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Abstract

Nanoparticles (NPs) are particles between 1 and 100 nanometers in size. They have attracted
enormous research interests owing to their remarkable physicochemical properties and
potential applications in the optics, catalysis, sensing, electronics, or optical devices. The
thesis investigates systems of NPs attached to planar substrates.

In the first part of the results section of the thesis a new method is presented to immobilize
NPs. In many NP applications a strong, persistent adhesion to substrates is a key requirement.
Up to now this has been achieved with various methods, which are not always the optimum
regarding adhesion strength or applicability. We propose a new method which uses capillarity
to enhance the binding agents in the contact area between NP and substrate. The adhesion
strength resulting from the new approach is investigated in detail and it is shown that the new
approach is superior to older methods in several ways.

The following section presents the optical visualization of nano-sized objects through a
combination of thin film surface distortion and interference enhanced optical reflection
microscopy. It is a new, fast and non-destructive technique. It not only reveals the location of
NPs as small as 20nm attached to planar surfaces and embedded in a molecularly thin liquid
film. It also allows the measurement of the geometry of the surface distortion of the liquid
film. Even for small NPs the meniscus reaches out for micrometers, which is the reason why
the NPs produce such a pronounced optical footprint.

The nucleation and growth of individual bubbles is presented in chapter 5. Nucleation is a
ubiquitous natural phenomenon and of great importance in numerous industrial processes.
Typically it occurs on very small scales (nanometers) and it is of a random nature
(thermodynamics of small systems). Up to now most experimental nucleation studies deal
with a large number of individual nucleation processes to cope with its inherently statistical,
spatio-temporal character. In contrast, in this thesis the individual O,-bubble formation from
single localized platinum NP active site is studied experimentally. The bubble formation is
initiated by the catalytic reaction of H,O, on the Pt surface. It is studied how the bubble
nucleation and growth depends on the NP size, the HO, concentration and the substrate
surface properties. It is observed that in some cases the bubbles move laterally over the

substrate surface, driven by the O,-production and the film ablation.



Zusammenfassung

Nanopartikel (NP) sind Partikel in der Grofle zwischen 1 bis 100 nm GrofBe. Sie sind von
enormem Interesse fiir die Forschung aufgrund ihrer physiko-chemischen Eigenschaften und
moglicher Anwendungen in Optik, Katalyse, Sensorik oder Elektronik. In der Arbeit werden
Systeme von NPs auf planaren Substraten untersucht.

Im ersten Resultate-Abschnitt der Arbeit wird eine neue Methode zur Immobilisierung von
NPs vorgestellt. Fiir viele NP-Anwendungen ist eine starke, andauernde Haftung an die
Substrate eine wesentliche Voraussetzung. Bislang wurde dies mit verschiedenen Methoden
erreicht, die aber nicht immer ideal beziiglich der Adhésion oder der Anwendbarkeit sind. Die
neue Methode benutzt Kapillaritdit um den Adhésionsvermittler im Kontaktbereich zwischen
NP und Substrat anzureichern. Die Stiarke der Adhésion infolge der neuen Methode wird im
Detail untersucht und es wird gezeigt, dass die neue Methode dlteren Verfahren gegeniiber in
mehreren Aspekten iiberlegen ist.

Der folgende Abschnitt pridsentiert die optische Visualisierung von nano-dimensionalen
Objekten durch eine Kombination der Deformation der Oberfldache eines diinnen Films und
interferenz-verstirkter optischer Reflexions-Mikroskopie. Es ist eine neue, schnelle und
zerstorungsfreie Technik. Sie zeigt nicht nur die Position von NP herunter bis zu 20nm GrofBe
auf ebenen Substrate auf, wenn sie in molekular diinnen Filmen eingebettet sind. Damit kann
auch die genaue Geometrie des Meniskus der Oberflichendeformierung gemessen werden.
Selbst bei kleinen NPs reicht der Meniskus Mikrometer weit. Dies ist der Grund dafiir, dass
die NP solch ein ausgeprégtes optische Signal produzieren.

Kapitel 5 befasst sich mit der Keimbildung und dem Wachstum von individuellen Gasblasen.
Keimbildung ist ein weitverbreitetes Naturphdnomen und sehr wichtig in zahlreichen
industriellen Prozessen. Es findet typischerweise auf sehr kleiner Skala (Nanometer) statt und
ist ein statistisches Ereignis (Thermodynamik kleiner Systeme). Bislang beschiftigen sich die
meisten  Keimbildungsstudien  mit  einer groBen  Zahl von  individuellen
Keimbildungsprozessen wegen des inhédrent statistisch-raumzeitlichen Charakters. Im
Kontrast dazu wird in der Arbeit die individuelle Sauerstoff-Blasen-Bildung an einer "aktiven
Stelle", einem einzigen, lokalisierten Platin-NP experimentell untersucht. Die Blasenbildung
resultiert aus der katalytischen Reaktion mit H,O,. Es wird untersucht wie die Blasenbildung
von der Grofe der NP, der H,O,-Konzentration und den Oberflacheneigenschaften des
Substrates, wie beispielsweise Beschichtungen abhéngt. Man beobachtet, dass sich die Blasen
in manchen Fillen infolge der O,-Produktion und der Ablosung der Beschichtung lateral

bewegen.
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Introduction

The study of nanoparticles (NPs) at solid interface is of great interest due to their
applications in catalysis, optical devices, or sensors [1-4]. The goals of this thesis are to

understand the behaviors of the NPs at a solid interface, especially the solid/liquid interface.

Chapter 1 of the thesis presents some basic concepts of interfacial thermodynamics, optical
physics, and nucleation theory. Chapter 2 describes the material, sample preparations, and

experimental methods.

Chapter 3 describes how to immobilize the NPs by nanoscale capillarity. The normal route
for NP immobilization is realized by a cross linking agent with the sequence of
functionalizing the substrate with the agent and then adsorbing the NPs [5-7]. We
demonstrate a new strategy to realize the rapid and large-area fabrication of a stable
attachment of metal NPs on a silicon substrate via simply changing the adding sequence of
the coupling agent (APTES). Unlike in the traditional approach where the coupling agent is
introduced in the beginning, our approach introduces a new sequence to attach the between
NP and substrate by capillary condensation. We use ultrasonication to check the mechanical
stability of immobilized NPs. AFM is applied to precisely check the NP coverage before and
after such tests at the same region. We prove that this new proposal has more mechanical
stability than the conventional approach. In addition, it is demonstrated that with this
approach even weakly interacting monomers such as fullerenes (Cgp) or polymers can be

used to immobilize NPs on planar surfaces.

Chapter 4 presents a method to visualize the location of individual nano-sized objects (e.g.,
NPs) immersed in thin films by conventional optical reflection microscopy. Although the
immersed objects are much smaller than the optical resolution limit, their position can be
visualized optically through their distortion of the film/air interface. We use silica coated
wafers to image the NPs through the optical interference-enhanced reflection microscopy
technique [8-9]. The reflectivity contrast can be greatly enhanced by this auxiliary layer

intercalated between the nano-sized objects and the reflecting substrate.

In Chapter 5, a single Pt NP immobilized on a silicon wafer surface acts as localized active
nucleation site. Pt NPs catalyze the decomposition of hydrogen peroxide (H,0,) and induce
the formation of oxygen[10]. Here we localize the Pt NP with optical microscopy and AFM.

Then real-time measurements of individual bubble formation are possible.
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Chapter 6 investigates the behavior of bubbles moving at silica surfaces coated with a
nanometer thick hydrophobic polymer layer. Bubble formation is started from Pt NP active
sites by decomposition of H,O,. After the bubble production is big enough, it will break the
thin polymer film and then move sideways. We try different kinds of polymers and show
that it works with hydrophobic polymers such as polystyrene (PS) and polyvinyl chloride
(PVC). For poly (methyl methacrylate) (PMMA), the bubbles just grow but do not move.



1. Scientific background

1.1 Interfacial thermodynamics

1.1.1 Surface tension

The interface is the boundary between two spatial regions occupied by two immiscible
phases. The interface between a condensed phase (liquid or solid) and air is named as
surface. The interface or surface region has a finite thickness (e.g. 1-2 nm for water) where

the composition and energy varies continuously from one phase to the other [11-12].

(@) (b)
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Figure 1.1: The schematic of the force analysis for the molecules in the bulk and at the
interface. (a) the molecules in the bulk have neighbor molecules in all directions by
other molecules for which they have an equal attraction; the molecules at the interface

have neighbor molecules only by sides and downward molecules for which they have
an unequal attraction. (b) the surface tension forces acting on molecules at the

interface.

As shown in Figure 1.1, the molecules in the bulk liquid attract each other by different
directions. However, the molecules at the interface are partially surrounded by the neighbor
molecules [11]. Unlike the molecules in the bulk, surface molecules experience attraction
mainly from either sides and downward, as shown in Figure 1.1(b). As a result, the energy
of molecules at surfaces is higher than that in the bulk. Due to this difference, energy would
be required to bring the molecules from the bulk to the interface to create a new interfacial
region. This work required to form such a unit interface area is named as the interfacial

tension, y [12].

From fundamental thermodynamic relations, we get that a microscopic change in internal
energy (U) can be expressed in terms of corresponding microscopic changes in entropy and

volume for a closed system in thermal equilibrium [13]:
dU = TdS — pdV (1.1)

Here, T is absolute temperature, S is entropy, p is pressure, and V is volume.



It is not considering the interface, only the bulk system. Actually even it is the pure liquid

coexisting with its vapor; it must have an interfacial area (A). If considering the system with

interface, it must pay surface work (ydA) on the system. The fundamental relation is

expressed in terms of internal energy as:

dU =TdS — pdV + ydA (1.2)
in terms of enthalpy (H) as:
dH =TdS +Vdp + ydA (1.3)
in terms of Helmholtz free energy (F) as:
dF = —=SdT — pdV + ydA (1.4)
in terms of Gibbs free energy (G) as:
dG = —SdT + Vdp + ydA (1.5)
According to the above relations, the interfacial tension y follows
au H oF oG
Y = (ﬁ)S,V,n = (ﬁ)s,p,n = (ﬁ)T,V,n = (ﬁ)T,p,n (1.6)
1.1.2 Young-Laplace equation
(a) (b) (c) p
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Figure 1.2: Schematic of an additional pressure on a curved surface.

If a liquid surface is curved in equilibrium, there will be a pressure difference across it,

which results from the surface tension [11]. As shown in Figure 1.2 (a), if the liquid surface

is planar, when we focus on a small patch of the surface, the force resulting from surface

tension is balanced with neighbor molecules. The pressure difference between inside and

outside is zero. If the surface is curved, the force is not planar and its direction is like in



Figure 1.2 (b) or (¢). In equilibrium, the resultant force will point to inside or outside of the
liquid. Therefore, comparing with planar liquid surface, the curved surface has an additional
pressure (p,), which is the result of mechanical equilibrium under the effect of interfacial

tension.

The Young-Laplace equation relates such additional pressure between two static fluid

phases, and the curvature of the surface [1 1]

where R; and R, are the two principal radii of curvature, Ap is called Laplace pressure.
When the shape of the interface is a sphere, the two principle radii of curvature equal the

radius of the sphere (R), then the Laplace pressure is changing to

ap= 2L (1.8)

Figure 1.3: Diagram used for deriving the Young-Laplace equation.

To derive the equation of Young-Laplace we need to look at a small patch on the interface

with area 04 (xy). Here we make a small displacement of the interface as shown in Figure

5



1.3, denoted as dz, it will induce a small change of the area of the interface patch do4, and
change of the volume of the small body dV = d4dz. The volume work done to form this

additional amount of surface by the environment equals the change of the internal energy.

ApSAdz = ydSA (1.9)

and,
6Adz = xydz (1.10)
déA = xdy + ydx (1.11)

From a comparison of similar triangles, it follows that

dx_ dz 112
¥ - R (1.12)
dy dz
—_ = — (1.13)
y R,

Substitution of Equ. (1.12, 13) back to Equ. (1.9) will give the Young-Laplace equation.
Ap = ! + ! 1.14

For a bubble in a liquid, the pressure difference Ap is 2y/R, where y is the liquid surface

tension and R is the radius of the bubble.

