching rate above 100 mM NaOH. Lower values of the pH

resulted in slower etching. Therefore, changes in the concentration of OH− ions cannot

fully explain our observations. Additionally, the formation of reducing radicals is also

supposed to be lower if the pH of the irradiated solution is high [125]. It is quite clear

that chemical modifications of the siloxane structure as caused by the energy deposited

by the electron beam also have to play an important role. If the expansion was mediated

by such species, it would depend on the electron dose rate and it would be reduced at

higher starting pH. Here we propose that the direct interaction between the electron

beam and the silica network drives the expansion/dissolution behavior for an important

part as well. The deposited energy in the particles during our LC-(S)TEM experiments

was assessed. If the electron beam directly affects the structure of the silica network,

silica solubility may increase and etching may be favored. The loss of condensation
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all over the particles due to the beam-induced excitation of siloxane bonds could then

explain their expansion.

The energy that was deposited per cubic nanometer (nm3) of silica during a LC-

(S)TEM experiment was modeled by means of Monte-Carlo simulations with the soft-

ware CASINO 3.3 [223]. This software simulates the electron paths during (S)TEM

imaging through a given sample. The elastic scattering interactions are treated as

discrete events, and the inelastic interactions are treated with an energy loss model.

Secondary electron generation is also considered. A 3D model of a simplified liquid cell

environment was defined to model our experiments. The simulated geometry consisted

of two silicon nitride windows of 50 nm thickness that enclosed a volume of 1 µm

thick layer of water. In this water volume, we positioned a silica sphere with a 113

nm diameter to emulate our AAC silica particles. The position of the center of the

particle was chosen such that the particle was attached to the top window (Figure

4.3a). From the pathways of all the simulated electrons, CASINO calculates the total

energy absorbed by every component of the simulated volume. The beam parameters

were matched with our experimental conditions: The distance between irradiated points

was set to be the experimental pixel size, the number of electrons per scanned point

was determined as previously done in literature from the beam current and the dwell

time [110,224], the beam was focused on the particle and a beam convergence semi-angle

of 20 mrad was used.

The energy absorbed per frame by the silica particle for the electrons used to generate

a given pixel (1.58 nm pixel size, 1024×1024 pixels, 10 pA beam current, and 16 µs

dwell time) (Figure 4.3b). The binding energy of the Si O bond is 4.60 eV [225]

and there are approximately 216 Si O bonds in 1 nm3 (if we assume the maximum

density structure for silica which is not the case for all kind of silica nanoparticles).

The following rule of thumb can be derived from CASINO simulations for small silica

particles located on the top window of a liquid cell: around 12 eV of energy is deposited

per nm3 of silica, per pA of beam current for a frame acquired with 1 µs dwell time and

with 1 nm2 pixel size. However, for our experimental conditions mentioned in section

4.2.2, the total absorbed energy per frame per nm3 could be ranged from several keV

to several MeV (Figure 4.3c). Furthermore, we see that the deposited energy on the

particle barely depended on the depth of the particles in the liquid cell and on whether

the beam was focused on the particles or not (Figure 4.3d). Beam current, dwell time,

and pixel size are therefore the main parameters that need to be optimized to reduce the

cumulative dose per frame. This highlights the potential of direct electron detectors,

which are nowadays routinely used in cryo-EM experiments because of their ability to

gather information from a sample at much lower irradiation levels (∼1 e−.A−2) [226,227].
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Figure 4.3. Simulation of pathways of electrons during (S)TEM imaging

simulated with the CASINO software package. a) Schematic of the simulated

geometry. A 1 µm water layer was placed between 50 nm silicon nitride spacers.

A silica sphere of 113 nm of diameter was placed on the top window. b)

Calculation of the energy deposited to the silica particle via elastic and inelastic

interactions of the incident electrons (in keV) for a frame acquired with a

(S)TEM operated at 200 keV with 1.58 nm pixel size, 10 pA of beam current

and 16 µs dwell time. The pixel size of the energy distribution corresponds

to the pixel size used during imaging, and the values indicate the deposited

energy on the silica sphere from the electrons initially incident on that pixel.

c) Absorbed energy per unit volume of a silica particle located at the top SiN

window for a number of electron beam currents with the previous imaging

conditions. d) Absorbed energy per unit volume of a silica particle located at

different depths from the top SiN window for the case of 1 pA beam current.

The main contributions to the absorbed energy are the inelastic interactions between

the electrons of the beam and those of the material, as the inelastic scattering cross-

section is larger than the elastic scattering cross-section for Si and especially for O for

200 keV electrons [228]. The inelastic scattering of the electrons can promote radiolytic

processes in the irradiated material [229, 230]. The decay of the electronic excitations

caused by radiolysis can result in the breaking of chemical bonds and may result in

atomic displacements in a network as energy can be transmitted to the atom nuclei
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via phonons and excitons. Importantly, not every excitation decay results in atomic

displacements, as a broken chemical bond does not directly imply a gain in energy

sufficient to displace an atom over the surrounding energy barriers [229]. In silicates,

the cross-section for radiolitic atom displacements is 10 times higher than that for

direct elastic events [231]. In silica, electron irradiation promotes the excitation of

siloxane bonds, which in turn can result in the formation of point defects and the loss

of connectivity of the silica network [230,232].

Radiolysis damage is typically assumed to be proportional to the energy deposited

by radiation [233]. Deposited energies on quartz (crystalline silica) of a few hundred

eV.nm−3 via ion beam bombardment have been shown to cause amorphization [234]. Ion

bombardment has also been shown to induce the deformation of spherical particles [235],

however, the energies involved are in the MeV range which is quite different from

the electron beams used in TEM, and quartz amorphization has been well described

for electron irradiation [232]. The energy absorbed by silica can be compared to the

landscape of energies that have to be reached to displace an atom in the silica network.

The energy needed to displace an O atom or a Si atom in the silica network is of the

order of a few eV [236], and electron irradiation of SiO2 films has been shown to displace

O atoms, reducing the SiO2 film into more pure Si areas through the formation of point

defects [230, 237]. Therefore, during liquid cell experiments, the typical amounts of

energy deposited into the silica network can be up to orders of magnitude higher than

the energy needed to strongly affect the siloxane bonds. Such bond breaking (and

atomic displacement) events taking place in a particle dispersed in an aqueous NaOH

medium will no doubt lead to the easier dissolution of the silica network. Consequently,

our results could be explained by an increase in the susceptibility of the silica network to

etching by the aqueous base solution as a result of the direct electron beam effects on the

material. Additionally, scavenging some of the reducing radicals that are produced by

the electron beam was shown to slightly stabilize silica in liquid cell experiments [209].

However, it is likely that these effects are small compared to the increased solubility by

the cleavage of siloxane bonds.

4.3.4. In-situ study of the wet etching of SiO2 and metal@SiO2 nanoparticles

We first characterized the etching of Stöber and WORM silica nanospheres (Figure

4.4) by exposing them to a solution of 100 mM NaOH (5 µL.min−1). Stöber silica

nanoparticles showed an inhomogeneous etching pattern, in accordance with their inter-

nal distribution of silica condensation levels (Figure 4.4a) [198]. This process happened

at different time scales for different particles and was in contrast to the etching patterns

of Stöber silica during LC-(S)TEM experiments under higher cumulative electron doses

[209]. We minimized the cumulative electron dose by imaging with an electron dose

rate of 61 e−nm−2s−1, 1.58 nm pixels, 1024×1024 pixels frames, 24 µs dwell time and 30
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Figure 4.4. In-situ etching of silica model nanoparticles by exposure to a

100 mM NaOH aqueous solution with a flow rate of 5 µL.min−1. a) Stöber

silica. Particles became hollow when exposed to a flow of 100 mM NaOH.

Right: The intensity profile along the nanoparticle shown in the inset. No

expansion was observed. (total accumulated dose of 1.4 × 104 e−nm−2). b)

WORM silica nanospheres under a flow of 100 mM NaOH. Due to the small

size of the particles (40 nm), our results indicate that the silica network was

strongly affected even in a single frame (total accumulated dose of 1.5 × 103

e−nm−2). Therefore, different areas needed to be imaged to study how WORM

silica nanospheres etched under basic conditions. Particles showed hollowing

after 390 minutes of exposure to the basic solution. Right: Intensity profiles of

two selected nanoparticles showing the formation of a hollow volume inside the

particle, with minimal change in the total size of the nanoparticle. Similarly

as was reported before for these particles systems [198]

minutes blanks between frames (total accumulated dose of 1.4× 104 e−nm−2 for Stöber

silica nanoparticles and 1.5 × 103 e−nm−2 for WORM silica nanospheres). Once the

hollow structures became evident, a final frame was taken with 260 e−nm−2s−1 to get

better detail (Figure 4.4a, inset). By comparing the intensity profile of a cross-section

of a single particle it can be readily seen that these imaging conditions did not induce

any expansion during the etching process, correctly characterizing the final product of

the wet chemical etching of Stöber silica (Figure 4.4a, right panel).
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Studying WORM silica was more difficult than studying AAC and Stöber silica

spheres, as the size of the nanoparticles was smaller (40 nm). This made it more

challenging to image such nanospheres at low total accumulated electron doses, and

required both the dose rate and the magnification to be higher (1.5× 103 e−nm−2, 0.55

nm pixel size, 24 µs dwell time). Therefore, for silica particles of this size range, it is

advisable to image the same area only once. Making use of this knowledge, we followed

the evolution of monodispersed WORM silica spheres under a flow of aqueous 100 mM

NaOH (5 µL.min−1) by imaging different areas over time (Figure 4.4b). WORM silica

spheres became hollow after 390 minutes of exposure to the basic solution, consistent

with their behavior under hydrothermal treatments [203].

The formation of yolk-shell structures from metal(oxide)@silica core-shell nanopar-

ticles can also be studied with the methods described previously. Yolk-shell nanopar-

ticles consisting of a catalytically or surface-enhanced Raman scattering active cores

surrounded by a void and encapsulated by porous support are known to show superior

catalytic and sensing activity in many scenarios [238–241]. This increased efficiency

comes from the role of the hollow shell as a micro/nanoreactor, offering several advan-

tages such as prevention of particle sintering, controlled diffusion rates through the shell

pores, and homogeneous environments in the void surrounding the catalyst or sensing

particle. The synthesis of such particles usually consists of a hard template-based

synthesis of core-shell particles and the subsequent removal of material to form a void

between the core template and the shell. Here we investigate the void formation step

for Au@Stöber silica and Fe3O4@WORM silica core-shell particles upon wet etching

of the silica shell with a NaOH aqueous solution (Figure 4.5), both these two systems

stand as a model for a broad range of nano core-silica-shell particles. We showed that

by slightly etching the Stöber (Figure 4.5a) and the WORM (Figure 4.5b) silica shells

with a basic solution, well-defined yolk-shell particles are obtained. Furthermore, the

Au and Fe3O4 cores were found to diffuse in the void once such etching is completed.

This opens the door to fully treat the surface of the catalyst once the yolk is formed,

and also indicates that the behavior of the catalyst could be manipulated separately

from the shell in liquid phase via external fields, as it has been reported for similar

structures [120].
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Figure 4.5. In-situ etching of core-shell metal(oxide)-silica nanoparticles

by exposure to a 100 mM NaOH aqueous solution with a flow rate of 5

µL.min−1. A) Au-Silica. B) Wet etching of Fe3O4 core/WORM Silica

Core/Shell nanospheres into yolk-shell particles under the flow of a basic

aqueous solution. At the left, particles at the start of the experiment. At

the center, yolk-shell particles formed after 165 minutes and 330 minutes of

exposure to the basic solution by the etching of the silica shell. Different areas

were imaged in both a), and b) due to beam sensitivity (total accumulated

dose of 1.5× 103 e−nm−2). At the right, experimental observation of the ‘free’

diffusion of the catalytic cores. The white arrows highlight single cores rattling

through the void of the yolk-shell particle.
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4.4. Conclusions

The wet etching of silica and metal(oxide)@silica nanoparticles in an aqueous NaOH

solution was studied employing in-situ LC-(S)TEM. We exploited the slow and gradual

etching of AAC silica spheres in basic solutions to investigate and mitigate the electron

beam effects during LC-(S)TEM studies of silica in aqueous and basic aqueous solutions.

Our results pinpoint the importance of the cumulative electron dose on silica particles

during in-situ LC-(S)TEM experiments as the critical parameter determining whether

the observations will diverge from ex-situ etching behavior, but that conditions can

be found where the effects can be neglected. Under the conditions where the effects

of the electron beam do affect the etching, we report that silica first was found to

expand and then dissolved when irradiated in an aqueous environment and that the

extent of such expansion was directly correlated to the cumulative electron dose on

the imaging area, independent of the used electron dose rate. We showed that this

behavior is not the result of changes in the pH of the solution. Furthermore, the

expansion and dissolution phenomena were more pronounced under basic conditions.

The formation of reducing radicals is assumed to be lower at basic conditions [125],

and therefore we conclude that the reported expansion cannot be explained by the

presence of water radiolysis products. By performing simulations of the electron beam

energy loss we conclude that the energy absorbed per unit volume, per frame by a silica

nanoparticle of around a hundred nanometers on the top window of a liquid cell, to

be up to orders of magnitude higher than the energy needed to directly break bonds

in the silica siloxane network. We propose that the direct effects of the electron beam

on the silica network make it more susceptible to etching by the OH− ions in solution

and the water radiolysis products. If the energy deposited on the nanoparticles during

LC-(S)TEM experiments alters the rate of chemical processes happening between the

nanoparticle and the solvent, then the cumulative electron dose (and the electron dose

history prior to data acquisition) must be carefully controlled and reported to achieve

reliable in-situ studies on chemical reactions in LC-(S)TEM experiments. Using this

knowledge, we reliably characterized the wet etching behavior of multiple silica-based

model systems: Stöber silica, WORM silica, and Au@Stöber silica and Fe3O4@WORM

silica core-shell nanoparticles under conditions where the effects of the electron beam

can be neglected. We showed that LC-(S)TEM can correctly reproduce the expected

etching patterns for Stöber and WORM silica, as well as the formation of yolk-shell

structures from Au@Stöber silica and Fe3O4@WORM silica core-shell nanoparticles as

were reported before in literature [242,243]. Furthermore, we show how the catalyst core

became a movable particle inside the shell as the yolk was formed, opening the door to

extensive post-treatments of such core-silica-shell systems, as well as to manipulations

of the movable core with external fields.
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Appendix 1: Supplementary Figures
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Figure S4.1. a) The Ex-situ (bulk) etching of AAC silica spheres spans over

a period of days. The initial concentrations of base determine the extent of

the etching, and thereby the duration of the process (the initial concentration

of silica was 10 mM). The final diameter of the particles shows a strong and

clear dependence on the initial NaOH concentration. b) Zoomed in the section

up to 10 mM of etchant concentrations.
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Figure S4.2. Etching of Stöber silica (diameter: 102 nm, concentration: 10

mM). Hollowing is observed when Stöber silica spheres are etched both with

NaOH or HF aqueous solutions. a) and b) show the diameter of the different

batches exposed to different etchant concentrations. The hollowing of Stöber

silica was observed above 8 mM NaOH and 0.16 wt % HF. The scale bars

indicate 100 nm
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Figure S4.3. Etching of AAC silica (diameter: 113 nm, concentration: 10

mM) in HF aqueous solutions. The plot shows the diameter of the different

batches exposed to different HF concentrations. The scale bars indicate 100

nm
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deviation in time during ex-situ etching of AAC silica particles with an initial

diameter of 113 nm and polydispersity of 3%.
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5
Complex internal chemical structures of

rod-shaped silica colloids investigated by

in-situ etching using low-dose liquid cell

electron microscopy

Abstract

Understanding the chemical structure of rod-shaped silica colloidal particles is

attainable by investigating their etching mechanism in solution. Liquid Cell

(Scanning) Transmission Electron Microscopy (LC-(S)TEM) is a promising

technique through which the etching of these particles can be observed in real-

time, and at the single-particle level without possible deformations induced by

the surface tension of dried particles. However, the presence of high energy

electrons and the different geometry in liquid cell (LC) experiments may alter

the conditions of in-situ experiments compared to their ex-situ counterparts.

Here we present a controlled low-dose LC-STEM study of the basic etching

process of micron-sized rod-shaped silica particles that are immobilized on

the SiN window of a liquid cell. The results show that using low-dose imaging

conditions, combined with a low accumulated electron dose, and optimized flow

rates of solutions allow for investigation of the chemical etching mechanism of

silica colloidal particles using the LC-(S)TEM technique with negligible effects

of the electron beam. LC-STEM observations revealed that the rod-shaped

silica particles undergo an inhomogeneous etching along their length and finally

turn into cone-shaped silica particles via a necking-breaking mechanism. A

comparison of ex-situ etching experiments with LC-STEM observations showed
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that the LC geometry can play a crucial role in LC-STEM experiments where

the diffusion of the etching particles is important, which should be considered

during the analysis and interpretations of LC-STEM results.
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5.1. Introduction

The widespread application of anisotropic colloidal particles in the self-assembly of

new materials is driven, amongst others, by the ability of such systems to also form

colloidal liquid crystal phases. Due to the great potential of anisotropic particles

in chemical, electrical, and optical applications, they have attracted much attention

[244–252]. New complex functional materials are achievable by self-assembly of these

colloidal building blocks [134–136]. Colloidal silica particles are also of interest because

of their use in physio-chemical studies of colloidal model systems. The ease of chemical

modification of colloidal silica particles’ surfaces by using various types of functional

groups, allows for making a vast range of silica particles with different functionalities

and interparticle interactions [39, 253, 254]. The recently developed model system of

(fluorescent) silica rods by Kuijk et al. [83], is a powerful model system to study their

self-assembly into various liquid crystalline phases in real space [83, 253,255,256]. The

synthesis procedure of these rod-shaped silica particles is a simple one-pot synthesis

in which ethanol, water, sodium citrate, and ammonia, are mixed with a solution

of polyvinylpyrrolidone (PVP) in 1-pentanol to arrive at a dispersion of water with

dissolved ammonia, PVP and citrate. Silica rods start to grow upon the addition of the

strongly apolar tetraethyl orthosilicate (TEOS) to the pentanol oil phase. The growth

of these rods takes place from the water-in-oil emulsion droplet which starts deposition

of silica on the oil-water interface after which the rod grows from silica deposited from

the watery droplet attached to the growing end of the rods resulting in an anisotropic

bullet-shaped particle with a flat end where the watery droplet was attached and a

rounded tip due to the anisotropic supply of hydrolyzed TEOS [39, 253]. Although

the synthesis of these rod-shaped particles has been studied extensively, there are few

studies on their chemical composition. Recently it has been revealed that these rod-

shaped silica particles can be transformed into cone-shaped colloidal silica particles

upon mild etching by NaOH in water [84]. Understanding the chemical structure of

these particles is key to reveal the mechanism of this transformation, which also opens

the way to obtain other novel particle shapes.

In order to obtain a fundamental understanding of the in-situ etching process of rod-

shaped silica particles at the single-particle level, we have taken a direct approach of

imaging this process using Liquid Cell Scanning Transmission Electron Microscopy (LC-

STEM) [94,95]. In this research, we wanted to determine if LC-(S)TEM could be used

as a technique to study the chemical composition of these rod-shaped silica particles by

monitoring the etching mechanism in a basic environment in real-time without affecting

the process by the observation. However, the presence of high energy electrons as well as

the confining geometry of the liquid cell (LC), combined with the fact that only particles

stuck to the cell window can be continuously observed in time, could all significantly
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modify the etching process as compared to etching which takes place while particles

are dispersed and undergoing Brownian motion. It is known that the electron beam

can affect the imaging area and its surroundings in both direct and indirect ways and

chemical reactions could be significantly altered by the electron beam [125]. In order to

validate the results in a LC-(S)TEM experiment, we need to control a large number of

variables which affect the ongoing chemical and physical processes inside the cell [175,

218]. Therefore, for in-situ monitoring of a chemical process, we need to minimize the

influence of the electron beam, optimize the flow rate of solutions, and understand the

effect of the liquid cell geometry. A known effect of electron irradiation is the growth or

degradation of nanomaterials induced by reducing or oxidizing environments due to the

reactive radicals and molecular species formed by electron-solvent interactions [125,175,

210]. So far, by utilizing different solvents and scavengers, the electron beam induced

nucleation, growth and degradation of various types of nanomaterials were studied using

the LC-(S)TEM technique [111,170,181,207,211,214,217,257–265]. However, there are

few studies on direct monitoring of a chemical reaction with LC-(S)TEM [266–269].

Etching of rod-shaped silica particles is a nice model system for investigating if the

LC-(S)TEM technique can be used for in-situ monitoring of chemical processes. If the

effects of the electron beam can be minimized, the etching mechanism and therefore

the inhomogeneous chemical composition of these particles can be studied at the single-

particle level in real-time at a high spatial resolution without important artifacts that

can be induced by strong drying forces that occur if particles are dried on TEM grids

without lengthy procedures such as supercritical drying.