1.1.3 Kelvin equation

Furthermore, the liquid vapor pressure will also change, if its surface is curved, when

compared with the planar surface. The reason for such a vapor pressure difference is the

Laplace pressure as described above. Because of the raised Laplace pressure on the curved

liquid surface the molecules inside the liquid evaporate more easily than for a planar surface.

The Kelvin equation is used to describe this difference of vapor pressure for a curved liquid
surface [11]:

RTlnﬁ = yVn (i+ —) (1.15)

Po Ry

where p& is the vapor pressure of the curved surface, p, is that of the planar surface and V,,,

is the molar volume of the liquid. Here the index “0” indicates that everything is only valid
6



in thermodynamic equilibrium. For a bubble (the radius is R) in the liquid, the Kelvin

equation can be written as:

K 2vV
RTIPL = 2V'm (1.16)
Po R

1.1.4 Capillary condensation

From the Kelvin equation we can get the expression of capillary condensation. It predicts
that vapor will condense in channels of sufficiently small dimensions even when the
pressures is below the saturation vapor pressure (py) for the liquid in contact with a planar

surface.

Here we chose the model of a spherical particle on a planar surface to illustrate capillary
condensation as shown in Figure 1.4 [14]. The annular gap between the particle and the
planar surface can act as a pore space filled with condensed liquid from the vapor phase.
Such a condensation will continue until the meniscus radius of the liquid reaches the value

given by the Kelvin equation [11]. It can be written as following,

K 2yV,
RTIPL = _ZVm (1.17)

Po Tc

The vapor pressure of the liquid inside the pore decreases to p&, with rbeing the capillary

radius where the meniscus is in equilibrium.

Capillary force, also named meniscus force, is a consequence of the capillary condensation
of the liquid condensed into the small porous space surrounding the direct contact area. It
has many examples, such as two particles adsorbing together by liquid condensing into the

gap of the contact area, particles-solid planar surfaces, and planar-planar surfaces.
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Figure 1.4: Schematic of a spherical particle with radius R; on a planar surface which has a
distance D. The height of the liquid meniscus is 4. The angle f§ describes the position of the
three-phase contact line on the particle surface [14].

Figure 1.4 shows the capillary force in the case of a spherical particle on a planar surface.
The curvature of the meniscus liquid is expressed by two radii: the azimuthal radius / and the
meridional radius r, perpendicular to each other. So the total radius of curvature of the
meniscus liquid surface is 1/ / — 1/ r. The pressure is Ap =y (1/ / — 1/ r). Since [ is bigger
than r, the curvature is negative, that means the pressure in the liquid is lower than that of
the vapor phase outside. It acts upon the cross sectional area which results in an attractive

force of F. So the total capillary force can be written as [14],
F =2mnly — wl?Ap (1.18)

Here, 2mly is the force resulting from the surface tension of the liquid and — ml?Ap is
induced by the Laplace pressure. Since capillary forces are always attractive, it is convenient

to apply a positive sign to attraction.



In this thesis, we will focus on the capillary condensation effect on particle immobilization

on planar substrates.

1.2 Theory of diffusion

Diffusion is the net movement of particles (molecules or atoms) from a region of higher
concentration to a region of lower concentration due to the difference of the chemical
potential. The gradient is the change of the value of a quantity in the form of concentration,
pressure, or temperature as a function of another variable, usually distance. In this thesis, we
focus on oxygen molecule formation and diffusion from a single Pt-NP active site by the

decomposition of H,O.

1.2.1 Fick's first law

The rate of matter motion is defined by its diffusion flux, J (ms™), which is given by the
amount of matter passing through a unit area during a unit time interval. If the matter is
diffusing, it means a matter flux of a number of molecules per square meter per second goes
from a location of high concentration to a location of low concentration. The diffusive flux

of matter is described by Fick's first law of diffusion [15]:
](matter) =—DdN/dz (1.17)

where D is the diffusion coefficient or diffusivity of a substance with units of area per unit
time (m’s™"), N is the number density of matter with the units of number per unit volume ("

7), z is the position with unit m.

For a system on the condition of constant temperature and pressure, the maximum non-
expansion work that can be done per mole when a substance moves from a location with the
chemical potential x4 to another location with the chemical potential u + du is dW = du [15].

Due to the chemical potential depending on its position x, it can be written as,
ou
dW =du = (E)pj dz (1.20)

In another way, work also can be expressed by the opposing force (F),

dW = —Fdz (1.21)



By comparing these two expressions, we write this thermodynamic force as

)
F= _(a_lzl)P'T (1.18)

For a solution with the activity of the solute a, the chemical potential can be expressed
u=pu’+RTIna (1.23)
If the solution is not uniform the activity depends on the position and we can write

dlna

If the solution is ideal, @ may be replaced by the molar concentration ¢, and then

RT Oc

— _T(&)p’T (1.25)

Supposing that the flux of diffusing particles is the motion due to a thermodynamic force
resulting from a concentration gradient, the particles will obtain a steady motion speed on
the condition that the thermodynamic force is equaled with the viscous drag. So this kind of
particles motion speed is proportional to the thermodynamic force. In addition, due to the
further proportional relationships of the particle flux J to the particles drift speed and the
thermodynamic force to the concentration gradient, it can gain that J ~ dc/dz, which is the
form of Fick's first law of diffusion when both sides of Equ. 1.19 are devided by

Avogadro’s constant [15].

1.2.2 Diffusion equation

Here is the discussion of time-dependent diffusion processes, where the spreading is
inhomogeneous with time. The process is described by the diffusion equation, namely,
Fick's second law of diffusion. By using this equation one can predict how diffusion induces
the concentration to change with time. From Fick’s first law and mass conservation, we will

obtain this diffusion equation [15]:

dc d%c
=D (1.26)

10



For the solvent (all particles ny) initially (#=0) concentrated on the surface of area 4 (location
x=0) (this is a 1-D case), the solution of the above diffusion equation can be obtained as:

n 2
c(x, t) = We X% /4Dt (127)

1.2.3 Diffusion probabilities

From the solution of the diffusion equation, one can get the net average distance for the
particle diffusion in a given time [15]. Deriving from the Equ. 1.27 (1-D diffusion), the net
distance travelled on average in the time # for the particles with diffusion constant D can be

expressed as,
Dt
(x) = 2(?)1/2 (1.28)

The root mean square distance travelled is [15, 118],

(x)*/? = (2Dt)/?
(1.20)

1.3 Physical optics

In general, classical optics has two categories: geometrical optics and physical optics. In
geometrical optics, the light is like a ray, which goes straight. In physical optics, light is like
a wave, which is a series of propagating electric and magnetic field oscillations. This model

owns the characters such as interference, diffraction and polarization [16-17].

1.3.1 Interference

Interference is the process in which two waves with the same or nearly same frequency
superpose to form a resultant wave whose amplitudes are bigger, smaller or the same when
compared to the original waves. When two individual waves with similar frequency are
traveling and then meeting each other, the superposed wave is the sum of the interfering
wave’s amplitudes. If the resultant wave has greater amplitude than the individual waves,
this is constructive interference. If the resultant wave has a smaller amplitude than the

individual waves, it is called destructive interference.

11



Incident Reflected
light light

Silicon wafer

Figure 1.5 Schematic of the two beam interference from the upper and lower

boundaries of a thin film (silica film coated on a silicon wafer).
One example is thin film interference in the case of a silica film coated on a silicon wafer, as
shown in Figure 1.5. The incident light strikes the surface of a silica film of index »; from
the medium of index ny (generally for air n,=1) and two light reflecting interferences are
created. The incident light at A splits into two parts: refracted and reflected beam. At B of
the film/substrate interface, the refracted beam reflects and then divides again into two parts
at C. The optical path difference is A (AB +BC). When the light incident is nearly
perpendicular to the surface, the optical path difference A is approximately equal to twice

the film thickness 2/, namely,
A= 2n,h (1.30)

So constructive interference is on the condition of 2n,h = i4; destructive interference is on

the condition of 2n,h + /12—0 =+ 1/2)/10, where i is integer [16].

1.3.2 Diffraction

Diffraction is the bending of waves as they pass through an aperture or around an obstacle. It
occurs when the wavelength of the incident wave is close to the size of the obstacle or
aperture. An example is single-slit diffraction as shown in Figure 1.6. It presents the
resultant pattern for light that passes a single slit. The intensity at the center of the pattern is
a maximum and the equally spaced regions beside the center become more and more weak.

For the slit with width d, the optical path difference is d/2 sin 6 between the light from top
12



and the distance d/2 below. If the value is half a wavelength 4, one can obtain the first order
minima of diffraction. If the d sin 0 =1i A (i>1, i is integer), higher order minima will be seen

on the screen [17].

| —»
- 0 >
\ - emin,1
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~—
el emax.']

Figure 1.6 Schematic of the diffraction pattern from a slit from an incident planar wave.

The ability of an imaging system to resolve details of sub-wavelength structures is limited
by Abbe diffraction limit [17]. When light incident passes through on a circular lens,
diffraction occurs. The light is not focused to a point but forms an Airy disk having a bright
region in the center in the focal plane. The radius (d) to the first minimum of Airy disk is

given by

d = 1.22AN (1.31)

where A is the wavelength of the light and N is the f-number (focal length f divided by
aperture diameter D) of the imaging optics. In object space, the corresponding angular

resolution is [17]:
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A
sinf = 1.225 (1.32)

In imaging of two point sources, each will produce an Airy pattern. As the two points move
closer together, the Airy patterns will start to overlap, and finally they will merge to form a
single pattern, at which case the two point sources cannot be resolved in the image [17]. The
Rayleigh criterion specifies that two point sources can be considered to be resolvable if the
separation of the lens, and the smaller the wavelength, the finer the resolution of an imaging

system.

1.4 Theory of nucleation

Nucleation is the beginning of a first-order phase transition by which a metastable phase
transforms into a more stable one [18-21]. This phase transition is initiated by a random
fluctuation that overcomes the energy barrier which is required to form the nuclei of the new
phase. Once the nuclei of the new phase forms, further growth is energetically favorable. In
general, nucleation can be of two types: homogeneous or heterogeneous (induced by
“foreign” surfaces). Classical nucleation theory, which is original from the work of Volmer
and Weber, Farkas, Becker and Doring[17-22], is a widely used approximate theory for

estimating such processes.

1.4.1 Homogeneous nucleation

Homogeneous nucleation occurs when clusters of the new phase () are only in contact with
the old phase (a). For an ideal spherical cluster of radius 7, the total free energy AGy is
balanced by two competitive factors, the volume free energy AGy and the interfacial energy

AG; due to the formation of the new surface, as shown in Figure 1.7:

4
AGr = MG, + AGy = 4nr? -y + 7’ - Ag, (1.33)

Hp—la .
b is
Vm

where 7 is the nuclei radius, v is the interfacial energy (per unit square) and Ag,, =

the volume free energy (per unit volume), i, and pg are the potentials of old phase and new

phase.
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Figure 1.7 The dependence of the cluster free energy, AG, on the cluster radius, 7.

Initially free molecules or atoms form clusters (nucleus). As the clusters grow, AGr
increases mainly dominated by the rapid increase in surface energy, implying that the
particle growth is not thermodynamically favorable. Thus most of the clusters dissolved
back to the old phase. Once some of the clusters reach the size of a critical * and pass the
barrier of free energy, further growth of these clusters will lead to a decrease in free energy,
a tendency favorable for the continuous growth, even though AGr in this regime before
reaching the size of ry is still > 0. After passing 1y, AGr will become negative and the growth

of clusters will be highly favored and eventually lead to the formation of a bulk-phase.