Rod-shaped silica colloids prepared by ammonia-catalyzed hydrolysis and condensa-

tion of tetraethyl orthosilicate in water droplets, containing polyvinylpyrrolidone cross-

linked by citrate ions in pentanol, were found to have an inhomogeneous chemical

structure both along the length of the particle as in the perpendicular direction along

the diameter of the particle [84]. Here, we show that by tuning the pH of the LC

solution while the particles are stuck to a SiN window, while flowing NaOH basic

solutions through the cell and optimizing the flow rate, together with using low-dose-

rate imaging conditions (1-10 e−nm−2s−1), direct observation of the silica rods etching

mechanism is achievable. Furthermore, using a discontinuous imaging technique by

blanking the beam for a certain amount of time between recording the frames, we

minimized the accumulated electron dose (e−nm−2) on the particle. The accumulated

electron dose is also known to have a great impact on LC-(S)TEM results in certain

cases (see Chapter 2 and 4) [212]. Comparison with ex-situ etching experiments showed

that the low electron dose rate in combination with a low total electron dose, which

was at least one order of magnitude lower than previous LC-(S)TEM studies, played

a significant role in observing the ‘real’ chemical process with negligible effects of the

electron beam. However, the effects of the confining geometry of LC in combination
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with the fact that particles immobilized on the window were observed, where the

Brownian motion of the particles was completely suppressed, should be taken into

account since it can alter the accessibility and diffusion rates resulting in a different

etching pathway of the particles in comparison to the conditions where the particles

diffuse freely in the solution. The LC-STEM observations revealed how these rod-

shaped silica particles undergo inhomogeneous etching along the length of the rod

in an aqueous NaOH solution, and how rods with a certain internal morphology for

certain NaOH concentrations finally turned into a cone-shaped silica particle. Further

validation of the LC-STEM observation for etching of silica rod-shaped particles was

carried out using even more complex structured segmented silica rods with known

inhomogeneous chemical structure. Here, the degree of condensation along the silica

rod was tuned in such a way that a desired part of the rod had a less condensed

silica structure so that faster etching in that part was expected simply due to the

smaller number of siloxane bonds that needed to be broken in that section as compared

to the rest of the silica rods [45, 161]. This inhomogeneous silica structure could

be obtained by changing the reaction temperature, precursor concentration, and/or

ethanol concentration [86]. Finally, we used the information obtained to explore the

chemical composition of newly developed, even more complexly structured silica rod-

shaped particles known as crooked silica rods. Such crooked rods have been developed

recently in our group [85] and that of others [270] as such particles can form interesting

new colloid based liquid crystal phases [271].

5.2. Experimental

5.2.1. Synthesis

Rod-shaped silica particles. Rod-shaped silica particles with a length of 2.6 ± 0.3 µm

and a diameter of 300 nm were prepared as described by Kuijk et al. [83]. Figure

5.1 shows a typical STEM image of these rods. In a 1 L glass laboratory bottle, 80

g of polyvinylpyrrolidone (PVP, average molecular weight Mn = 40 kg/mol, Sigma-

Aldrich) was dissolved in 800 mL of 1-pentanol (≥ 99% reagentplus, Sigma-Aldrich)

by sonication for 2 hours. After all, PVP had been dissolved in 2 hours, 80 mL of

ethanol (100%, Interchema), 22.7 mL of ultrapure water (Millipore system) and 5.3

mL of a 0.18 M sodium citrate dihydrate (99% Sigma-Aldrich) solution in water were

added to the mixture of pentanol-PVP. The mixture became turbid upon shaking the

flask by hand, indicating that the emulsion was formed. Afterward, 18 mL of ammonia

(25% (w/w) in water, Sigma-Aldrich) was added, followed by 6.7 tetraethyl orthosilicate

(TEOS, 98%, Sigma-Aldrich). After mixing by shaking, the mixture was left to rest

and the reaction was allowed to proceed overnight. Next, to remove the emulsion

droplets from the flat end of the particles, the reaction mixture was centrifuged at

1500 g for 1 hour and after removing the supernatant the particles were redispersed in
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Figure 5.1. STEM image of typical, monodisperse, silica rod-shaped

particles with a length of 2.6±0.3 µm, directly after the synthesis and before

the monodispersity was increased by centrifugation to remove the smallest rods

recognizable by their lack of a flat end, meaning they lost the droplet early in

the synthesis, and large bullet-shaped particles grown from the larger water

droplets. The scale bar indicates 2 µm.

ethanol. The cleaning procedure was repeated twice with water and ethanol where the

reaction mixture was centrifuged at 1500 g for 15 minutes and finally, the particles were

redispersed in ethanol. To further increase the monodispersity of rods, cleaning steps

were carried out. The particles were centrifuged 3 times at 700 g for 15 minutes and

the supernatant containing smaller rods was removed. As the last step of the cleaning

procedure, the particles were centrifuged at 10 g for 1 hour to remove the larger rods

and aggregates, by removing the sedimentation from the sample.

Segmented silica rods. Segmented silica rods were prepared using regulation of the

growth temperature, as published in Ref [272], based on the original work of Kuijk

et al. [83]. In order to vary the chemical composition along the length of the rods, we

changed the temperature during the reaction. To this end, we performed the reaction

at a scale of 40.0 mL of emulsion in a 40 mL vial. The vial was placed in a preheated

hot air oven after the addition of TEOS. The bottles were cooled down at a slow rate

to avoid strong convection in the bottle. The temperature was changed during the

reaction in the following schemes [86]:
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1. 50 ◦C (2 h), 5 ◦C (22 h) (nail-shaped)

2. 5 ◦C (2 h), 25 ◦C (22 h) (less-condensed tip)

3. 50 ◦C (1 h), 5 ◦C (4 h), 25 ◦C (22 h) (less-condensed middle part)

Specifically, for nail-shaped particles, 1 g of PVP (40000 g/mol) was dissolved in 10

mL of pentanol by sonication in a 20 mL glass vial (Wheaton). To this solution, 1 mL

of ethanol, 0.28 mL of water, and 67 µL of sodium citrate solution (0.18 M in water)

were added. After shaking the vial by hand, 0.225 mL of ammonia was added and the

vial was shaken again. Finally, 100 µL of TEOS was added and the vial was shaken

once more. The reaction mixture was immediately placed in an oven thermostated

at 50 ◦C. Performing the reaction at elevated temperature reduces the rod diameter,

as described in Ref [272]. After 2 h in the oven, the bottle was placed in a fridge at

4 ◦C to grow the nails’ wider “head” After 6-18 h, ethanol was added to quench the

reaction, and the nail-shaped particles were collected by centrifugation and redispersion

in ethanol. This synthesis method was also successfully repeated on a larger scale (150

mL of PVP/pentanol mixture, in a 250 mL round-bottomed flask). This synthesis is

published in Ref [273].

Crooked silica rods. In a typical synthesis, polyvinylpyrrolidone (PVP 0.5 g, Mn =

40 kg/mol, Sigma-Aldrich) was dissolved in 1-pentanol (5 mL, Sigma-Aldrich) using

sonication or vortex mixing for 1 h. After complete dissolution of PVP in 1-pentanol, a

clear solution was formed; to this solution ethanol (0.5 mL, Interchema, 100%), distilled

water (0.14 mL, Millipore system) and an aqueous solution of sodium citrate (0.18 M,

35 µL, Sigma-Aldrich, 99%) were added in sequence. The reactants were mixed gently.

Then, ammonium hydroxide (0.115 mL, Sigma-Aldrich, 28% w/w) was added and mixed

vigorously to make an emulsion. 0.05 mL TEOS was added and the reaction mixture

was kept at 35 ◦C for the first hour. Then a small amount of partially-hydrolyzed

TEOS (10 v%, 5 µL) was added. The mixture was homogenized by shaking by hand and

transferred to room temperature for 8 h. Eventually, the obtained rods were centrifuged

at 1500 g for 10 minutes and dispersed in absolute ethanol. This washing step was

repeated twice. The partially hydrolyzed TEOS was prepared as follows: 5 mL normal

TEOS was mixed with 11 µL HCl (37% ACS reagent) and 0.40 mL distilled water and

vortex mixed for one minute. A detailed synthesis protocol can be found in Ref [274]

5.2.2. In-situ liquid cell etching experiments

A Hummingbird Scientific, (USA) Liquid Cell dedicated holder was used to perform

the in-situ experiments. A Hamilton syringe pump equipped with a 1 mL glass syringe

was used to flow solutions through the microfluidic tubing into the cell. To flow the

400 nm spherical particles, for measuring the flow velocity, a diluted suspension of the

nanoparticles was loaded into the syringe and flowed into the cell. Silicon chips with

SiN windows (50 × 200 µm × 50 nm thickness) were used to encapsulate the liquid
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volume. In all experiments, 2 µm spacers were used between the top and bottom chips.

The sample preparation started with glow discharging of the side of the chips which

was in contact with liquid for 90 seconds to make them hydrophilic. 2 µL of a diluted

sample with a volume fraction of 21 g.L−1 was drop-casted on the top chip and allowed

to dry. This ensured that a number of particles were attached to the top window,

where the STEM resolution for the LC experiment is the highest (see chapter 2). Next,

the bottom chip was placed in the dedicated holder and 2 µL of deionized water was

drop-casted onto it to ensure that the cell contained liquid, after which the top chip

was placed in position.

5.2.3. Ex-situ etching experiments

Ex-situ etching of silica rods was carried out as follows. For the experiment on freely

dispersed particles the sample volume fraction was fixed at 21 g.L−1 (350 mmol.L−1) and

575 µL of this sample in ethanol was redispersed in 20 mL of the desired concentration

of aqueous NaOH (reagent grade, ≥98%, pellets, Sigma-Aldrich) in plastic vials. For

the concentrations 100 and 10 mM, NaOH samples were collected every 15 minutes for

8 hours. For the concentration 3 mM NaOH samples were collected every 1 hour for 8

hours and 2 final samples were collected after 20 and 24 hours. For the 0.50 mM NaOH

concentration samples were collected every 1 hour for 8 hours and 3 final samples were

collected after 24, 48, and 72 hours. All samples were prepared by drop-casting 5 µL

of the sample solution on a Formvar/Carbon Film 200 Mesh Copper TEM grid. The

grids were dried under a heating lamp to quickly stop the etching reaction on the grid.

For ex-situ experiments where the particles were attached to a SiN membrane of the

LC chip the sample volume fraction was fixed at 21 g.L−1 and 2 µL of this sample was

drop-casted on the LC chip and allowed to dry. The chip was then placed in a plastic

vial containing 40 mL of the desired concentration of aqueous NaOH. The vials were

left to stand on the table without stirring. The experiments were carried out with 100

mM and 10 mM NaOH concentrations. Samples were collected every 15 minutes for 8

hours and for each time interval a separate SiN chip was utilized.

All LC-STEM experiments and STEM measurements were carried out with a Tecnai-

F20 transmission electron microscope (TEM, Thermo Fisher Scientific) equipped with a

field emission gun and operating at 200 keV using an annular dark-field detector (ADF,

E.A. Fischione Instruments Inc., Model 3000, USA) with a camera length of 120 mm.

5.3. Results and discussion

Rod-shaped silica particles were synthesized as described by Kuijk et al. [83] (Figure

5.1). In this process, the rod grows from a water-in-oil emulsion droplet which is rich

in hydrolyzed TEOS, and because of this anisotropic supply of precursor, the particle

grows in one direction. Since the precursor concentration is highest at the start of the
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reaction, growth takes place fastest during that stage [84]. The high concentration of

the silicon hydrolyzed alkoxide at the beginning of the reaction resulted in a porous

structure by the addition of oligomers near the round tip of the rod, whereas the lower

concentration near the end of the growth resulted in a more densely condensed structure

by the addition of monomers [84,275]. Furthermore, in the radial direction, there was an

inhomogeneous composition as well; a low concentration of silicon hydrolyzed alkoxide

in the pentanol resulted in the formation of a condensed silica shell around the particle.

This shell was thickest for the part that was grown first [84]. The dissolution of silica

in alkaline solutions occurs when the hydroxide ion (OH−) attacks the silicon atom

and replaces one of the siloxane bonds in a transition state with coordination number

five [45]. In addition, the free energy gain associated with the weakly acidic silanol

groups that also strongly increases the solubility of silica at higher pH above ∼10.

To better understand the influence of the LC-STEM parameters on our in-situ etching

experiments, we initially optimized these parameters to the extent where the effects of

the electron beam can be neglected by investigating the effects of varying the flow

rate, NaOH concentration, and accumulated electron dose on the resulting LC-STEM

observations of the etching mechanism of silica rods. Furthermore, we investigated the

effect of the liquid cell geometry on the etching mechanism of these rods by performing

ex-situ counterpart experiments as well that could be more directly compared to etching

experiments inside the liquid cell.

5.3.1. Static in-situ etching experiments

First, LC-STEM experiments were performed by dispersing the particles in a 100

mM NaOH aqueous solutions and preparing the liquid cell by drop-casting 2 µL of

this solution on the SiN chips without flow through the cell. No etching was observed

after 60 minutes of continuous imaging of one particle at this high NaOH concentration

(Figure 5.2). This is surprising, as silica is expected to dissolve at such a high pH. There

are two possible causes for this: The sample volume that we used to prepare the liquid

cell was quite small (2 µL). It is likely that the solution became immediately saturated

with silicate ions due to the presence of a large number of particles in the small volume

of the basic solution, and etching did not take place as the pH decreased by the activity

of the resulting silanol groups and the solubility limit was already reached. The higher

initial concentration of silica particles (350 mM) compared to the NaOH concentration

(100 mM) also roughly confirms this assumption. Another possible explanation is

associated with pH changes upon electron beam irradiation in LC-(S)TEM experiments.

Calculations involving many radiolysis products, which are always made for pure water

and do not take the presence of the silica rods into account, indicated that the pH of the

solution in the liquid cell drops upon electron beam irradiation, where alkaline solutions

are most strongly affected by the electron beam irradiation [125]. Therefore, the pH
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t = 0 min t = 20 min t = 40 min t = 60 min

Figure 5.2. LC-(S)TEM images of the static etching experiment performed

without flowing base inside the cell. The NaOH concentration was 100 mM.

The electron dose rate used in this experiment was 18 e−nm−2s−1. The imaging

was performed continuously using a frame time of 5 s. The total accumulated

dose after 60 min of imaging was 6.4× 104 e−nm−2. The scale bar indicates 1

µm.

of the solution could have decreased when it was continuously exposed to the electron

beam, thereby inhibiting the etching process. Nevertheless, the LC-STEM observations

also show that some dissolved silica redeposits on the surface of the particle and/or on

the SiN window in the field of view. This can only have come from the dissolution of

some of the rods, which clearly, therefore, is not always visible by looking at changes of

the particles! It has been shown that the silica redeposition is strongly related to the

electron beam irradiation [127].

5.3.2. Effect of flow rate on in-situ LC-STEM etching experiments

The ability to flow NaOH aqueous solution through the cell enabled us to overcome

several of the issues associated with the previous LC-STEM experiment by continuously

renewing the basic solution in the cell. We used a syringe pump to flow the NaOH

solutions through the cell at a controlled flow rate within the range of 0.1 µL.min−1 to

5 µL.min−1. Figure 5.3 shows a few image series of the etching process of rod-shaped

silica particles in time. In a 50 mM NaOH solution, the etching process was recorded for

6 hours while the solution was flowing through the cell with a flow rate of 0.3 µL.min−1.

The observations showed that some particles were passing through the field of view.

These particles are assumed to be the ones that were diffusing inside the cell from the

beginning of the experiment and by flowing the basic solution, they were dragged along

the flow direction. However, the particles initially attached to the SiN window remained

in the field of view during the complete etching process (6 hours), which enabled us to

record the complete etching mechanism of silica rod-shaped particles. We will explain

the etching mechanism in the further sections in detail. In order to investigate the

effect of the flow rate, we performed several LC-STEM experiments using different flow

rates. Supporting Movie 3 shows a video of a LC-STEM experiment using a flow rate

of 5 µL.min−1. These observations show particles initially attached to the SiN window
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t = 0 min t = 60 min t = 120 mint = 80 min t = 300 min

Figure 5.3. STEM image series showing an optimized flow rate of basic

solutions in silica rods etching process in real-time. The particles were imaged

for 6 hours while a 50 mM NaOH solution was flowing through the cell at

0.3 µL.min−1. A total number of 94 frames were recorded with an electron

dose rate of 7 e−nm−2s−1 and a total accumulated electron dose of 1.1 × 104

e−nm−2. Scale bars indicate 1 µm

detaching from the window and moving out of the field of view 10 minutes after the

flow was started. This indicates that a high flow rate can detach all the silica rods from

the SiN window within a short time, and observation of the full etching process would

not be possible. The NaOH solution slightly etched the particles and made them attach

too loosely to the SiN window and the 5 µL.min−1 flow rate was capable of detaching

these particles from the window. The role of the base in the detachment was confirmed

by a reference experiment, where after deionized water with the same flow rate did not

detach particles even after 1 hour. Repeating the experiments with different flow rates

revealed that observation of the etching process was feasible within the range of 0.1

µL.min−1 to 1 µL.min−1.

To better understand the effect of the flow rate on the etching process, the drag force

on the silica rod-shaped particles was estimated by measuring the flow velocity in the

main channel (window) of the liquid cell. To obtain the flow velocity, another LC-STEM

experiment was conducted by flowing 400 nm spherical silica particles through the cell.

The cell configuration was the same used for the etching of silica rod-shaped particles.

The diluted sample was loaded in the syringe and the flow was started with a flow rate of

5 µL.min−1. This experiment was repeated for flow rates of 4, 3, 2, and 1 µL.min−1 with

the same LC. To increase the accuracy of the experiment, image recording was started

20 minutes after changing the pump speed to stabilize the new flow rate. Sequences of

images were recorded with a scanning time of 0.5 seconds per image, a total duration

of 30 minutes for each flow rate. The image sequences were analyzed by tracking the

positions of the particles from image to image (using the MTrackJ plug-in for Image

J (Fiji version)). The trajectories recorded at different pump speeds were analyzed to

obtain a relationship between the flow velocity v in the main channel and the flow rate

setting on the syringe pump. Results shown in Figure 5.4a show that the flow velocity

changes linearly with the flow speed setting of the pump. Therefore, for this microfluidic

system, it can be concluded that the flow velocity is proportional to the pump speed
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Figure 5.4. a) The linear relationship between the flow velocity and the flow

rate b) The linear relationship between the drag force on a silica rod-shaped

particle with dimensions: L = 2.6 µm D = 300 nm and the flow rate. The

drag force on the particle for 5 µL.min−1 is 3 times bigger than the same for

1 µL.min−1.

assuming that the velocity of the particles is a measure of the velocity of the liquid

front in the main channel thus neglecting Brownian motion. Knowing the flow velocity

the drag force on the rod-shaped silica particles can be estimated as follows:

~Fdrag = −ξ~v (5.1)

where ξ is the drag coefficient of the rods and ~v is the velocity of the particle relative to

the flow. ξ can be found from the expression for the translational diffusion coefficient Dt

since the diffusion coefficient is equal to kBT.ξ
−1. For dilute suspensions, the expression

for the translational diffusion coefficient of finite rods, modeled as cylinders, is [276]:

Dt =
kBT (ln( L

D
) + γ)

3πη0L
(5.2)

where kBT is the thermal energy, L the total head-to-tail length of the rod, D the

diameter, and η0 the viscosity of the solvent. The factor γ is the so-called end-effect

correction which is a function of the rod dimensions [277] and should be applied when

2 < L/D < 30:

γ = 0.312 + 0.565
D

L
− 0.100(

D

L
)2 (5.3)

If we derive the drag coefficient ξ from equation 5.2 and insert it in equation 5.1, the

drag force for rod-shaped particles can be calculated as follows:

~Fdrag = − 3πη0L

ln( L
D

) + γ
~v (5.4)

calculations of drag forces for different flow velocities show that the drag force on the

particle increases almost linearly with the flow rate (Figure 5.4b). Using a 5 µL.min−1

flow rate the drag force is 3 times bigger than when using 1 µL.min−1 which according

to the LC-STEM observations is enough to wash all the particles away from the SiN
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Figure 5.5. The direction of motion of particles flowed into the liquid cell

window. The calculations also confirm that the drag force on spherical nanoparticles

is too low to remove them from the SiN window even for the highest flow rate in our

system (5 µL.min−1). It is noteworthy that equation 5.1 does not take into account

the hydrodynamic interactions between the particle and the cell wall. However, since

the ratio between drag force for different flow rates is of importance in our study, we

neglect this interaction, which is assumed to be proportional to the flow rate.

During the LC-STEM experiment with silica spheres to calculate the flow rate we

found another interesting observation. The observation showed that the particles which

were flowed into the cell tended to go out of the window (Figure 5.5). This was the case

for particles that were coming in the field of view (window) from both the top and the

bottom part of the field of view. This also happened regardless of the flow rate. This

observation is important for the self-assembly experiments via LC-STEM because for

these experiments the maximum number of particles is needed in the field of view.

5.3.3. Effect of base concentration on in-situ etching of silica rods

In order to analyze the dissolution kinetics of silica rod-shaped particles and also the

effect of the base concentration on the final shape of the particle, we performed several

LC-STEM experiments using three different NaOH concentrations (10 mM, 50 mM, 100

mM) at a fixed flow rate of 0.3 µL.min−1 and a fixed electron dose rate of 7 e−nm−2s−1

together with a fixed total accumulated electron dose of ∼ 1000 e−nm−2. Since the

etching kinetics are strongly size-dependent, we analyzed particles with similar particle
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sizes in each experiment. Figure 5.6 shows the effect of the three different NaOH

concentrations on the etching mechanism and etching kinetics of silica rods. The time

at which the etching became visible was different for each of these base concentrations.

The first signs of etching, which happened at a region in the middle of the particle

closer to the flat end, was observable after approximately 60 minutes for 100 mM NaOH

concentration, observable after about 90 minutes for 50 mM NaOH concentration and

after about 120 minutes for 10 mM NaOH concentration. We designate the region of

the particle in which the etching started first as the sensitive part of the particle. LC-

STEM observations show that initially, the etching rate was the highest at this sensitive

part of the particle, while it gradually decreased as the etching proceeded in time. This

could be due to the presence of a thin silica shell around the particle which has a

higher cross-linked SiO2 structure acting like a protective layer against etching [84].

This thin silica layer formed around the particle by condensation of TEOS coming from

the oil-phase during the synthesis and is more prominent around the rounded tip of

the particle since this part was exposed to the growth solution for a longer time and

it stayed attached to the SiN membrane during the whole in-situ etching experiment.

Furthermore, the flat end of the particle is the most condensed part of the particle due

to the slow condensation of silica at this part. Therefore, the LC-STEM observations

also suggested that the region in the middle of the particle closer to the flat end was

the part of the particle most sensitive to the etchant. The etching process began from

this part of the particle and that was the case for all particles with different sizes and

for all base concentrations.