The maximum value of AG corresponds to the critical nucleus, r*. For a spherical cluster it

is obtained as following:

dAG
drT r*=8nr-y+ 4nr?-Ag, =0 (1.34)
Thus:
r* = (1.35)
Ag,

From Equ. 1.34 and 1.35 we get:
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AG; =

Here AG7 is the nucleation barrier for new phase formation. Beyond r*, AGr decreases with

increasing r, and at g,

4
AG(ry) = 4mrg? -y + §T[7"03 -Agy (1.37)

Then we have,
= 1.38
To Ad, ( )

When a cluster’s size grows to 1, the nucleation barrier is zero. The nucleation continues as

the AG; will become < 0 (thermodynamically favorable) after passing 7.

1.4.2 Heterogeneous nucleation

Heterogeneous nucleation occurs much more often than homogeneous nucleation. The
reason is that there are always impurities like microscopic particles or phase boundaries in
the old phase which are active as nucleation sites, thus diminishing the free energy barrier
and facilitating nucleation. At such preferential sites, the effective surface energy is lower,

thus diminishing the free energy barrier and facilitating nucleation.

The free energy change of the nucleation process depends on the scenario. Assuming that

the nucleus is a truncated spherical with radius 7, the total free energy change is:

AGr = AG, + AGy = [yapAap + (Yps — Yas)Aps| + ValAgy (1.39)

where a, S, 0 are the surface tension of old phase, new phase, and new phase-substrate

boundary, respectively.
From the Young equation, we have

(Ygs — Yas) = — Yap cos b (1.40)
where 6 is the contact angle of the new phase on the surface.

From the results of geometrical computation, we then have
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" 4 2 —3cos8 +cos3 8
AGr = [4Anre - yop + §7rr -Agv]- 2 (1.41)
namely
AGTheter = AGTheterf(Q) (1-42)
with
2 —3cosf + cos3 8
f(0) = (1.43)

4

Here we can see that the height of the nucleation barrier is a function of the contact angle.
When 6 is m, it is the same as with homogeneous nucleation. Otherwise, the critical Gibbs
free energy change for heterogeneous nucleation is always smaller than for homogeneous

nucleation.

1.4.3 Nucleation of a bubble in a liquid

Bubble nucleation can be described by classical nucleation theory [23-29]. One common

example is bubble nucleation in liquid at the boiling point [23-24].
1.4.3.1 Homogeneous nucleation of bubble

To create a bubble with the volume of V in a liquid means the creation of a new interface
with the successive transfer of molecules from the liquid into the bubble. Firstly we study
the minimum work, W, required to create a bubble which contains » gas molecules inside.
The maximum work available from the vaporization of n gas molecules is by a reversible
path at the vapor pressure, Py, of the liquid under am ambient pressure, P;, at which n

molecules of gas having the volume, V. W; is [23]:
Wi = (P, = P)Vg (1.44)

when the bubble is not in chemical equilibrium with the liquid, then at equilibrium its
volume, Vg, different from V. If the volume is changed from V, to V; while keeping the

number of molecules inside same, then the work done on the environment is W, given by

[23]:
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Vg Pg
Wo=| (P—P)AV; =PV —P;Ve—P(Vo—Vg)—| VdP (1.45)

Vg Py

and | :VG V dP can be expressed as n(u; — tg), where Pg is the pressure inside the bubble,

U, and p are the potentials of liquid phase and gas phase.

Thus, the minimum work, W, required to create a bubble with the surface of A(n) is the
work to create the interface, being expressed in terms of less the maximum work done by the

expanding gas [23]:
W =yAm) — W, — W, = yA(n) — (Pg — PL)Vg + nlug — uy) (1.46)

If the rate of growth or collapse of a bubble is governed only by the rates of vaporization or

condensation, the bubble will be in mechanical equilibrium satisfying as following,

2
%=&+% (1.47)

where r is the radius of the bubble.

1.4.3.2 Heterogeneous nucleation of bubble

Under many situations in which bubbles form, they are nucleated heterogeneously at the
“foreign” interface. The conditions of such heterogeneous nucleation depend on the
structures of the surface and liquid interfacial tensions. For example, nucleation happened at
plane rigid surfaces. The minimum work to create the lens-shaped vapor embryo at a planar

rigid surface is [24]:

W =y164L6 + (Ys¢ — Vs.)As¢ — (P — PV + nlug — 1) (1.48)
where L, G, S indicate for liquid, gas, and surface, respectively,

4 2—3cosfO +cos30] 4
Ve = 3 2 = §7T7”3 - £(8) (1.49)

where @ is the contact angle of the bubble on the surface.

Age = r3 - [1 — cos? 0] (1.50)
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A =2mr?-[1+ cos 6] (1.51)

The equations which express the force balance at the edges of the bubble are:

Vs — V.
cos O =¥ (1.52)
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2. Experimental Details

2.1 Materials, synthesis, and preparation details

2.1.1 Chemicals and materials

Hexachloroplatinic acid hydrate (H,PtClg-6H,0, = 99.9%), L-ascorbic acid (CsHgOg, 99%),
trisodium citrate dihydrate (C¢HsNa3Og,-2H,O = 99%), sodium borohydride (NaBH4, =
96%), sodium citrate, citric acid, sodium borohydride and 3-(aminopropyl) triethoxysilane
(APTES) were purchased from Sigma-Aldrich. Fullerene (Cgp, = 99.9%) was purchased
from Alfa Aesar. Poly (methyl methacrylate) (PMMA, average Mw ~45,000) and
polystyrene (PS average Mw ~45,000) were purchased from Polymer Source Inc. The
chemicals were used without further purification. Deionized (DI) water (18.2 MQ) obtained

from a SG-ultra pure water system was used in all experiments.

Silicon wafer with artificially grown oxide layers of ~ 50nm, 100 nm, 300 nm and without

oxide layer were purchased from Silchem (Freiberg, Germany).

2.1.2 Silicon substrate cleaning

Prior to sample silanization, pieces of silicon wafers (1.5 cm x 1.5 cm) were cleaned by
using a ultrasonication bath (100 W, 80 Hz, Elmasonic P 60H) applying the following
sequence: 10 min in DI water, 10 min in ethanol, 10 min in acetone, 10 min in ethanol, and
10 min in DI water. These substrates were then immersed for 25 min in a freshly prepared
piranha solution (H,0, (35%) / H,O (65%) and 96% H,SOs, 1:3 ratio). The substrates were
then thoroughly washed in DI water for 10 min and were stored in DI water before use

(storage time at most two days).

2.1.3 Synthesis of Pt NPs and Au NPs

(A) Synthesis of Pt NPs (~23 nm)

A platinum suspension was prepared in aqueous solution following a seed-mediated growth

procedure according to Bigall et al [103]. At the beginning, Pt NP seeds of about 4.5 nm in

diameter were prepared. 7 mL of 4 mM chloroplatinic acid solution was added to 97 mL

boiling DI water in a 100 mL round-bottom flask. After 1 minute, 2.2 mL of an aqueous

solution containing 1% (w/w) sodium citrate and 0.05% (w/w) citric acid was added,

followed half a minute later by a quick injection of 1.1 mL of a freshly prepared 0.08% w/w
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sodium borohydride solution (also containing 1% sodium citrate and 0.05% citric acid).
After 10 minutes, the sol solution was cooled down to room temperature. The Pt-NP seeds
obtained in this way were used as seeds for preparing the larger Pt-NPs (diameter about 23
nm) used in this paper. To this end 1 mL of the Pt-NP seed solution was added to 29 mL of
DI water at room temperature. Then 90 uL of a 0.2 M chloroplatinic acid solution and 0.5
mL of a 1.25% L-ascorbic acid solution containing also 1% sodium citrate were added step
by step. The mixture was slowly heated to the boiling point (~10 °C/min) and left to react
for 45 minutes with stirring. Then it was cooled to room temperature. The reaction product

was collected by centrifugation, washed three times with DI water and stored.
(B) Synthesis of big Pt NPs (~50 nm / 70 nm / 100 nm)

The Pt-NPs (~23 nm) obtained in the above way were used as seeds for preparing the larger
Pt-NPs (diameter about 50 nm). To this end 4 mL of the Pt-NP seed (~23 nm) solution was
added to 26 mL of DI water at room temperature. Then 90 pL of a 0.2 M chloroplatinic acid
solution and 0.5 mL of a 1.25% L-ascorbic acid solution containing also 1% sodium citrate
were added step by step. The mixture was slowly heated to the boiling point (~10 °C/min)
and left to react for 45 minutes with stirring. Then it was cooled to room temperature. The
reaction product was collected by centrifugation, washed three times with DI water and
stored. The diameter of the above particles is about 50 nm. The same procedure using 1 and
0.25 mL of 23 nm seed solution in 29 mL of water resulted in particles of 70 and 100 nm

diameter, respectively.
(C) Synthesis of big Pt NPs (~140 nm / 200 nm)

0.5 mL of the Pt-NPs (~50 nm) solution was added to 29 mL of DI water at room
temperature. The other procedures are same. The diameter of the particles is about 140 nm.
The same procedure using 0.5 mL of the Pt-NPs (140 nm) in 29 mL of water resulted in
particle of 200 nm.

(D) Synthesis of Au NPs

Gold colloids were prepared according to Frens [104]. 30 mL of an aqueous solution of 0.5
mM HAuCly solution was given into a 100 mL Erlenmeyer flask on a stirring hot plate and
brought to a rolling boil. To the rapidly-stirred boiling solution, quickly 3 mL of a 0.25%
aqueous solution of sodium citrate dehydrates were added. As a result gold colloids form as

the citrate reduces the gold ions. The total reaction time is about 10 minutes. The dispersion

21



was cooled to room temperature. The Au-NPs were collected by centrifugation and washed

three times with DI water and then stored.

2.1.4 Immobilization of NPs on silicon substrates through APTES

(A) Conventional route

Surface amino-silanization of the oxidized silicon wafer surface was done by chemical vapor
deposition (CVD) with APTES. The silanization process was performed in a standard
desiccator (volume about 1 L). Before evacuation of the desiccator, the freshly cleaned
silicon wafers were placed with the polished side up on a petri dish inside the desiccator near
the perimeter. Then a small beaker with 20 uL of APTES was placed inside the desiccator at
its center. Then the desiccator was closed, the pump was started and running continuously
for 2 hours, keeping the residual pressure inside the desiccator at about 20 mbar. Then the
substrates were taken out of the desiccator, rinsed for 10 min in anhydrous ethanol (to get rid
of any APTES in excess of a monolayer). Then the samples were annealed for about one

hour at 100 °C in normal atmosphere.

Deposition of the NPs onto the amino-silanized silicon wafer substrates was achieved by
immersing the substrates into the colloidal suspension of Pt NPs for 3 hours. After that the
silicon wafer substrates were rinsed with DI water three times to wash off loosely attached

Pt NPs.
(B) New route

Pt NPs were deposited onto silicon substrates by spin casting with the aqueous NPs solution.
It should be noted that the deposition of the NPs onto the hydrophilic silicon substrate
surface could also have been done by immersion of the substrates (dip coating), as in the
case of the conventional approach. However, spin coating is a much better defined
deposition process and allows a better control of the NP coverage. Therefore it was preferred
to immersion/dip coating. Regarding the NP deposition, spin casting and dip casting
essentially provide identical processes i.e., the drying of a thin film containing NPs. Because
it is better controllable, we would have preferred to use always spin casting. But with the
conventional approach spin casting could not be applied, because with hydrophobic, amino-
silanized surfaces the hydrophilic aqueous liquid drops deposited onto the rotating sample

simply roll off.
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The surface amino-silanization of the substrates pre-coated with the NPs was identical to

procedure 1.) described in the conventional route above.

2.1.5 Immobilization of NPs on silicon substrates through fullerene (Cgp) or polymers

Firstly, Pt NPs were deposited onto silicon substrates by spin casting with the aqueous NPs
solution. Then we spin casting with either 5x10° M Cg in toluene at rotating speed 1000
pm, 4x10™ w/w PMMA or 4x10™ PS in toluene at rotating speed 3000 rpm to the silicon

substrate which were pre-coated with the NPs.

2.1.6 Ultrasonic test

The adhesion of NPs immobilized on the substrates was tested by immersing the NP coated
silicon substrates (kept in place by a holder) in a 100 ml beaker filled with DI water. The
beaker was placed in an Elmasonic P 60H cleaner (100 W) partially filled with water.