5.3.4. Etching mechanism of rod-shaped silica particles

Overall, we found that the etching mechanism of rod-shaped silica particles in a

confining LC geometry took place in three main steps based on the LC-STEM obser-

vations (Figure 5.7 and supporting Movie 4). By flowing the NaOH solution into the

cell, the etching process started and became observable after a certain period of time

for each base concentration at the sensitive part of the particle where the silica shell is

the weakest. As was mentioned before, it is likely that some silica was already dissolved

without this being visible as a change in morphology and/or density of the particles.

This starting region of dissolution was the same for all particles regardless of the size

of the particle and the base concentration. Nevertheless, the time when the dissolution

started to become visible did depend on the particle size. Second, the etching continued

by the transport of silica from the inner core through the thin shell in the same region for

a while, making this part of the rod thinner in time. Slight etching also happened at the

rounded tip and the flat end of the particle, however, the etching rate at these regions

was found to be significantly lower than the etching rate at the edge of the sensitive

part of the particle, due to the stronger shell around the rounded tip of the particle and
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Figure 5.6. Etching mechanism of silica rods for different concentrations of

NaOH solutions. The flow rate was 0.3 µL.min−1, the electron dose rate was

7 e−nm−2s−1, and the total accumulated electron dose was ∼ 1000 e−nm−2

for all experiments. The etching process time is different for different base

concentrations, however the etching mechanism is the same.

the more condensed structure at the flat end. Finally, after a longer etching period,

necking happened at the sensitive region of the particle eventually leading to break off

at this point. The resulting shape after this step is a cone-shaped silica particle which

has a smaller length compared to the initial rod-shaped particle (see also Supporting

movie 4 for a LC-STEM demonstration of the final stage of the etching mechanism).

The necking-and-breaking step of the etching process was not previously known from

ex-situ experiments [84] and it was only revealed during the direct observation of the

etching process at a single particle level using LC-STEM.
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t = 0 min t = 180 min t = 300 min t = 310 min

1 µm 1 µm 1 µm 500 nm

Figure 5.7. Three step etching mechanism of rod-shaped silica particles

attached to the SiN window in basic solutions revealed by LC-STEM

experiments (top), and its schematic representation (bottom). In this

experiment the NaOH concentration was 100 mM, the flow rate was 0.3

µL.min−1, the electron dose rate was 7 e−nm−2s−1, and the total accumulated

electron dose was ∼ 1000 e−nm−2

5.3.5. Effect of accumulated electron dose on the etching of silica rods

We also addressed the question concerning the extent to which the observed etching

process was influenced by the electron beam irradiation. This influence can be revealed

from a change in the rate and/or the mechanism of the etching during the LC-STEM

observations. Using a discontinuous imaging approach, we modified the blanking time

of the electron beam between recordings of the images of the particles to investigate

the accumulated electron dose effects on the etching process. To this end, we exposed

the particle to the electron beam irradiation for different periods of time by recording

a different total number of frames for each particle while fixing the electron dose rate

at 7 e−nm−2s−1 with these imaging conditions: 1024 × 1024 pixels, 24 µs dwell time,

and 6.12 nm pixel size. Figure 5.8 shows image series for four distinct particles imaged

with different blanking times during the same LC-STEM experiment. During this

experiment, a solution of 10 mM NaOH was flowed through the cell at a rate of 0.3

µL.min−1. The observations showed that the rate and the mechanism of the etching

are the same for all particles when they were imaged with low-dose imaging conditions,

regardless of the blanking time duration between the recorded images. Furthermore,

an overview of the cell after the etching has stopped showed that all the particles with

similar sizes etched by the same mechanism and at the same rate. This indicates that

imaging the etching process of rod-shaped silica particles with low accumulated electron

dose did not alter the rate nor the mechanism of the etching process for total doses less

than 3.4 × 104 e−nm−2 since the accumulated electron dose never reached a threshold

with the capability of affecting the chemical process. Therefore with a negligible effect

of electron beam irradiation, investigations of the etching process of this system of

particles were successfully achieved. It is noteworthy that the maximum accumulated
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Figure 5.8. STEM image series of four distinct particles imaged with

different beam blanking time indicating different accumulated electron dose

(e−nm−2) on each particle. The corresponding total accumulated electron

dose is shown on each frame.

electron dose used in this chapter was several order of magnitude lower than those used

in chapter 2, where the particles were strongly affected by the electron beam irradiation.

5.3.6. Effect of confining geometry and sticking of particle as opposed to

Brownian motion

Finally, ex-situ experiments with the same particles and the same etchant were

performed in order to compare with the LC-STEM observations. The ex-situ part

was carried out in two main experiments. First, the sample was prepared exactly like
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the in-situ sample preparation: 2 µL of the sample solution was drop-casted on one of

the liquid cell chips and left to dry at room temperature to assure that a number of

particles were attached to the SiN window. Subsequently, these chips were each placed

in a plastic bottle filled with 40 mL of aqueous NaOH. 100 mM and 10 mM NaOH

solutions were used for these experiments. The vials were left to stand without stirring.

One sample was retrieved from its solution every 15 minutes for 7 hours after placing the

chips in the bottle. For each etching time, a separate SiN chip was used in a separate

bottle. Next, samples were inspected with STEM using a normal TEM holder. The

STEM images confirmed that the mechanism of ex-situ etching for the particles that

were attached to the SiN window is the same as the in-situ etching mechanism where

the rod-shaped silica particles turned into cone-shaped silica particles via necking-and-

breaking procedure. Figure 5.9, a and b, show the end result for this ex-situ etching

experiment (data not shown for each etching time).

Next, the silica rods were redispersed in NaOH aqueous solutions. This ex-situ

etching experiment was performed with 0.5, 3, 10, and 100 mM NaOH concentrations.

The samples were collected by dipping a conventional TEM grid in each solution every

15 minutes and were subsequently imaged with STEM. Figure 5.9, c-f, show the end

result of etching of rod-shaped silica particles that were freely dispersed during etching,

for different base concentrations (data not shown for each etching time). Etching at low

base concentrations (0.50 mM) showed the same mechanism as the LC observations for

the etching of these particles. However, at higher base concentrations such as 10 and

100 mM, the etching mechanism was different from the mechanism observed in the LC

experiments. The STEM images show that the particles at higher base concentrations

turned into sharper cone-shaped silica particles with a larger length, indicating that the

etching also occurred at the tip of these particles. Moreover, it is also observed that the

ex-situ etching at moderate base concentrations such as 3 mM shows both mechanisms

with a dependence on the particle size (Figure 5.9, d). We propose that this difference

in final shape is due to the presence of a higher cross-linked SiO2 shell around the

particle along with the absence of diffusion inside the LC. The shell around the particle

became thinner going from the rounded tip to the flat end because the exposure time to

the growth solution decreased in this direction. Therefore, when the base concentration

was high enough it completely etched this silica shell around the particle and etching

took place at the tip of the particle at higher etching rates, resulting in a sharper cone-

shaped particle. On the other hand, at lower base concentrations only the weakest part

of the silica shell etched away and etching continued in the same region by the transport

of silica from the inner core through the thin shell which caused the particle to break

off at this point. The difference between LC etching and ex-situ etching where particles

undergo free diffusion can be explained by the fact that the particles experience different

local NaOH concentrations when they have Brownian motion in the basic solution. In
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Figure 5.9. Ex-situ etching of silica rod-shaped particles in a basic solution.

Particles were attached to the SiN window and placed in a bottle containing 40

mL of (a) 10 mM, and (b) 100 mM NaOH aqueous solutions without stirring.

Particles not attached but freely dispersed in a bottle containing 20 mL of (c)

0.5 mM, (d) 3 mM, (e) 10 mM, and (f) 100 mM NaOH solutions. Scale bars

indicate 1 µm for (a-d,f), and 500 nm for (e).

the LC experiments and ex-situ control experiment particles were attached to the SiN

window and the etching reaction took place in a diffusion-limited regime. Since the

highly cross-linked silica shell was always attached to the SiN window during the whole

etching process NaOH always diffused from the weakest part of the shell and etching

continued in that region with higher etching rates. However, in the ex-situ etching

process where the particles diffused freely inside the basic solution the shell around the

particle detached at some point due to the self-stirring effect of colloidal particles and

etching continued at the tip of the particle with higher etching rates resulting in sharper

cone-shaped silica particles. These results reveal that the final shape of the particles

can be also tuned by immobilizing them through attachment to a substrate or having

them move freely in the solution. However, the higher yields obtainable through bulk
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etching makes the approach in which the base concentration is optimized for the desired

geometries more appealing.

5.3.7. In-situ etching of segmented silica rods

As the last validation for LC-STEM parameters to perform an in-situ silica etching

experiment, we analyzed segmented silica rods with a known, even more, complex inter-

nal inhomogeneous chemical composition by in-situ LC etching experiments. Segments

of silica rods were grown under different temperature conditions. This adds differences

in the internal siloxane condensation degree on top of those already discussed. Varying

the temperature influences the degree of condensation of silica. A lower temperature

resulted in a lower degree of condensation with a faster dissolution rate, whereas an

increased temperature resulted in a higher degree of condensation and thus a network

that dissolves more slowly [39,275]. It is also known that silica particles grown at lower

temperatures have an increased diameter as the solubility of water in the pentanol oil

phase is reduced [86]. Nail-shaped silica rods consisting of a segment grown at 50 ◦C

followed by a segment grown at 5 ◦C were etched by flowing 100 mM NaOH solution

in to the LC with these experimental conditions: 0.3 µL.min−1 flow rate, 4 e−nm−2s−1

electron dose rate, and 1.4 × 104 e−nm−2 accumulated electron dose. As expected,

etching took place at the less condensed silica part grown at low temperature even

though it was initially thicker, whereas the segment grown at high temperature seems

to have remained untouched [86] (Figure 5.10, panel a). As a further illustration, Using

the same experimental conditions another LC experiment was performed with rods

grown at 5 ◦C followed by a segment grown at 25 ◦C, and the tip of the particle was

preferentially etched as expected [86]. (Figure 5.10, panel b). With a three-step growth

of silica rods subsequently at 25 ◦C, 5 ◦C, and 25 ◦C, silica particles with a thicker

but less condensed middle part were synthesized. The in-situ etching results for this

kind of silica rods are shown in Figure 5.10, panel c. The LC-STEM observations with

the same mentioned experimental conditions agree with the previous results shown

by our group [86] for ex-situ etching of these particles in bulk. Consequently, the

required conditions determined in this work for conducting LC-STEM chemical etching

experiments of silica rods are applicable to similar systems with a negligible effect of

the electron beam as well as of the LC geometry.

5.3.8. Chemical structure of crooked rod-shaped silica particles

Altering the reaction temperature of the rod-shaped silica particles and/or changing

the hydrolysis rate of silica precursor by introducing partially hydrolyzed TEOS (pre-

TEOS) into the reaction system result in bending of the rod-shaped silica particles.