2.1.7 Characterization of NPs coated substrates

A JEM2100 transmission electron microscopy (TEM) was used to image the morphology
and size of Pt and Au-NPs. Samples for TEM were prepared by placing a drop of NP
solution on a carbon coated copper grid. The NP size distribution was measured with Image
J software through determining the diameter of at least 100 randomly selected particles for
each sample. Scanning electron microscopy (SEM) images of the colloidal Pt and Au NPs
were used for the determination of the NP coverages on planar substrates prepared by spin
casting. For each sample, the coverage of at least five different regions was measured and
the average coverage and the standard distribution were determined. A JPK Nanowizard 4
atomic force microscopy (AFM) was used to measure the same substrate surface regions
before and after the ultrasonication treatment (the test for the NP adhesion respectively NP

immobilization).
2.2 Experiment techniques

2.2.1 Atomic force microscopy

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very high
resolution type of scanning probe microscopy (SPM), with demonstrated resolution on the
order of fractions of a nanometer [63]. As depicted in Figure 2.1, a typical AFM system

consists of a cantilever probe with a sharp tip mounted to a piezoelectric (PZT) actuator and
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a position sensitive photo detector for receiving a laser beam reflected off the end-point of
the beam to provide cantilever deflection feedback [115]. The principle of AFM operation is
that the interactions like van der Waals, capillary, steric, electrostatic or electromagnetic
between tip and surface can be detected by the form of the deflection of the cantilever when
the tip scans the sample surface. As the tip scans the surface of the sample, moving up and
down with the contour of the surface, the laser beam reflected by the cantilever is detected
by a properly positioned, four sector photodiodes. Feedback from the photodiode difference
signal gives the tip the precise position by maintaining either a constant force or constant
height above the sample. In most of the cases, piezoelectric tube actuators perform the
scanning by moving the sample or the probe over the sample. In the constant force mode, the
PZT transducer monitors real time height deviation. In the constant height mode, the

deflection force on the sample is recorded.

Photodiode

Micro-cantilever
A 4 Sample

Control Law

A 4
Amplifier

Figure 2.1: Schematic of basic AFM operation [115].

2.2.2 Optical interference-enhanced reflection microscopy

By using a planar, suitably oxide layered surface the reflected intensity contrast can be
increased significantly between bare surface areas and regions covered by thin objects [74,

78]. To have the best contrast for small changes of the thin transparent objects, we use an
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artificially grown oxide (silica) layer of 50 nm (responding to the laser wavelength: 450 nm)

on silicon wafers.

Silicon wafer

Figure 2.2: Schematic diagram of the optical interference-enhanced reflection microscopy.

As shown in Figure 2.2, when the light passes through the liquid, it will reflect at the
interfaces of liquid-silica and silica-silicon. The reflected intensity from the interference of
the beams can be enhanced by the silica coated layer [74]. The reflectivity contrast between
the regions with and without particles can be distinguished. Using imaging techniques, such

as background subtraction, oversampling, and other, the contrast can be amplified.
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3. Immobilization of Metal Nanoparticles on a Planar Substrate
with High Mechanical Stability

3.1 Introduction

The assembly of metallic or semiconductor NP coatings on different solid substrates to
impart desired novel chemical or physical properties is an important technique in the
development of new composite and functional materials. Among these fields, metal
nanoparticles (NPs) films with controlled nanostructure and composition are intensely
investigated due to their potential to novel applications in catalysis, chemical sensing,
electrochemistry, or devices [1-4, 31-36]. One of the requirements in many of the
aforementioned applications is to make NPs attached to a tangible substrate. However, a key
aspect of such system is their adverse mechanically stability. As we known, NPs will
eventually detach because of the weak adhesive interaction between them and the substrate.
This will lead to unstable-coatings that will lose functionality during repeated uses or induce
the environmental problems. In recent years, there has been rapidly increasing attention into
improving the mechanical stability of NPs coatings such as thermal embedding, calcination,
atomic layer deposition, and covalent chemical bonding [5-7, 37-41]. However, most of
these methods have the drawbacks that they destroy the structure of nanomaterials and
influence their application. Among these methodologies, the most-reported efforts are the
approaches of covalent or electrostatic interaction between particles and a substrate modified
through one kind of coupling agent for example APTES, because it is facile and doesn’t
destroy the NPs’ intrinsic property. However, the development of efficient methods for the

highly mechanical stability of NPs films on the substrate still remains of great interest.

In this chapter, we demonstrate a new strategy to realize the rapid and large-area fabrication
of stable coating of metal NPs on silicon substrate with high stability via changing the
adding sequence of coupling agent (APTES). Unlike in the traditional approach where the
coupling agent is introduced in the beginning, our approach introduces a new sequence to
render APTES selectively attach and couple in the interface between NP and substrate to
improve the interfacial bonding. In addition, we try to spin cast the polymer and fullerene
solution to immobilize NPs due to the similar reason of capillary condensation. We use
ultrasonic test to check the mechanical stability of immobilized NPs [36]. AFM was applied
to precisely check the NPs” coverage before and after such test at the same site. We prove

that this new proposal has more mechanical stability than conventional approach.
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3.2 Pt NPs immobilization
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Figure 3.1: Transmission electron microscopy (TEM) images (the upper row) of Pt

and Au NPs and their size distributions (the down row).
The details of the NPs synthesis were described in Chapter 2. The size and morphology of
the different platinum (Pt) and gold (Au) NPs used in this chapter were determined by TEM
mearsurement as shown in Figure 3.1. The size distribution of the NPs was analyzed from
the TEM images. To this end, 100 NPs were counted for each case. As shown in Figure 3.1,
the size distribution of particles with 23+1.1 nm, 70+3.9, 304+3.1 nm for the small, big Pt
NPs and Au NPs.
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Figure 3.2: Sketch of the fabrication process for nanoparticles immobilized on the
silicon substrate with conventional way (upper) or our new proposal (down).

3.2.1 Conventional way

In the conventional route the hydroxylated silica surface was first coated with a thin
(molecular) layer of APTES. For a smooth surface coating this was preferentially done by
chemical vapour deposition (CVD) [42-43]. The amino-silanized silicon wafers were
immersed into the colloidal suspension of Pt NPs for the purpose of getting the NPs coated
on the substrate [44-45]. Then, these silicon wafers were rinsed with DI water for three
times to remove the Pt NPs excess. As depicted in Figure 3.2 the immobilization of the NP
on the substrate is dominated by the cross-link between the amine of the APTES and the
citrate attached to the NP. Because APTES as well as citrate supposedly form a thin
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(monomolecular) film, links between substrate and NP are limited to the rather small area of

direct contact between the planar substrate and the spherical NP.

3.2.2 New proposal

In the new approach, the sequence of preparation steps is changed. The NPs are deposited on
the silica substrates before the surface is exposed to the coupling agent. They are deposited
from an aqueous solution by evaporative spin casting, which allows a precise control of the
NP coverage [46-47]. The NPs adhere (weakly) to the bare silica surface because of VAW
interactions. The coupling agents are deposited on the substrate after the deposition of the
NPs on the substrate. Three types of coupling agents were applied: 1.) a widely used cross-
linking monomer (APTES), 2.) polymers, such as polystyrene (PS) or
polymethylmethacrylate (PMMA), and 3.) a monomer (Cg fullerenes). APTES was applied
by CVD from the gas phase, as in case of the conventional approach. The polymers as well
as the Cgp monomer were deposited by evaporative spin casting from solution with a volatile
hydrophobic solvent (typically toluene). The spin cast conditions were adjusted to obtain
only a very low overall surface (submonolayer) coverage of the polymers respectively Ceg

monomers.

3.3 Adhesion stability

To test the adhesion of NPs immobilized on substrate, the NPs coated silicon substrate was
immersed in a 100 ml beaker that was filled with DI water with a holder inside. The beaker
was put in an Elmasonic P 60H cleaner for specified periods of time. And then we use AFM

and SEM to measure the NP coverage change between before and after ultrasonication.

3.3.1 AFM in-site image

Firstly, we estimate the incubation time influence on the APTES interfacial bonding
between NPs and substrate during APTES gas-phase deposition in the vacuum vessel. The
adhesion strength of the Pt NP coatings on the silicon substrate was investigated by a simple
but effective ultrasonic test. The NP coated substrates were first immersed into a beaker that
was filled with DI water. The beaker was put in the ultrasonic cleaner for a certain time
during the test. Atomic force microscopy (AFM) was applied to check the density change of
NP before and after such ultrasonic test. Here, we compared the very same place before and
after ultrasonication using the AFM measurement with a home-made positioning stage. First,

we measured a certain region with AFM. Then the sample was taken out to ultrasonic test.
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Then the sample was brought to the AFM after ultrasonic test and measured that region
again using the positioning stage. The results were shown in Figure 3.3. For 5 minutes of
APTES CVD, there were certain parts of whole NPs remaining on the silicon substrate.
However, just enduring 10 minutes of APTES CVD, most all of the NPs in our scanned
region still remained at the same place after the above same test. To further prove this result,
longer incubation time experiments were done by the same way. It is worth noting that the
same results were shown from 15 to 30 minutes of APTES CVD. It indicated that such NPs
immobilized system owes high mechanically stable just on the condition of such short 10

minutes of APTES CVD.

5 min 10 min 15 min 30 min

Before

After

Figure 3.3: AFM images of the Pt NPs immobilized on silicon substrate with different APTES
CVD time: from 5 min to 30 minutes before and after 30 minutes of ultrasonication. The
scanned regions are 10 pmx10 pm.

We compared the conventional method for NP immobilization with our new proposal. As
shown in Figure 3.4., most parts of NPs were washed away after ultrasonic test to the
conventional strategy. For the case without posting cross linking agents, there were nearly
most all of NPs washed away from the silicon substrate after the ultrasonic test. However,
for only 10 minutes of APTES CVD, nearly all of the Pt NPs were still at the same sites

after ultrasonic test.
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Blank experiment Conventional way  New proposal

Before

After

Figure 3.4: AFM (in site) images of the Pt NPs in blank test, the conventional approach and
new proposal presented in this chapter (from left to right) before and after 30 minutes at 100
W, 37 Hz ultrasonic test (from up do down). The area for AFM images are 10 pym x 10 pm.

3.3.2 SEM images

In order to double check more thoroughly, we used SEM measurements to get the NPs’
coverage change of the different immobilization strategies. It also showed the similar result
that is in accordance with AFM images. As shown in Figure 3.5, we can see that even if the
incubation time for APTES CVD is only 10 minutes, the NPs still had very good resistance
to the washing by ultrasonic cavitation. From 10 to 30 minutes APTES CVD, the densities
of NPs were nearly the same between before and after 30 minutes ultrasonication. However,
for the usual method where the NPs got immobilized on the substrate by immersing the
APTES modified silicon substrate into the Pt NPs solution for 6 hours, most of NPs were

removed by ultrasonication.
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Before

After

Figure 3.5: SEM images of the Pt NPs in blank test, the conventional approach and new
proposal presented in this paper (from left to right) before and after 30 minutes ultrasonic test.
The scale bar is 1 um.
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Figure 3.6: The densities of Pt NPs before and after an ultrasonic test time of 30 minutes for
the new proposal (From 0 to 30 minutes of APTES CVD) and conventional way (360 minutes
are the immersing time for surface amino-functionized-substrate in Pt NPs solution).

The percentages of NPs number retained after the ultrasonic test are presented in Figure 3.6.
It shows that 98.9 % to 100 % of the NPs were retained when the APTES CVD time was
higher than 10 minutes. However, the sample of NPs immobilized on silicon substrate by the

conventional strategy was only 26.5 %. For the blank experiment (without any cross-linking
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agent), nearly most of NPs were washed away after the ultrasonic test. It proves that the new

strategy for immobilization of NPs has much higher stability than the traditional approach.

3.3 Polymer and fullerene (Cg) cases

As deposited After sonication

PMMA

Figure 3.7: Comparison of the Pt-NP adhesion strength between samples with NP deposition
with spin casting of fullerene (C4) and PMMA.