The synthesis procedure starts with synthesizing normal rod-shaped silica particles

using standard existing procedures [83], however, the reaction was carried out above

room temperature (35 ◦C). After one hour of reaction, pre-TEOS was added and the
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a)

t = 0 min t = 0 min t = 0 min

t = 180 min t = 300 mint = 220 min

b) c)

Figure 5.10. STEM image series of 3 types of silica rods with different

chemical composition and their etched shape with 100 mM NaOH solution

using low-dose LC-STEM technique. a) Silica rods consisting of a segment

grown at 50 ◦C followed by a segment grown at 5 ◦C. b) Silica rods grown at

5 ◦C followed by a segment grown at 25 ◦C. c) Silica rods grown subsequently

at 25 ◦C, 5 ◦C and 25 ◦C [273]. Details of synthesis in Methods section. The

scale bars indicate 500 nm.

solution was homogenized by shaking for ∼1 min. Five minutes after the addition of

pre-TEOS, the reaction mixture was transferred to room temperature for 6–8 hours. As

a result, the rods grew into two segments connected at an angle. It is assumed that the

addition of pre-hydrolyzed TEOS initiates an interval of more rapid condensation and

therefore was also seen [85] at the surface of the emulsion droplet and thereby the droplet

was seen to shrink [274], and growth of the normal rod was interrupted. Most likely,

the reaction temperature also enhanced the shrinking of the droplet by the increased

dissolution of water in the pentanol phase and boosted the hydrolysis and condensation

of the pre-TEOS. Later the content of the emulsion droplet was seen to move out and

initiated the growth of the second segment in a different direction w.r.t. first part of

the silica rod, thus forming a bent rod with interesting phase behavior [270,271]. This
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Figure 5.11. STEM image series of 2 types of bent silica rods and their

etched shape with 100 mM NaOH solution using low-dose LC-STEM technique

(4 e−nm−2s−1 electron dose rate). The corresponding total accumulated

electron dose is shown on each frame.a) The bent silica rods that were

synthesized at 35 ◦C with high concentration pre-TEOS. b) The bent silica

rods that were synthesized at room temperature using low concentration pre-

TEOS. See methods section for details. The scale bars indicate 1 µm

reaction can also be carried out at room temperature with lower concentrations of pre-

TEOS [274]. For synthesis details on the two types of crooked particles investigated

see the methods section. Here, we investigated the chemical structure of these two

types of crooked silica rods by in-situ etching of these particles in basic solutions via

LC-STEM. The results help to better understand the effect of the temperature and the

pre-TEOS concentration on the chemical structure of these intriguing particle systems

and can be used to tune the bending angle of the two segments, which is important for

self-assembly studies.

After finding the optimized LC-STEM conditions to study the in-situ etching of silica

rod-shaped particles we applied these parameters to investigate the chemical structure

of crooked rod-shaped particles. We flowed 100 mM NaOH solutions with a flow rate of

0.3 µL.min−1 and imaged the particles using a 4 e−nm−2s−1 electron dose rate. with a

total accumulated electron dose below 2.8×103 e−nm−2. Figure 5.11 shows the etching

of crooked silica rods in time. The particle in panel (a) consists of two segments; the
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first segment with a rounded tip was grown at 35 ◦C while the other segment with a flat

end was grown at room temperature. The LC-STEM observations show that the etching

of the segment with the flat end occurred faster than the other segment with the round

tip. This is expected since the silica grown at elevated temperatures is more condensed

compared to the silica which was grown at room temperature [45]. Interestingly no

etching was observed at the neck of the particle where two segments were connected

to each other. This can be explained by the fact that adding concentrated pre-TEOS

at that point of reaction forms a condensed silica shell around the joint part of the

particle which protected it from etching. The particle in panel (b) was grown completely

at room temperature using less concentrated pre-TEOS. Although adding pre-TEOS

caused the bending of the particle, the two segments were not completely separated.

The in-situ etching of this particle showed that the least condensed part of the particle

was the bending point. The etching was observable at the bent region of the particle

in approximately 15 minutes after the flowing of the 100 mM NaOH solution. Then

the etching continued in both sides of the particle indicating the same silica structure

of the bent rod-shaped particle. Apparently having less concentrated pre-TEOS was

not enough to protect the bent part of the particle from etching. Moreover, growing

at room temperature made particles with less condensed silica structure that can be

easily etched with 100 mM NaOH solution in a short time.
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5.4. Conclusion

We present an optimized LC-STEM method to investigate the etching of micron-sized

rod-shaped silica particles in real-time and at the single-particle level with high spatial

resolution. A model system of rod-shaped silica colloidal particles was used to investi-

gate the etching mechanism of these particles in basic conditions. By utilizing low-dose

electron beam conditions and by optimizing the flow-rate of the NaOH solutions during

the LC-STEM observations, we showed that investigation of the etching of rod-shaped

silica particles is attainable with a negligible effect of the electron beam irradiation if also

the total dose is kept below 3.4×104 e−nm−2 by only taking a limited number of images.

LC-STEM observations revealed that the base-induced etching occurs inhomogeneously

along the length of the rod due to its inhomogeneous chemical structure. Remarkably,

the LC-STEM observations revealed a three-step etching mechanism which transformed

the rod-shaped silica particles into cone-shaped silica particles. The mechanism started

with etching at a region in the middle of the particle closer to the flat end which is the

most etchant-sensitive part of the particle. The etching then continued at a faster rate in

the sensitive part of the particle and finally necking-and-breaking occurred at the same

point of the particle which yielded a cone-shaped silica particle. Comparison between

the LC and the ex-situ etching experiments suggests that the geometry of the LC played

a significant role in chemical reactions where diffusion of reactants and/or particles are

important and with the current equipment for LC experiments the reactions studied in

this chapter were in a diffusion-limited regime. The LC-STEM conditions were further

validated by utilizing a new class of silica rod-shaped particles where the chemical

structure of the rod was tailored deliberately. The etching of segmented silica rods

happened as was expected, validating the LC-STEM optimized conditions found in this

work. Finally, using these LC-STEM conditions we revealed the chemical composition

of the recently developed rod-shaped silica particles known as crooked silica rods.

We expect that using similar low-dose imaging conditions and optimized flow-rates of

solutions as determined in this work, will allow for investigations of chemical reactions

with colloids using the LC-(S)TEM technique with negligible effects of the electron

beam, and will thus serve as a powerful new technique to probe the evolution of etching

at the single-particle level. Furthermore, we are confident that, although the imaging

conditions w.r.t. dose rates and accumulated doses were only possible with the relatively

large particles used, future, and ongoing improvements of detectors and smart imaging

routines will strongly push down the size and structures that can be imaged without

major interference from the imaging itself! Especially, not taking continuous movies,

but just a few frames is often enough to still obtain the necessary information.
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Appendix 1: Supplementary Figures
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Figure S5.1. The thickness map of the LC window with a 2 µm spacer a)

bottom right corner b) middle right c) top right corner. The liquid thickness
was calculated via the method reported by Verch et al: [123]
Iscreen

I0
= exp(−( tSiNlSiN

+
tliquid
lliquid

)).

0 2 4 6 8 10 12
0.00

0.05

0.10

0.15

0.20

v (μm/s)

P
ro
ba
bi
lit
y

0 5 10 15
0.00

0.05

0.10

0.15

v (μm/s)

P
ro
ba
bi
lit
y

0 5 10 15 20
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14

v (μm/s)

P
ro
ba
bi
lit
y

5 10 15
0.00

0.05

0.10

0.15

v (μm/s)

P
ro
ba
bi
lit
y

5 10 15 20
0.00

0.02

0.04

0.06

0.08

0.10

0.12

v (μm/s)

P
ro
ba
bi
lit
y

a b c

d e

Figure S5.2. Flow velocity histogram for various flow rates: a) 1 µL.min−1,

b) 2 µL.min−1, c) 3 µL.min−1, d) 4 µL.min−1, e) 5 µL.min−1. The frame time

is 0.5 seconds.
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Appendix 2: Supplementary Movies

Supporting Movie 3

LC-STEM movie showing particles initially attached to the SiN window detaching

from the window and moving out of the field of view 10 minutes after the flow was

started with a flow rate of 5 µL.min−1. The movie is accelerated by a factor of 5 with

respect to real-time.

https://drive.google.com/file/d/1wIRWTUMs_pVjQ-3-mws2lz6tGleNVzju/view?

usp=sharing

Figure S5.3. Corresponding QR code for supporting movie 3

Supporting Movie 4

LC-STEM demonstration of the final stage of the etching mechanism where the

particle breaks off from the sensitive part of it after necking occurs from the same

part due to basic etching. The movie is accelerated by a factor of 5 with respect to

real-time.

https://drive.google.com/file/d/1yzC6rLqL8mW88uUrnG3lMwLwvxDDYRBw/view?

usp=sharing

Figure S5.4. Corresponding QR code for supporting movie 4

https://drive.google.com/file/d/1wIRWTUMs_pVjQ-3-mws2lz6tGleNVzju/view?usp=sharing
https://drive.google.com/file/d/1wIRWTUMs_pVjQ-3-mws2lz6tGleNVzju/view?usp=sharing
https://drive.google.com/file/d/1yzC6rLqL8mW88uUrnG3lMwLwvxDDYRBw/view?usp=sharing
https://drive.google.com/file/d/1yzC6rLqL8mW88uUrnG3lMwLwvxDDYRBw/view?usp=sharing
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Summary

In a nutshell, the work described in this Thesis is expressed by its title “Chemistry and

interactions of silica based particles studied by liquid cell electron microscopy”. In order

to investigate the physio-chemical properties of silica based particles, we synthesized

various types of silica particles with different shapes and different chemical structures.

The particle size range used in this work varied from nanometers to approximately two

micrometers, which falls within the colloidal particle size domain. The charged colloidal

particles as immersed in an electrolyte solution are all surrounded by an ionic ‘cloud’

formed by mobile electrolyte ions. This generates an electric double layer around the

charged particles, causing colloidal particles to directly interact with each other through

electrostatic interaction. In addition, the particles also interact in an indirect way due

to their movement through the dispersion. This interaction is known as hydrodynamic

interactions and induces a force on the colloidal particles due to solution displace-

ment. We used the upcoming and relatively new technique ‘Liquid Phase Electron

Microscopy’ (LPEM) to investigate the electrostatic and hydrodynamic interactions

between charged colloidal particles at the single-particle level in real-time. Synthesizing

silica nanoparticles by different methods results in particles having different chemical

structures. Different shapes of silica nanoparticles typically also incorporate different

chemical structures. Understanding the chemical structure of silica nanoparticles is

an important step for synthesizing them with different shapes. These different shapes

eventually lead to new materials with novel physical properties, also by self-assembly

of these nanoparticles leading to novel collective properties. In this work, we utilized

the LPEM technique to investigate the chemical structure of various types of silica

nanoparticles. To this end, we monitored the etching mechanism of silica nanoparticles

in basic solutions in real-time and at a single particle level as well.

In Chapter 2, the effects of the electron beam on silica particles in water is described.