Figure 3.7 presents the adhesion strength for the cases of fullerene (Cg9) and PMMA. The
left column shows the surfaces covered by NPs after spin casting of C¢p and PMMA solution.
The right column depicts the NPs coverage after 30 minutes of ultrasonication. The areas
depicted before and after the ultrasonication are identical. The NPs are fixed very well,
which proves that in this new approach even weakly interacting monomers such as

fullerenes (Cgp) can be used to immobilize NPs on planar surfaces.
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3.4 Footprint after moving the NPs

The relocation of NPs and the exposed footprint area indicate the reason of the enhanced NP

adhesion in case of the new NP-APTES immobilization sequence.

As deposited After NP displacement

e ®

. ; 100 nm

Figure 3.8: AFM images of the footprint areas after moving individual NPs away from their
original position. Left row: AFM image prior to particle movement. Middle row: AFM images
of the same area after lateral movement of the NP. Right row: AFM 3D images of the area in
the vicinity of the NP (after it is moved). In the case with the conventional approach
("APTES-NP") the footprint area is barely different from the surrounding substrate surface. In
the case of the new approach the footprint areas are different from the surrounding substrate
surface. For NP-APTES the surface below the NP is about 0.3 - 0.4 nm higher than the
surrounding substrate surface. The NP sizes were ~25 nm (“APTES-NP” and “NP-APTES”)
and ~70 nm (“PS” and “Cg).
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Figure 3.9.: AFM image of the APTES footprint area after moving a Pt NP away from its

original point and the corresponding cross section.

Figure 3.8 shows the results of experiments with individual NPs that were moved sideways
(with the AFM tip) to reveal the original contact area (footprint) between the NPs and the
substrate surface. The location of the NPs prior to their lateral displacement has been
determined by triangulation based on the locations of other NPs in their vicinity. One can
see that in the case with the NP grafted in the conventional way ("APTES-NP") the footprint
area of the NP is barely different from the surrounding surface (as in the case of NPs
attached to the bare silica surfaces). In the case of the new method ("NP-APTES") the
footprint area can be identified as a spot, which is different from the surrounding surface.
The area is about 0.3-0.4 nm higher, as shown in Figure 3.9. In the cases of PS and Cg as
binding agent the footprint area reveals substantial elevations i.e., some extra deposit. The
topologies are similar to rings opened by the lateral movement of the NP. It appears as if the
extra deposit was located in the annular gap around the contact area between the NPs and the
substrate. The AFM data also show that the surface areas of the samples without attached
NPs, which were prepared with the APTES by the conventional as well as by the new
method are relatively featureless with a roughness of a few A. This indicates a
(monomolecular) APTES coating without bulk aggregates of APTES. With PS occasional
patches/domains about 10A thick are observed. The shape and amount of these individual
PS domains are typical for a submonolayer coverage of PS on silica as is expected from the
applied spin cast conditions. It is remarkable that these domains are much thinner than the
deposits found in the footprint area. For Ce individual Cgy aggregates (spherical caps) are
observed, which are distributed randomly over the substrate surface. This is in agreement
with investigations on Cgo deposited on silica. In comparison to the case with PS the Cgo
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accumulated in the annular gap around the contact between NP and substrate appears more

like a chain of spherical caps than a continuous broken ring [119].

The experimental data with the PS and the Cg demonstrate that the enhanced NPs
immobilization is not caused by larger, polymeric-like structures formed by the binding
agents, which create a layer on top of the NPs and the substrate surface, holding the NPs in
place. It appears very unlikely that PS forms a large closed network at the low PS coverage
applied. For Ceo under the applied conditions a network-like structure holding the NPs in

place is even more unlikely.
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3.5 Au NPs immobilization

Furthermore, we applied this new strategy to other NPs system, for example Au NPs. Au
NPs were also synthesized using the citrate as capping agent. The average diameter is
around 30 nm, according to the TEM image (Figure 3.2 c). From the contrast AFM images
(Figure 3.10), the numbers of NPs of the fixed scanning region were nearly the same when
compared before and after ultrasonic test. The NPs were still there without any movement.
So, we may anticipate that this methodology could be applied to other metallic or

semiconducting NPs.

As deposited

After sonication After movement

3.0nm

Figure 3.10: Comparison of silica surfaces coated with Au NPs following the new preparation route
before (left), after (middle) 30 minutes of ultrasonication and the footprint area after moving

individual NP (right). The white boxes mark the same substrate surface area.
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3.6 Mechanisms of enhanced immobilization

New Route

Capillary-condensed

Conventional Route

APTES

APTES-NP

Polymer or C_,

Figure 3.11: Schematic of the NP-substrate contact section in case of the conventional
preparation route (left) and in case of the new approach. The AFM images of Figure 3.9
indicate an enrichment of APTES in the footprint section. It is suggested that this caused from
a capillary condensation effect.

Figure 3.11 proposes the reason for the increased adhesion based on the new preparation
procedure and the additional amount of (presumably) APTES in the range of the NP-
substrate contact region. We suppose that the extra amount of APTES originates from
capillary condensation [48-53]. The NPs deposited on the substrate are surrounded by an
annular gap surrounding the direct NP-substrate contact zone. During the exposure of such a
configuration with APTES vapor in the APTES-CVD process, APTES coats the silica
surface with a monolayer and in addition enriches in the annular gap through capillary

effects.

AFM data proved that with the new preparation protocol the binding agent is accumulated in
the annular gap surrounding the contact between the spherical NPs and the planar substrate
surface. With the conventional sequence of preparation steps an accumulation of binding

agent is not observed. We believe that this accumulation leads to the enhanced
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immobilization of the NPs, because it increases the number of links between substrate,
binding agent, and NP. In other words, the contact area between NP and substrate is
increased. We propose that the accumulation of the binding agent is caused by capillarity.
The annular gap surrounding the small contact area between the spherical NP and the planar
substrate acts like a narrow pore, where the binding agent gets enriched due to capillary-
enhanced adsorption (kind of a "capillary condensation"). It is shown that this "capillary-
enhanced grafting" works for different methods of applying the binding agent, such as
deposition from the vapor phase and deposition from solution. It works with different types
of binding agents, such as those with specific tailor-made cross-linking properties (APTES).
But it also works with polymers without specific binding properties (PMMA, PS). It even
works with monomers with rather poor binding properties (Ceo). It is also demonstrated that
the new route works for NPs of different sizes and NPs made from other material than
platinum (e.g., gold). The new preparation protocol is quite universal. It also works for
different shapes of NPs and substrates as long as the attachment of the NP to the substrate
surface creates some pore-like structure, which then leads to a capillary-enhanced local

accumulation of the binding agent.
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3.7 Conclusions

In sum we propose a new and rather generally applicable approach to immobilize NPs
attached to substrate surfaces. Instead of applying the conventional scenario of pre-coating
(pre-functionalizing) the surface of the substrate and/or of the NPs before contacting the NPs
and the surface, we propose that it is more favorable to bring the NPs and the substrate first
in contact and then to apply the functionalization respectively binding agent. Thus the
narrow annular gap near the NP substrate contact section can induce through capillary
(condensation) effects a substantial enrichment of the functionalization agent (which serves
as a "glue") in this gap. The extra amount of agent respectively the larger contact area
between NP, agent and substrate surface will significantly increase the adhesion interaction

between NP and substrate surface.

We support this proposed scenario by showing a much increased NP-substrate adhesion in
the case of our new (and at first sight seemingly counterintuitive) preparation sequence of
applying the functionalization step (the "glue") after the NP deposition. In agreement with
this scenario we further show that with our new preparation approach the contact area
between NPs and substrate indeed contains some extra material (supposedly APTES), which
is not there in the cases of the conventional preparation procedure. Last not least we show
that this approach also works for Au-NPs and may therefore be applied to fix all types of

NPs to surfaces.
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4. Enhanced Optical Visualization of Nano-Sized Objects
through Thin Film Surface Distortion and Interference
Enhanced Optical Imaging

4.1 Introduction

There is an enormous research interest in using nanoparticles because of their remarkable
physicochemical properties and potential applications [54-58]. One of the requirements in
many of the aforementioned applications is to identify and localize such nanoparticles. So
far, there are several approaches used for nanoparticles imagens. Electron microscopy, such
as scanning electron microscopy (SEM) and transmission electron microscopy (TEM), can
identify the nanoparticles. However, the sample will be destroyed because of high energy
electron beam and low vacuum [59-62]. Scanning probe microscopy methods, such as
atomic force microscopy (AFM), can also identify and image the nanoparticles, but they are
time consuming and scan area is restricted [63-64]. Scanning electrochemical microscopy
also can be used to measure the local nanoparticles electrochemical behavior which is
limited to liquid/solid, liquid/gas or liquid/liquid interfaces [65-70]. Surface plasmon
resonance microscopy is another technique which is not precise to size and shape of the

nanomaterials [71-73].

Optical methods, on the other hand, offer the potential for rapid, nondestructive
characterization of large areas [74-78]. Over the past two decades, great developments in
optical microscopy, especially for super-resolved fluorescence microscopy, have made this
technology resolve objects with nanometer precision [78-82]. Recently our group used
interference-enhanced optical microscopy to see nanobubbles [8]. Optical interference-
enhanced reflection microscopy uses a planar, suitably layered surface to increase the
reflected intensity contrast between bare surface areas and regions covered by thin

transparent objects [9, 83-87].

In this chapter, we present a new approach to visualize by conventional optical reflection
microscopy the location of individual nano-sized objects (e.g., NPs) immersed in thin films.
Although the immersed objects are much smaller than the optical resolution limit, their
position can be visualized optically through their distortion of the film/air interface.
Furthermore, we used silica coated wafers to enhance the contrast between the NPs and
substrate. Due to the optical reflected interference, the contrasts for the NPs are enhanced so

that they can be localized even without film distortion.
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4.2 NPs visualization during thinning of planar liquid films

™

Camera

Laser

Objective

Rotation

Figure 4.1: Reflection optical interference microscopy imaging coupled with a high speed
camera (left) and an optical microscopy image of 50 nm Pt NPs during spin casting process

(right).
Figure 4.1 shows the experimental setup to optically determine the location of a nano-sized
object and to investigate the interaction between the object and the adjacent film. The
sample is imaged from the top in reflection mode with a time resolution of milliseconds. The
film/substrate interface is imaged on the camera sensor. A film is formed on top of a planar
silicon substrate by spin casting, a well specified method to form thin planar films [8]. Due
to the interference of the reflections from the interfaces the camera records a laterally
uniform intensity. From this intensity the thickness of the planar liquid film can be
calculated (see Figure. 4.2 B). With the interference enhancement by an artificial silica layer

on top of the silicon wafer the film thickness can be determined with nm resolution [9].
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Figure 4.2: (A) Liquid film time-resolved optical intensity and (B) thinning during spin casting

of 50 nm Pt NPs solution.
As liquid was deposited on a spinning, planar, wettable substrate, it forms a thinning film
through the process of hydrodynamic-evaporative thinning [87-90]. Here we analyze the
vertical structural conformation during spin casting of a 50 nm Pt NPs solution. Optical
interference enhanced reflection microscopy uses a planar, suitably layered surface to
increase the reflected intensity contract between bare surface areas and regions covered by
thin transparent objects. The substrate used here is an artificially grown silica layer of 50 nm
thickness on silicon wafers, which is the optimal thickness for the laser light with the
wavelength of 450 nm, which we used for the optical interference enhanced reflection
microscopy. In the following cases of polymer film or melting alkane, the silica layer is not
necessary. We use a high speed camera to record this spin casting process. Figure 4.2(A)
shows the optical intensity change as the liquid is deposited on the spinning silica coated
silicon wafer (2 cm*2cm). Due to the reflected intensity related to the film thickness, we are
able to follow the thickness of thinning film. As shown in Figure 4.2(B), the height is
gradually decreasing and finally zero after liquid film drying.
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Figure 4.3: Visualization of the 50 nm NPs during the thinning of liquid film on a planar
substrate (silicon wafer). A) The sequence of images taken during the evaporative thinning of
a water film, which contained Pt NPs with diameters of about 50 nm. B) The cartoons
schematically depict the distortion of the liquid/air interface due to capillary interaction, which
greatly enhances the “optical footprint” of the NPs and is responsible for the increased
visibility of the NP location.
Figure 4.3 presents the visualization and schematic of the NP location during the thinning of
thin film on a planar silica surface. The NPs are not visible if the film is thicker than the
diameter of the NPs. As soon as the film thickness becomes slightly smaller than the NP
diameter, the location of the NPs becomes visible. The visibility contrast again fades away
as soon as the film becomes very thin. With a completely dry sample the NPs are virtually

not visible. As an example, the visibility/contrast behavior is shown by a sequence of images

as shown in Figure 4.3(A), which has been taken during the film thinning of an aqueous
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solution of NPs of 50 nm diameter deposited on a rotating substrate during this spin casting
process. This process is imaged by reflection optical microscopy from the top with a time
resolution of about 1 ms (Figure 4.2). In the range when the film thickness is slightly less
than the diameter of the NPs (t=12.8 s, h=40 nm) dark spots appear in the images. These can
be attributed to the location of the NPs. The average number of spots per area and their
lateral distribution pattern agrees with AFM and SEM measurements of the dry substrate.
With the dry samples the location of the NPs again becomes invisible. The cartoons
schematically depict the evolution of a liquid film with an immersed spherical NP on the
planar substrate during the evaporative film thinning. For films thicker than the diameter of
the NP the surface of the liquid film is planar. The optical footprint of the NP is weak. As
soon as the film thickness is smaller than the NP diameter, a liquid meniscus i.e., a film
surface distortion appears around the NP. This distortion, which involves a much larger area
than the cross-section of the NPs, is the reason for the increased visibility of the NP location.
When the liquid has evaporated completely this enhanced optical footprint is gone and the

location of the NP becomes invisible as in the case of the thick film.