The presence of a high energy electron beam strongly affects the sample under study

through direct effects on the particles and/or indirect effects through the solutions

in which the particles are dispersed. We used a new class of silica particles known

as rattles together with Stöber silica nanoparticles to investigate the electron beam

effects on silica particles in water. Rattles are a relatively new class of particles with a

distinctive core@void@shell configuration where the encapsulated core particle ‘freely’

moves within a hollow shell. In this work, we used rattles with a silica core within a

silica shell. We used silica rattles with a fully condensed SiO2 structure by heating them
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to 900 °C. Upon electron beam irradiation the particles underwent a drastic expansion

with an increase in particle diameter by 10%. An identical system of particles but

having a lower material density achieved by pre-heating these to only 500 °C, exhibited

less expansion of only 2%. In both cases, the particles underwent a more gradual

shrinkage where they maintained their spherical shape even after a reduction of their

diameter by 50%. This indicates that the initial expansion of the particle was related

to a decrease in the density of the silica. The presence of water plays a crucial role

in the expansion and shrinkage of the silica particles under electron beam irradiation.

The bond breaking in the silica matrix upon electron beam irradiation at the initial

stages induced the transformation from a fully condensed structure to a less condensed

structure, accompanied by an increase in particle size. The continued exposure to

electron beam irradiation resulted in the further breaking of bonds and loss of material,

resulting in shrinkage of the particle. Without water present, the particles were only

found to condense to higher density (∼15% decrease in radius) upon electron irradiation

under the same dose and energy. The fact that the particle maintained its spherical

shape during the drastic shrinkage indicates that a considerable internal restructuring

occurred in the silica matrix. This may also explain another observation where the

silica particle became elongated along the scanning direction. The shape deformation

of silica particles was found to be induced by the scanning electron beam, as only the

particles in the field of view underwent this drastic shape deformation and it was found

to be dependent on the accumulated electron dose. These observations showed that it

is extremely important to understand the electron beam effects on the sample under

study in an LC-STEM experiment. Furthermore, we showed that the optimization of

the LC-STEM parameters is a prerequisite for conducting any LC-STEM experiment.

The optimized LC-STEM parameters determined in Chapter 2 were used in Chapter

3 to investigate the electrostatic and hydrodynamic interactions between charged col-

loidal particles. Rattle particles having silica or a titania core within a silica shell with

two distinct shell sizes were used to study the diffusion of colloidal particles confined in a

spherical shell. By increasing the electron dose rate, the core particle was found to move

closer to the shell when particles were dispersed in water. When the electron dose rate

was increased to a certain value, the core particle became irreversibly attached to the

shell. Among multiple effects of the electron beam that may explain this observation,

the effect of the increase in ionic strength is not that significant for our system because

we did not try to keep the ionic strength as low as it possibly can be in water (∼10−5 M);

changes in pH and direct charging effects were more likely to play an important role. We

used glycerol carbonate as a solution to slow down the movement of the core particle

in order to perform a quantitative analysis of the diffusion of the colloidal particles

confined in spherical geometry. We found that the diffusion coefficient of the silica core

particle was largely unaffected by increasing the electron dose rate, whereas it decreased
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for titania core particle. We also showed that the diffusion coefficient was larger for

the particles diffusing within bigger shells. Moreover, we showed the asymmetrical

behavior of the diffusion of the particles as the mobility should be decoupled into two

components: a component in the radial direction and a component along the shell wall.

We showed that the radial diffusion coefficient decreased as the core particle moved

closer to the shell, while the diffusion coefficient of the component along the shell wall

remained constant within most of the shell. Additionally, we showed that the diffusion

of the core particle in the center of the shell was already slower in comparison to free

Brownian diffusion of an identical particle; This is due to the long-range character of

the hydrodynamic interactions.

In Chapter 4, we synthesized silica nanoparticles using different methods which

resulted in nanoparticles having different chemical structures. We used three main

procedures to synthesize spherical silica nanoparticles; Stöber, water-in-oil microemul-

sion, and Amino Acid-Catalyzed (AAC) syntheses. We performed in-situ and ex-situ

etching of silica nanoparticles in basic solutions to study their chemical structures. Ex-

situ etching of AAC silica nanoparticles showed a slow and gradual etching in basic

solutions. We exploited this property of AAC silica nanoparticles to characterize the

electron beam effects during LC-(S)TEM studies of silica in aqueous and basic aqueous

solutions. We found that the cumulative electron dose was the most important factor

in observing the etching of silica particles and this determined whether the observed

etching process was compatible with its ex-situ counterpart or not. We showed that

silica expanded prior to etching and that the extent of that expansion was directly

correlated with the cumulative electron dose on the imaging area, independent of the

used electron dose rate. Moreover, we found that the expansion of silica nanoparticles

was more pronounced in basic solutions. However, our findings suggested that the

expansion observed cannot be completely explained by the presence of water radiolysis

products. Therefore, we performed Monte-Carlo simulations to investigate the energy

absorbed per unit volume by a silica nanoparticle of around a hundred nanometers on

the top window of a liquid cell, due to the exposure during the acquisition of one frame.

The absorbed energy was found to be always similar, or up to orders of magnitude

higher, than the energy needed to directly disturb the silica network. This revealed the

importance of optimizing the cumulative electron dose when performing in-situ studies

on chemical reactions in LC (S)TEM experiments. After we determined and fine-tuned

optimized conditions, we reliably characterized the wet etching behavior of Stöber silica,

silica made by water-in-oil microemulsion method (WORM silica), and Au@Stöber

silica and Fe3O4@WORM silica core-shell nanoparticles. We successfully showed the

formation of nano-rattle particles from Au@Stöber silica and Fe3O4@WORM silica core-

shell nanoparticles at the single-particle level where the catalyst core became a movable

particle inside the shell.
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Finally, in Chapter 5 we utilized a recently developed shape of silica particles to

study their chemical structure. These rod-shaped silica particles can be used as an

initial template for other rod-shaped silica particles such as cones. By understanding

the chemical structure of rod-shaped particles one can etch these particles in a controlled

manner to obtain particles with new shapes. Therefore, we used LC-STEM to monitor

the etching behavior of rod-shaped silica particles in basic solutions in time. Using the

knowledge of Chapter 4 we performed in-situ etching experiments. We showed that the

electron beam effects were minimized and that the in-situ etching was comparable with

its ex-situ counterpart for particles freely floating in solution and for an etched system

were the particles were stuck onto LC window. The LC-STEM observations revealed an

inhomogeneous chemical structure along with the rod-shaped silica particles. Moreover,

in real-time, we showed a three-step etching mechanism that transformed the rod-

shaped silica particle to a cone-shaped silica particle. Furthermore, we found that the

confined geometry of the liquid cell significantly altered the etching behavior of rod-

shaped silica particles. The observations showed that the etching mechanism of silica

rods when they were attached to the SiN window was different from the etching mech-

anism for identical particles when these underwent Brownian motion while diffusing in

solution. We further validated our LC-STEM conditions using a new class of silica rod-

shaped particles where the chemical structure of the rod was tailored deliberately. The

etching of segmented silica rods took place as expected which indicated the LC-STEM

optimized conditions found in this work indeed enable the in-situ monitoring of such

processes. Finally, we used the optimized condition found in this chapter to investigate

the chemical structure of crooked silica rods which were developed in the last two years.

The results revealed that the synthesis procedure greatly affects the chemical structure

of the crooked silica rods. The LC-STEM results helped to optimize the synthesis

parameters to obtain particles with the desired shape and chemical structure.

In general, in this work, we showed that the LC-STEM technique can be made into

a reliable method to study the chemical reactions as well as the physical properties

of colloidal nanoparticles at the single-particle level in real-time with a high spatial

resolution.



Samenvatting

Het werk dat wordt beschreven in dit proefschrift wordt kort maar krachtig samengevat

in de titel: “Chemie en interacties van silica-gebaseerde deeltjes bestudeerd met be-

hulp van vloeistofcel-elektronenmicroscopie”. Om de fysiochemische eigenschappen van

silica-gebaseerde deeltjes te bestuderen hebben we verschillende types silicadeeltjes

gesynthetiseerd met verschillende vormen en chemische structuren. De deeltjesgroottes

die in dit werk zijn gebruikt liggen tussen een paar nanometer en ongeveer twee mi-

crometer, hetgeen binnen het domein van collöıdale deeltjes valt. Geladen collöıdale

deeltjes in een elektrolytische vloeistof worden omringd door een ionische “wolk” die

gevormd wordt door mobiele ionen. Hierdoor wordt een elektrische dubbellaag gevormd

rondom de geladen deeltjes, waardoor collöıdale deeltjes elkaar direct bëınvloeden door

elektrostatische interacties. Bovendien bëınvloeden deeltjes elkaar ook op een indi-

recte manier door hun beweging in de vloeistof. Deze interactie die bekend staat

als hydrodynamische interactie wordt veroorzaakt door een kracht op de collöıdale

deeltjes door de verplaatsing van de vloeistof. We gebruiken de recent opgekomen

en relatief nieuwe methode die Vloeistoffase Elektronenmicroscopie wordt genoemd om

elektrostatische en hydrodynamische interacties tussen geladen collöıdale deeltjes live

te bestuderen op het niveau van een enkel deeltje. De synthese van silica nanodeeltjes

door verschillende methodes resulteert in deeltjes met verschillende chemische struc-

turen. Verschillende vormen van silica nanodeeltjes hebben doorgaans ook verschillende

chemische structuren. Het begrijpen van de chemische structuur van silica nanodeeltjes

is een belangrijke stap om synthese van verschillende vormen te realiseren, hetgeen

uiteindelijk kan leiden tot nieuwe materialen met nieuwe fysische eigenschappen. Ook

zelforganisatie van deze nanodeeltjes kan leiden tot nieuwe collectieve eigenschappen. In

dit werk gebruiken we Vloeistoffase Elektronenmicroscopie om de chemische structuur

van verschillende types silica nanodeeltjes te onderzoeken. Hiervoor hebben we het

etsen van silica nanodeeltjes in basische oplossingen live bekeken op het niveau van een

enkel deeltje.

In Hoofdstuk 2 worden de effecten van de elektronenbundel op silica deeltjes in wa-

ter beschreven. De aanwezigheid van de hoog-energetische elektronenbundel bëınvloedt

het monster dat onderzocht wordt hevig door directe effecten op het deeltje en/of

indirecte effecten door de vloeistof waarin de deeltjes zich bevinden. We gebruikten

een relatief nieuwe klasse van silica deeltjes die bekend staan als ‘rammelaardeeltjes’

en ook Stöber silica nanodeeltjes om de effecten veroorzaakt door de elektronenbundel
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op silica nanodeeltjes in water te onderzoeken. Rammelaardeeltjes zijn een nieuwe

klasse van deeltjes met een kern@holte@schil configuratie waar het kerndeeltje ‘vrij’

kan bewegen binnen de holle schil. In dit werk hebben we rammelaardeeltjes gebruikt

die bestaan uit een silica kern en een silica schil. We hebben silica rammelaardeeltjes

gebruikt met een volledig gecondenseerde SiO2 structuur door ze te verhitten tot 900 °C.