' H,O ' Toluene
& “
Figure 4.4: Optical microscopy images during repeatedly spin casting of H,O and toluene onto
50 nm Pt NPs pre-coated substrate.

In addition, we spin cast H,O and toluene onto the NPs coated substrate. As shown in Figure
4.4, nearly all of them stay at their original location after consecutive spin casting of these
two solvents. The stability of NPs coated on the substrate gives us the possibility to spin cast

polymer solutions onto such surfaces.
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4.3 NPs visualization through embedded in thin solid polymer films

4.3.1 Poly (methyl methacrylate) (PMMA)

Figure 4.5: Optical microscopy images during spin casting of 5x10° w/w PMMA in toluene
solution onto 140 nm Pt NPs pre-coated substrate.

We present another approach to visualize by conventional optical reflection microscopy the
location of individual nano-size objects (e.g., NPs) immersed in thin polymer films.
Although the immersed objects are much smaller than the optical resolution limit, their
position can be visualized optically through their distortion of the film/air interface with the
help of thin polymer film. Imaging is possible when the film thickness is in the range of the
size of the objects (see Figure 4.5).

For this method, we prepare the films by consecutive spin casting of Pt NPs from aqueous
solution followed by spin casting of PMMA/toluene solution. Real time optical imaging
reveals the position of the nanoparticles, their interactions (e.g., lateral movement), the film
surface morphology, and the lateral thickness variation of the film. As shown in Figure 4.5
A, the NPs cannot be visualized when the film thickness is higher than the NP diameter. As
the thickness of film reaches to the NPs diameter, we can localize the NPs (Figure 4.5 B).
After spin casting of a PMMA film, the distortion around the NP is frozen by the solid film,
which makes it possible to visualize the NPs all the time (Figure 4.5 C).
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Figure 4.6: The upper row: AFM images before and after spin casting of 5x10° w/w PMMA
solution onto 140 nm NPs pre-coated substrate; the down row: the 3D images of the
corresponding AFM images.

The optical imaging of deposited structures is complemented by AFM as shown in Figure
4.6. The height of NPs is around 140 nm initially. After spin casting of PMMA solution on
to the NPs pre-coated substrate, there is the distortion around NPs as shown in 3 D images.
By spin casting of the PMMA solution, we are able to freeze such a distortion structure

around the NPs, which helps to localize the NPs.
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4.3.2 Polystyrene (PS)
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Figure 4.7: Distortion formation after spin casting of PS solution onto 70 nm Pt NPs pre-
coated substrate.

Figure 4.7 shows optical imaging of NPs with diameters of about 70 nm deposited on a
planar silica surface with or without an additional polystyrene film. The height profiles
measurement and the optical image on the left show the case with the NPs deposited on a
bare silica surface followed by the deposition of PS-film. The height profiles across the
center of the NP (height vs lateral distance) are derived from the AFM data.

In the optical image on the left the locations of the NPs are clearly visible. The cross section
image with the NP embedded in the PS-film shows that PS surface forms a circular
meniscus adjacent to the NP. This becomes quite obvious from the height profile (red line):
The NP with a diameter of about 70 nm “sticks out” of the solid PS-film by about 55 nm.
The NP distorts the PS-film. It creates a meniscus with the PS film thickness that reaches
laterally several hundred of nanometers away from the NP. Without the PS-film the NPs are
not visible in the optical image. This method is universal and work with different kinds of

polymers.
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4.3.3 Different sizes of NPs

Figure 4.8: Optical microscopy images of before (Al-4) and after (B1-4) spin casting of
PMMA solution (film thickness: 10 nm) onto different diameters and kinds of NPs coated
substrates (100x objective Pt NPs Al: 25, A2: 70, A3: 100 nm; A4: SiO, NPs 50 nm).

Additionally we spin cast the same concentration of PMMA solution to different size and
different kinds of NPs pre-coated substrates. Figure 4.8 shows optical images of NPs with
different diameters in range from 25 nm to 100 nm deposited on a planar silica surface with
or without an additional PMMA film. On the upper row the locations of the NPs are not
visible. Because the NP embedded in the PMMA film forms a circular meniscus, the NPs
are clearly visible under the optical microscopy lower row. We can also see differences
between different sizes of the NPs. We also tried another kind of nanoparticle e.g. SiO, with
50 nm in diameter. It results in similar image differences between before and after

embedding in 10 nm thin polymer film.
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4.3.4 Different thicknesses of polymer dependence on NPs visualization

Figure 4.9: Optical images of before (A1-A3) and after (B1-B3) coated with different
thickness of PMMA film (B1: 10 nm; B2: 35 nm; B3: 80 nm) onto 70 nm Pt NPs pre-coated
substrate. Scale bar: 5 pm.

Furthermore, we tried to compare different thicknesses of PMMA film on the 70 nm Pt NPs
pre-coated substrate. Figure 4.9 shows optical microscopy images of 70 nm Pt NPs before
and after embedding in different heights of PMMA thin films with 10 nm, 35 nm, and 80 nm.
The height profiles across the center of the NP (height vs lateral distance) are measured by
AFM, as shown in the following Figure 4.10. The 70 nm Pt NPs without polymer film are
not visible. However, they can be seen after they are coated with different thicknesses of
PMMA thin films. The sample with the thickness of 10 nm had the best contrast when
compared with the thinner and thicker ones. To understand this, we moved to the following

AFM data.
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Figure 4.10: The height profiles from AFM measurements before and after coated with
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different thicknesses of PMMA film onto 70 nm Pt NPs coated substrate.

Figure 4.10 presents the height profiles AFM images of 70 nm Pt NPs embedded in different
height of PMMA thin film in range from 10 nm, 35 nm, and 80 nm. The height profiles were
across the center of the NPs. For 10 nm PMMA, its distortion was the largest among these

three thicknesses film. A larger lateral distortion causes the larger enhance imaging.
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4.4 Switching on and off NPs visualization through melting alkanes

Solid alkane layer Liquid alkane

Nanoparticle
g

Figure 4.11: Optical microscopy images (top row), schematics (down row) of ~25 nm Pt NPs

deposited on a planar silica surface together with a thin layer of long chain n-alkane (C;oHgy).

At the temperatures below its melting point (7m = 67 °C) the alkane forms areas with planar

films consisting of mono-and/or multilayers with layers of uniform thickness (= the length of

the alkane molecules). The NPs do not deform these solid alkane films. At temperatures above

its melting point, the molten alkane forms a liquid film. This film completely wets the

substrate surface and forms a liquid meniscus around the NPs. This can be inferred from the

strongly enhanced optical visibility of the location of the NPs in this case.
Figure 4.11 demonstrates how the imaging contrast can be switched on and off by changing
the distortion of the surface adjacent to the NP. In Figure 4.11 this has been achieved by
switching between the solid and the liquid state of a thin film of a long chain n-alkane
(C30Hgp) that is deposited on the substrate surface in addition to the NPs. Below their
melting temperature (7, = 67 °C) the alkanes form areas with solid planar mono- and
multilayers of uniform thickness (each layer is as thick as the length of one molecule) [91].
In the solid state the planar alkane film morphology is not affected by the NPs. This is
verified by the AFM imaging and corresponding height profile. Above their melting point
the alkanes form a closed liquid film on the substrate. The NPs are embedded in this film
and they distort the film surface in their vicinity just as in the case of the thinning liquid film
(Figure 4.3) or in the case of the solid PS-film (Figure 4.8). This meniscus formation in the

case of the co-deposited alkane film can be inferred from the strongly enhanced optical

visualization of the NP locations.
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Figure 4.12: AFM image and cross section after cooling of alkane (C;oHg;).

Figure 4.12 presents AFM imaging of NPs deposited on a planar silica surface together with
a after cooling the alkane (Cs;oHgz) melting liquid. Due to temperatures below its melting
point the alkane forms areas with planar films consisting of mono- and/or multilayers with
layers of uniform thickness (= the length of the alkane molecules). As shown in Figure
4.12(A) the NPs just embedded in the solid alkane films and do not distort it any more. The
thickness of the film is about 4 nm which is the monolayer of alkane (Cs;9Hg;) from Figure

4.12(B).
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4.5 NPs visualization through optical interference-enhanced imaging
method

Figure 4.13: Optical images of 70 nm Pt NPs deposited on different thicknesses SiO, layers
coated silicon substrate. A: without SiO, layer; B: 50 nm SiO, layer; C: 100 nm SiO, layer; D:
300 nm SiO, layer. The laser wavelength is 450 nm.

Figure 4.13 shows the optical microscopy images of 70 nm Pt NPs on different SiO; layers
coated silicon substrate. The wavelength of laser used here is 450 nm. We can see that for 50
nm layer of SiO, the imaging had the best contrast. For 100 nm layer of SiO,, we also can
localize the NPs as shown in Figure 4.13 C (the red dashed circles), but with a reduced
contrast. We can not see them with 300 nm SiO; layer coated substrates or without layers. It
proves that we can directly localize the NPs by using the different thickness SiO, layer

coated substrate. In this case of NPs imaging, we do not need the extra film distortion
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formed around the NPs. It is sufficient to use SiO, coated silicon wafers to enhance the

contrast to image the localization of nano-sized objects.

4.6 Interferences at SiO,/Si interfaces

Silicon wafer

Figure 4.14: Schematic of the reflection from the film deposited on substrate.

In classical theory, the interaction of a particle with light can be understood via induced
dipoles on a non-absorbing particle [76]. The strength of the induced dipole is proportional
to polarizability of the small particle

& — Em

3
a =4neyr’ ————
&+ 2y,

(4.1)
where 7 is the particle radius, £,and &, are the particle and surrounding medium permittivity,
respectively [116]. Detection techniques which depend on the scattering intensity do not

work when the particles are small (eg. nanoscale) due to the detector signal given as I «

[Ws]? ~lal? ocre.

In our system, we used interference-enhanced optical reflection microscopy to detect the
NPs through silica coated wafers to enhance the contrast. Figure 4.14 shows a schematic of
the reflections from the silica film coated wafer. Due to the different refractive indices of
silica (n; = 1.4598) and silicon (n, = 3.88), light reflecting interfaces will be created. The

reflections from the various interfaces are,

Py =rPoe™ (4.2)

55



Yy =ty 1ot Poe'? (4.3)

W3 =ty 113 oty Poe? (4.4)

where s; is the complex amplitude, r; and ¢t; are reflectance and transmittance, which are

given by the Fresnel relations [9, 117].