Wanneer deze werden beschenen met de elektronenbundel groeiden de deeltjes drastisch

met een toename van wel 10% in diameter. Een identiek systeem van deeltjes, behalve

dat ze een lagere specifieke dichtheid hadden door ze van te voren maar tot 500 °C
te verhitten, groeiden maar 2% in diameter. In beide gevallen slonken de deeltjes na

het groeien langzaam terwijl ze hun bolvorm behielden, zelfs nadat ze geslonken waren

tot slechts 50% van hun originele diameter. Dit geeft aan dat de initiële groei van de

deeltjes gerelateerd was aan het afnemen van de dichtheid van het silica deeltje. De

aanwezigheid van water vervult een cruciale rol in het laten groeien en slinken van de

silica deeltjes tijdens het beschijnen met de elektronenbundel. Het breken van bindingen

in de silica matrix door het beschijnen met de elektronenbundel in het begin van het

proces zorgde voor een transformatie van een volledige gecondenseerde structuur naar

een minder gecondenseerde structuur, wat zich uit in een groei van de deeltjesgrootte.

Het langer beschijnen met de elektronenbundel resulteerde in het breken van meer

verbindingen waardoor materiaal verloren ging, hetgeen zich uitte in het slinken van het

deeltje. Als de deeltjes zich niet in water bevonden kregen de deeltjes alleen een hogere

dichtheid (15% vermindering in de straal) door het beschijnen met de elektronenbundel

met dezelfde dosis en energie. Het feit dat het deeltje zijn bolvorm behield tijdens

het drastische slinken wijst erop dat interne herstructurering plaatsvond in de silica

matrix. Dit zou ook een andere observatie kunnen verklaren waarbij het silica deeltje

uitgerekt werd in de scan richting van de elektronenbundel. Het veranderen van de

vorm van silica deeltjes werd veroorzaakt door het scannen met de elektronenbundel,

omdat alleen de deeltjes die in het gescande gebied aanwezig waren deze drastische

vormverandering ondergingen. Deze vormverandering bleek afhankelijk te zijn van de

geaccumuleerde elektronendosis. Deze observaties laten zien dat het extreem belangrijk

is om de effecten van de elektronenbundel op het bestudeerde monster te begrijpen in een

vloeistofcel-elektronenmicroscopieëxperiment. Bovendien hebben we laten zien dat het

optimaliseren van elektronenmicroscopieparameters een vereiste is om een vloeistofcel-

elektronenmicroscopieëxperiment uit te voeren.

De geoptimaliseerde elektronenmicroscopieparameters die werden vastgesteld in

Hoofdstuk 2 zijn in Hoofdstuk 3 gebruikt om de elektrostatische en hydrodynamische

interacties tussen geladen collöıdale deeltjes te onderzoeken. Rammelaardeeltjes met

een silica of titania kern in een silica schil met twee duidelijk verschillende schilgroottes

werden gebruikt om de diffusie van collöıdale deeltjes binnen in een bolvormige schil te

bestuderen. Door de elektronendosis per seconde te verhogen kon de kern dichter bij de
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schil komen wanneer de deeltjes in water zaten. Wanneer de elektronen dosis per seconde

verhoogd werd tot een bepaald niveau bleef het kerndeeltje irreversibel vastzitten aan

de schil. Onder de vele effecten van de elektronenbundel die deze observatie zouden

kunnen verklaren is het effect van een verhoogde ionenconcentratie in ons systeem niet

significant omdat we niet hebben geprobeerd de ionen concentratie zo laag mogelijk te

houden als deze kan zijn in water (∼10−5 M). Veranderingen in de pH en directe oplad-

ingseffecten spelen waarschijnlijk een belangrijkere rol. We hebben glycerolcarbonaat

gebruikt als vloeistof om het kerndeeltje langzamer te laten bewegen opdat we een

kwantitatieve analyse konden doen voor de diffusie van een collöıdaal deeltje opgesloten

in een bolvormige geometrie. We kwamen erachter dat de diffusiecoëfficiënt van het

silica kerndeeltje niet veel veranderde door de elektronendosis per seconde te verhogen,

terwijl de diffusiecoëfficiënt van het titania kerndeeltje afnam bij hogere elektronendosis

per seconde. We lieten ook zien dat de diffusiecoëfficiënt groter was voor deeltjes die

in een grotere schil bewegen. Bovendien lieten we de asymmetrie zien in de diffusie

van de kerndeeltjes omdat de mobiliteit in twee componenten moet worden opgedeeld:

een radiale component en een component langs de schilwand. We lieten zien dat de

radiale component van de diffusiecoëfficiënt afneemt wanneer het kerndeeltje dichter

bij het schilletje komt, terwijl de component langs de schilwand constant blijft in het

grootste gebied binnen de schil. We lieten ook zien dat de diffusie van het kerndeeltje

in het midden van de bolvormige geometrie al langzamer was dan een deeltje dat zich

niet in een schil bevindt. Dit komt doordat hydrodynamische interacties over vrij lange

afstanden tot uiting komen.

In Hoofdstuk 4 hebben we silica nanodeeltjes gemaakt met verschillende methodes

die ervoor zorgen dat de nanodeeltjes een verschillende chemische structuur hebben.

We hebben drie procedures gebruikt om bolvormige silicadeeltjes te maken; Stöber,

water-in-olie micro-emulsie, en Amino Acid Catalyzed (AAC) syntheses. We hebben

silica nanodeeltjes in-situ en ex-situ geëtst in basische oplossingen om de chemische

structuur van deze deeltjes te onderzoeken. Het ex-situ etsen van AAC silica nan-

odeeltjes liet zien dat het etsen langzaam en geleidelijk ging in basische oplossingen.

We gebruikten deze eigenschap van AAC silica nanodeeltjes om de effecten van de

elektronenbundel te karakteriseren tijdens vloeistofcel-experimenten van silica in water

en basische oplossingen. We kwamen erachter dat de cumulatieve elektronendosis de

belangrijkste factor was in het observeren van het etsen van silica nanodeeltjes en dit

bepaalde of het geobserveerde proces van etsen overeenkwam met het ex-situ proces

van etsen of niet. We lieten zien dat silica deeltjes uitzetten voordat het etsen begint

en dat de mate van uitzetten direct correleerde met de cumulatieve elektronendosis

over het gebied dat bekeken wordt, onafhankelijk van de gebruikte elektronendosis per

seconde. Bovendien kwamen we erachter dat het uitzetten van de silica nanodeeltjes

meer tot uiting kwam in basische oplossingen. Onze bevindingen suggereren dat het
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uitzetten van de deeltjes niet volledig kan worden uitgelegd door de aanwezigheid van

radiolyseproducten. Daarom hebben we Monte-Carlo simulaties gedaan om de energie

per volume die geabsorbeerd wordt door een silica nanodeeltje van ongeveer honderd

nanometer die vastzit aan de bovenkant van de vloeistofcel te onderzoeken tijdens het

maken van één frame met de elektronenbundel. De geabsorbeerde energie was altijd

ongeveer gelijk, of zelfs ordegroottes hoger, dan de energie die benodigd was om de

silica matrix direct te verstoren. Dit liet zien hoe belangrijk het is om de cumulatieve

elektronendosis te optimaliseren wanneer een in-situ studie van chemische reacties

in vloeistofcel-elektronenmicroscopie gedaan wordt. Nadat we de condities bepaald

en geoptimaliseerd hadden, hebben we op een betrouwbare manier het natte etsen

van Stöber silica, silica gemaakt met de water-in-olie microemulsie methode (WORM

silica), en Au@Stöber silica en Fe3O4@WORM silica kern-schil nanodeeltjes, gekarak-

teriseerd. We hebben met succes laten zien hoe de formatie van nano-rammelaardeeltjes

plaatsvindt van Au@Stöber silica en Fe3O4@WORM silica kern-schil nanodeeltjes op

het niveau van één deeltje waar de katalysatorkern een bewegend deeltje binnen het

schilletje werd.

Tenslotte gebruikten we in Hoofdstuk 5 een recent ontwikkelde vorm van silica

deeltjes en bestudeerden hun chemische structuur. Deze staafvormige silica deeltjes

kunnen gebruikt worden als een initiële vorm voor andere staafvormige silica deeltjes

zoals een ijshoorntjesvorm. Door de chemische structuur van staafvormige deeltjes te

begrijpen kunnen we deze deeltjes op een gecontroleerde manier etsen om deeltjes met

nieuwe vormen te verkrijgen. Daartoe gebruiken we vloeistofcel-elektronenmicroscopie

om het gedrag van etsen van staafvormige silica deeltjes in basische oplossingen in de tijd

te bekijken. Met de kennis van Hoofdstuk 4 hebben we in-situ experimenten gedaan

waarbij we deeltjes etsten. We lieten zien dat de effecten van de elektronenbundel

geminimaliseerd waren en dat het etsen van deeltjes in-situ vergelijkbaar was met het

etsen van deeltjes ex situ wanneer de deeltjes vrij in de vloeistof bewegen en voor een sys-

teem waar de deeltjes vastzaten aan de wand van de vloeistofcel. De observaties gedaan

met vloeistofcel-elektronenmicroscopie onthulden dat de staafvormige silica deeltjes een

inhomogene chemische structuur hadden. Bovendien konden we live laten zien dat

een drie-staps etsmechanisme zorgde voor een transformatie van de staafvormige silica

deeltjes naar silica deeltjes met een ijshoorntjesvorm. Ook kwamen we erachter dat de

beperkende geometrie van de vloeistofcel het gedrag qua etsen van staafvormige silica

deeltjes significant bëınvloedt. De observaties laten zien dat het mechanisme van het

etsen van silica staafjes die aan de bovenkant van de vloeistofcel vastzaten anders was

dan het mechanisme van etsen van identieke deeltjes die via Browniaanse beweging

door de vloeistof bewogen. We valideerden onze vloeistofcel-elektronenmicroscopie

condities verder door een nieuwe klasse van staafvormige silica deeltjes te gebruiken

waar de chemische structuur van het staafje bewust op maat gemaakt was. Het etsen
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van gesegmenteerde silica staafjes vond plaats als verwacht, hetgeen aangaf dat de

geoptimaliseerde condities voor vloeistofcel-elektronenmicroscopieëxperimenten die in

dit werk gevonden zijn, het mogelijk maken om zulke processen in-situ te bekijken.

Tenslotte gebruikten we de geoptimaliseerde condities die gevonden zijn in dit hoofdstuk

om de chemische structuur van kromme silica staafjes die in de laatste twee jaar

ontwikkeld zijn te onderzoeken. De resultaten lieten zien dat de syntheseprocedure

de chemische structuur van kromme silica staafjes zeer sterk bëınvloedt. De resultaten

verkregen met vloeistofcel-elektronenmicroscopie hebben geholpen om de synthesepa-

rameters te optimaliseren en zodoende deeltjes met de verlangde vorm en chemische

structuur te verkrijgen.

In het algemeen hebben we in dit werk laten zien dat vloeistofcel-elektronenmicroscopie

een betrouwbare methode kan zijn om zowel chemische reacties als fysische eigenschap-

pen van collöıdale nanodeeltjes live te bestuderen op het niveau van een enkel deeltje

met een hoge plaatsresolutie.
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