For a film with thickness / and refractive index »n, illuminated by monochromatic light of

wavelength 4, the phase shift ¢ for normal incidence is

41 - 2nh
0= n (4.5)

Assuming coherence, the overall reflected wave resulting from all reflections is

. . 1
v, = Z Ui = rilige™ + ty 1ty Poe?? T rre (4.6)
Therefore the reflected intensity 7, is
Loy | firets 2 16
r L|Jr - -l — 1y7 —-n NJOI ( : )

For the laser wavelength 450 nm, the relative intensity I, /|{sy|? as function of film thickness
h is shown in Figure 4.15 A. Furthermore, if we want to get the best contrast for small
changes of objects, it’s noted that we should maximize dI,./dh. As a result, Figure 4.15
presents such contrast of the reflected intensity as a function of the wavelength for an oxide
layer of 50 nm. We can see that it has the best contrast for the light at 450 nm wavelength.
For our system, the 70 nm Pt NPs is detected clearly for an oxide layer of 50 nm, which can
be explained by this curve. However, the NPs cannot be imaged for the oxide layer of 300

nm or without oxide layer, because the contrast is not big enough for NP imaging.
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Figure 4.15: (A) Relative reflected intensity I,./|yiy|? as function of silica film thickness 4. (B)
Contrast dI,/dh as function of incidence wavelength for a 50 nm silica coated silicon wafer.

4.7 Conclusion

We present a method to track the location of NPs within the film and study their interactions
with the film based on conventional optical microscopy imaging. It is a rather simple, fast,
non-destructive technique. We show that the imaging contrast can be enhanced vastly
through the distortion of the surface of a film on the substrate deposited together with the
NPs. We present and analyze three prototypical cases including a transient, a permanent, and
a reversible visibility enhancement. Aside from the benefit of a much improved imaging of
the location of the NPs the approach also reveals valuable information on the interaction
between the NPs and the co-deposited thin film (e.g., its height evolution in the vicinity of
the NPs). In another case, we used silica coated wafers to enhance the contrast between the
NPs and substrate. Due to the optical reflected interference, the contrast for the NPs is
greatly enhanced which allows this localization even without distortion/meniscus of a liquid

or solid film.
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5. Individual Bubble Formation from Single Localized Platinum
Nanoparticle Active Sites

5.1 Introduction

Nucleation behaviors have always been of great research interest, because it is ubiquitous in
nature and of great importance in numerous industrial processes [92-102]. The formation of
an individual pre-critical nucleus and its growth into a stable aggregate is fast and elusive.
Typically it occurs on very small scales (nanometers) and is of random nature
(thermodynamics of small systems). Experimental data on individual, controlled nucleation
processes are virtually nonexistent. In particular new experimental approaches are necessary
to gain new insights into the process. Active sites provide a unique opportunity to locally
and reproducibly investigate the relation between the physic-chemical properties of the
active site and the nucleation behavior. To this end active sites have to be identified
(localized), their nucleation relevant properties have to be known (modified), and the site-

specific nucleation behavior has to be quantified.

In this chapter, single Pt NP immobilized on silicon wafer surfaces shall act as localized
active nucleation site. Pt NPs are known for their ability to catalyze the decomposition of
hydrogen peroxide (H,0,), to induce the formation of oxygen molecules. Here we localize
the Pt NP under optical microscopy and confirm it by AFM measurement. Real-time

measurement and characterization of individual O, bubble formation were investigated.
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5.2 Experimental set-up

[

Spin casti X s
]

Pt NP
‘ Addlng HzOz

Figure 5.1: Schematic illustration of preparation of different kinds of single Pt NP active site
with different interfacial properties and observation of individual bubble formation with
optical microscopy.

The Pt NPs with defined diameters, and with the catalytic ability for the decomposition of
H,0,, were deposited on a planar silicon substrate. To observe a single bubble formation on
an individual nano-active site, we used high resolution interference-enhanced optical
microscopy to localize the nanoparticle (silicon wafer with 50 nm silica layer) under the
laser with the wavelength of 450 nm. In a typical experiment, the NPs were deposited on the
silicon substrate. H,O, solution was dropped onto the samples to create a liquid film above
the substrate. We observe at the center of the sample where the liquid-air and the solid-liquid
interfaces were nearly parallel. The process of bubble formation was recorded on-line under
optical microscopy integrated with a high speed camera. We can change the concentration of

H,0,, the size of Pt NPs, the substrate properties and the thickness of polymer films.
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Figure 5.2: TEM images of different diameters of Pt NPs used in this chapter: A) 95 nm; B)
140 nm, C) 200 nm. Scale bar: 200 nm.

The Pt NPs were prepared according to a multistep seed-mediated growth method developed
by Nadja C. Bigall et al [103]. Details are shown in THE appendix. We form a successive
generation of spherical particles with different sizes by adjusting both the seed particle
concentration and the amount of Pt precursor into the solution. Figure 5.2 shows TEM

images of differently sized Pt NPs with spherical geometry and low polydispersity.

5.3 Individual bubble formation from single Pt nano-active site

First we spin cast the 200 nm Pt NPs solution and then the PMMA solution (resulting film
thickness: 50 nm). Then the substrate was covered with 35 % H,0, to produce the O, bubble
recorded by the optical microscopy. The Pt NP coverage was very low by spin casting of
the very low concentration of Pt NPs solution. The distance between two NPs is at least 200

um as can be seen by optical microscopy imaging.
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Figure 5.3 Optical microscopy sequential images of single Pt NP (A: without H,0,) and time
evolution of bubble formation (B-F) from a 200 nm Pt NP embedded in 50 nm PMMA thin
film on silicon substrate within 35% H,0,.

The overall dynamical behavior of oxygen bubble can be seen from the series of snapshots
in Figure 5.3. It shows a typical individual bubble formation from a single Pt NP (200 nm)
which was covered in 50 nm PMMA thin film. Due to the film distortion, we can localize
the NP with the optical microscopy, as shown in Figure 5.3 A. The scratch here is used to
mark the point of NP during immersing in H,O,. After an incubation time of 460 s, the
bubble formed and grew continually after the incubation time. The volume of bubble

increased proportionally to the time.
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Figure 5.4: OM images (A) and AFM (B) in-site images for the 200 nm Pt NP embedded in
the PMMA film. C is the AFM image of a line scratch edgy. D and E are the corresponding
section analysis of the NP and film thickness.

To reveal the structure of the Pt active site, we find the Pt NP reversibly with the help of a
marker (scratch) and measure it by AFM. The results are shown in Figure 5.4. The Pt NP
height above the film is around 150 nm according to the date from Figure 5.4 B, D. By
making a scratch, we measure the thickness of PMMA film. The thickness of the film was

about 50 nm formed by spin casting a solution of 5x10~ w/w PMMA in toluene (1x10° rpm),
as shown in Figure 5.4 C, E.
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Figure 5.5: AFM images of the 200 nm Pt NP embedded in 50 nm PMMA thin film before
and after bubble formation within 35% solution of H,O, in 1 hour. The section analysis is
performed across the NP.

We also compare the structure before and after bubble formation for the Pt NP active site by
AFM, as shown in Figure 5.5. From the section analysis, we can see that the NP moved
aside and lifted up a little bit. The height is lifted up about10 nm by comparing the height of
the NP before and after bubble formation. It also moved aside when it is exposed to the

H,0, solution.
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5.4 Kinetics of bubble formation

5.4.1 Effect of H,O, Concentration on bubble formation
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Figure 5.6: Individual bubble growth from a 140 nm Pt NP. Bubble volume (black curve) and

diameter (blue curve) as a function of time for different concentration of H,O,: A) 20 %; B) 35

%: C) 50 %.
Here we consider the parameter of H,O, concentration and study its effect on the bubble
formation. In this system, we just change the parameter of HO, concentration, with other
parameters being the same (NP size: 140 nm, film thickness: 50 nm; NP coverage: ~1.2 /250
um x 250 um). The data is shown in Figure 5.6, where black and blue curves show bubble
volume and diameter as a function of time for 20 %, 35 %, and 50 % concentration of H,O,.
Here the bubble diameter was extracted from the optical microscopy images by Imagel
software. For the bubble volume calculation, we assumed that it is aspheric as is described in
ref. [28]. From Figure 5.6, it can be seen that the bubble volume increases linearly with time
t. Moreover, the slope increases with increasing the concentration of H,O,. By linearly
fitting the data, they are 450, 993, and 1403 um’/s, with corresponding standard error 10.6,
8.2, and 22.5 for the different concentrations of 20 %, 35% and 50%. The linear relationship
between volume and t is consistent with the observed behavior for the diameter. Since

volume linearly increases with t and bubble is nearly spherical, diameter should scale as /.

5.4.2 Size of NP on bubble formation

We now consider the effect of Pt NPs size on the bubble formation. Figure 5.7 shows the
AFM images of three different sizes of Pt NPs, 95 nm (a), 140 nm (b), and 200nm (c),
embedded in a PMMA film with thickness of 50 nm. Considering the height of PMMA film,
the actual height of Pt NPs decreased to 47 nm (a), 93 nm (b), and 150nm (c), consistent

with the size measured from TEM.
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Figure 5.7: AFM images of the Pt NP with different diameters embedded in 50 nm PMMA
thin film: A) 95 nm; B) 140 nm; C) 200 nm.
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Figure 5.8: Individual bubble growth from single Pt NPs. Bubble volume as a function of time
for different diameters of Pt NPs: A) 140 nm; B) 200 nm. The concentration of H,O, is 35 %. The
Pt NPs coverage is about ~2 x107°/um?.

For the bubble formation, we found that it would not produce bubble for the size of 95 nm even after
long incubation time (above 1 hour). For the size of 140 nm and 200 nm, the bubble would be

formed at the time of 712 s and 463 s after they contacted with 35 % H,0,. The data of their bubble

volume and diameter as function of time are shown in Figure 5.8. It can be seen that the bubble
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volume increases linearly with time ¢ with the slope of 993 and 1529 pum’/s having standard

error 8.2 and 41.4 for 140 nm and 200 nm Pt NP, respectively.

5.4.3 Surface property dependence on the bubble formation
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Figure 5.9: Schematic of different situations of the contact angle comparison for different
thicknesses in the cases of PMMA and PS film.

We furthermore check the impact of interfacial properties on the bubble formation. As
shown in Figure 5.9, three substrates with different surface properties were. All the silicon
substrates were cleaned by piranha solution. For the NP embedded in PMMA, the surface
contact angle (with water) is about 65 degree. However, for the cases of the NP fixed by
capillarity or depositing without immobilization the surface contact with water are ~ 0
degree, both surfaces are almost equal to clean silicon surface. Even though a single 200 nm
Pt NP was used for the bubble formation with the same conditions to the case of PMMA
surface, it still can not produce bubble. One could expect that oxygen diffusion is the limited
parameter for the bubble formation. As a result, the surrounding environment played a role
in the process of the bubble formation. It could be that the rather hydrophobic PMMA

surface leads to an enrichment of the O, and thus favors the bubble formation.
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5.5 Conclusions

In sum we investigated individual bubble nucleation and growth from a single Pt NP active
site to get understanding on how a bubble forms and grows. It is investigated how
parameters such as concentration of H,O,, size of nanoparticles and interfacial properties
(hydrophobic/hydrophilic) affect the bubble formation. The bubble formation is linear with the
concentration of HO,. The bubble can form if the size of Pt NPs is equal or bigger than 140
nm, with the condition of NP embedded in a polymer film. It shows that the surrounding
environment also played a role for the bubble formation. With hydrophilic surface, the

bubbles can not form even for the size is as big as 200 nm.
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6. Running bubbles driven by oxygen source’s difference

6.1 Introduction

The second law of thermodynamics prohibits specific spontaneous motion in macroscopic
systems under equilibrium; nature obeys the law of equipartition [105]. Making small
objects move spontaneously on solid surfaces is a key challenge in fundamental research or
in practice [106-108]. There are reports about the spontaneous motion of droplets on surface
or substrate [109-114]. There are no reports yet on moving bubbles with a film up to now.
Here we observe and investigate the microbubble moving. The movement occurs on the
basis of bubble formation from Pt NPs active sites by decomposition of H,O,. After the
bubble production is enough to break the thin polymer film, it will move aside. We try
different kinds of polymers and show that it works with hydrophobic polymers such
polystyrene (PS) and polyvinyl chloride (PVC). For poly (methyl methacrylate) (PMMA),

the bubbles just grow but do not move.
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6.2 Bubble moving through a thin PS film
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Spin casting Immersion in H,O,

2 4 6 B 10 12
x/um

Figure 6.1 Schematic of experiment set-up. A) Pt NPs were deposited on a silicon wafer; B)
PS or PVC film was deposited onto the Pt NPs pre-coated substrate; C) The system was
immersed in H,O, solution; D) AFM image of the height of PS film (5 nm) and E) its
corresponding cross-section curve.
The experiment set up is shown in Figure 6.1. The polymer film is made of PS or PVC.
Figure 6.1 C, D presents a case of 65 nm Pt NPs embedded in 5 nm thin PS film. We
immerse them in H,O, solution and recorded it under optical microscopy. Different from

PMMA, the bubbles form after some incubation time. Them these break the film and

subsequently move with the polymer film.

Figure 6.2 presents a time evolution of bubble moving on a system of a thin layer of 5 nm
PS film with a 65 nm Pt NPs. It shows the sequence of optical microscopy images of the
bubble forming and moving. After adding 35 % H,O,, a tiny bubble nucleates and grows on
the PS film, as shown in Figure 6.2 B. At ¢ =73 s, it starts to brake the film and then quickly
moves aside (with the distance of 65 um in 0.6 s). After moving, it fixed at the original place
and grew continually until t = 130 s, as shown in Figure 6.2 D. After that, the bubble moves
again. From Figure 6.2 E, It is found that three new bubbles nucleate and move sideways (t

= 143s).

69



Figure 6.2 Sequence of optical microscopy images showing the bubble movement in the case
of a 5 nm PS film embedded 65 nm Pt NPs.

In the followings we analyze the velocity of the bubble moving on the surface covered with
a certain thickness of polymer as function of Pt NPs diameter, H,O, concentration and Pt
NPs coverage. For this study, the movement of the bubble is observed under the
interference-enhanced optical reflected microscopy (silicon wafer with a natural oxide ~2

nm layer).

6.2.1 Dependence of bubble moving on the size

Figure 6.3 presents the high resolution AFM images of different sizes of Pt NPs embedded
in 10 nm PS film. Here we used 3 Pt NPs size: 25 nm, 65 nm, and 140 nm embedded in 10
nm PS film. By keeping constant concentration of Pt NPs solution in the spin casting
dispersion, we make the coverage of Pt NPs similar for each case. The number for each size
of Pt NPs was around 2.5x10%/ pm” by random counting the numbers of Pt NPs per areas of

different regions from the optical microscopy observations.
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Figure 6.3 AFM images and corresponding 3D images for different diameters of Pt NPs
embedded in 10 nm PS film.

The bubble velocities as a function of the diameter of the Pt NPs are shown in Figure 6.4. As
already observed in Figure 6.2, the bubbles were growing in the size initially from a point.
They undergo the circle process of growing-moving- stopping-growing. So we tried to
measure the different moving stages (e.g. different time, size) by random to get a statistical
mean velocity for each sample. Here the coverages for different size of Pt NPs were similar.
The thickness of the PS film is 10 nm for each case. The data indicates that the velocity is
increasing with the increasing the size of Pt NPs as shown in Figure 6.3. The average values
are 30 = 19 pm/s for 25 nm Pt NPs, 64 + 32 um/s for 65 nm Pt NPs, and 101 + 26 pm/s for
140 nm Pt NPs.
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Figure 6.4 The dependence of bubble moving velocity on 10 nm PS film for different

diameters of Pt NPs. The coverage of Pt NPs for all the cases similarly equal around 2.5%107/

pm’.

6.2.2 Dependence of bubble moving on the coverage of Pt NPs

The coverage of Pt NPs embedded in thin polymer film is another important parameter for
the bubble production. We get different coverage of Pt NPs by spin casting of different
concentration of Pt NPs solution and then spin casting of a fixed concentration of PS toluene
solution. Figure 6.5 shows optical microscopy images of such different coverages of 70 nm
Pt NPs which were embedded in 10 nm PS thin films. From this data, we calculated the
coverage of Pt NPs by random selecting five different regions per each sample. The
coverages of Pt NPs for different sample were about 2.5X10'2, 4.7X10'2, 8.8><10'2, and 13.4

per pm?.
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Figure 6.5 Optical microscopy images of different coverages of Pt NPs (70 nm) embedded in
10 nm PS thin films.
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Figure 6.6 The dependence of bubble moving velocity on 10 nm PS film for different coverage
of Pt NPs. The concentration of H,O, is 35% w/w.

Figure 6.6 shows the dependence of the velocity on the number of Pt NPs embedded in the

PS thin film. We can see that the velocity of bubble movement is nearly linear to the

73



coverage of Pt NPs. Increasing the coverage of Pt NPs, increases the speed of oxygen bubble

movement. The average values are 64 + 32 um/s for the coverage of 2.5x10%/ pm?, 160 + 27

um/s for the coverage of 4.7x107%/ pm?, 279 + 53 pum/s for the coverage of 8.8 x107?/ pm?,

and 325 + 88 pm/s for the coverage of 13.4x107%/ um?.

6.2.3 Dependence of bubble moving on the concentration of H,0,
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Figure 6.7 The dependence of bubble moving velocity on 10 nm PS film for different
concentration of H,O,. The coverage of Pt NPs (65 nm) for all the cases is similar, around
4.7%107%/ pm’.

We furthermore investigated the dependence of velocity on the concentration of H,O,, as

shown in Figure 6.7. The concentration of H,O; ranged from 5%, 10%, 20% to 35%. The

size of NPs is 65 nm with the coverage of 4.7x10%/ pm®. As shown in Figure 6.7, the

velocities are proportional to the different concentration of H,O,.

A 7000

60004

T T T T T T T
m 5%Hy0, &
® 10 % Hp0p
4 20% HpO9

> »
3 .
41 f‘.l

P

00 05 10 15 20 25 30 35
Time /s

T T T
m 5%Hy0,

] ® 10 % HpO9p
A 20% HoOg

400 |
£ 300 b .
- » = L]
8 a -
£ 2004 “ . . i
g 1 ‘ 4 P L ]

1004 R . |

i ..; [ ]
1 s £
04 me ‘I' " -
00 05 10 15 20 25 30
Time/s

74

3,5



Figure 6.8 The bubble area as a function of time and the bubble moving length as a function of
time on 10 nm PS film for different concentrations of H,O,. The coverage of Pt NPs (65 nm)
for all the cases is similar, around 4.7x107%/ pm®.

As already described, the bubble nucleated and broke the film which resulted in a groove as
we see from the optical microscopy (Figure 6.2). Then new bubbles nucleate at the edge of
the polymer film terrace. After it is enough big, it moves again like the previous one. In
figure 6.8 we plot the bubble area and the distance of bubble moving as function of time for
the new bubble forming from the beginning with different concentrations of H,O,. The
shape of bubble is not always perfectly spherical during their moving. So when measuring
the area of the bubble, we used their outlines. For low concentration of H,O,, the bubbles
grow slower than for high concentration. The distance of bubble moving was increasing
during the bubble moving. The growth is not continues, sometimes it stops at a certain point
and grows, then moved again. The slope of the distance with time is proportional to the

concentration of H,O,.
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6.2.4 Dependence of bubble moving on height of polymer film
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Figure 6.9 Schematic illustration of preparation of different thicknesses of the PS film by spin
casting of different concentrations of PS solution in toluene on Pt NP coated substrates (the
upper part). Thickness of the PS film was measured by AFM method (the middle part) and

corresponding cross section analysis (the down part).
We present different thicknesses of the PS film to study their effect on bubble moving.
Figure 6.9 presented the AFM measurement of the different thicknesses of the PS film. By
spin casting different concentrations of PS solution, we can control the thickness of PS film
onto the 65 nm Pt NPs coated substrate. From the section analysis it is easy to observe that

the thickness for each sample were 10 nm, 35 nm, and 80 nm at the edge of the film terrace,

respectively.

76



O Ee=——-1
500 nm 500 nm

sc 5 - % = & e 3 3 2 3
304 C3
4 A3 B3 64
20
£ 30+ E E 44
| =4 o _—
= 154 = 104 > 5]
0 0 01
00 04 08 12 00 04 08 12 00 02 04 08

x/um x/um x/um

Figure 6.10 OM and corresponding AFM images of the thicknesses of A: 10 nm, B: 35 nm
and C: 80 nm of the PS film embedded on 65 nm Pt NPs coated substrate.

Figure 6.10 shows the structure for the 65 nm Pt NPs embedded in different thicknesses of
PS films. In the upper part, the optical microscopy images show that we can localize the NPs,
even for the 80 nm PS film. The images inserted in the upper part of Figure 6.10 show the
high resolution of OM images. In the middle and low part, we show the AFM images and
corresponding cross section analysis of different thicknesses of the PS film-Pt NPs structure.
The height of Pt in the NP-polymer film profile is 55 nm for 10 nm PS film, 30 nm for 35
nm PS film, and 7 nm for 80 nm PS film.
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Figure 6.11 Sequential OM images of bubble moving for A: 10nm, B: 35 nm, and C: 80 nm

thicknesses of the PS film embedded on 65 nm Pt NPs coated substrate. The coverage is about

2.5x10%/ um’. Scale bar: 200 um.
Figure 6.11 presents the sequence of optical microscopy images for different thicknesses of
the PS film on 65 nm Pt NPs during bubble moving. Figure 6.11 A shows the bubble
moving in the case of 10 nm PS film. After adding 35% w/w H,O,, the bubble started
moving at 81 s and left the groove behind the film being taken away with bubble as was
shown in Figure 6.2. When the thickness of film increased to 35 nm, it needs bigger bubbles
to break the film, as shown in Figure 6.10 B. In addition, it also underwent longer time (245
s) to break the film and make bubbles move. Samples with thicker layers of PS film behave

different. For the thickness of 80 nm PS film, oxygen accumulated underneath the film.
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When the thickness is increased to 200 nm, which was very big when compared with 65 nm
Pt NPs, it only produced a bubble without bubble moving after undergoing a long incubation

period. We think that the H,O, may penetrate the thick film and react with the Pt NPs.

00 o5 10 15 20 Tz a1 & 8 10
X/um X/um

Figure 6.12 A) AFM image and, B) high resolution AFM image of 65 nm Pt embedded in PS
thin films before adding the H,O,. C) AFM images after bubble moving within H,O,. D, and E)
are the corresponding cross section images of B), and C).

After bubble moving, we dried the sample and investigated with AFM, as shown in Figure
6.12. Figures 6.12 A, B are the AFM and high resolution of AFM images of the substrate
before the bubble moving experiment. The thickness of PS film is 30 nm. The coverage of
65 nm Pt NPs is about 2.5x10%/ pm®. After the bubbles break the PS film, the Pt NPs were
also taken away together with bubble, which could be proved by the AFM image in Figure
6.12 C. The area covered with monolayer of PS film is different from the bare substrate
where the film was gone the bubble moving. We can see that there remained no Pt NPs on
the bare silicon substrate (Figure 6.12 C). However, for substrate surface with the film the Pt
NPs still sticked to the film. From the section analysis it is easy to observe that the regions

where the terrace edgy has the height of 30 nm. The height of Pt NP is around 35 nm.
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6.3 Bubble running through thin polyvinyl chloride (PVC) film

Figure 6.13 Sequence of optical microscopy images showing the bubble movement in the case
of'a 7nm PVC film embedded 65 nm Pt NPs.

Figure 6.13 shows the bubble moving for the thickness of 7 nm PVC with 65 nm Pt NPs.

The behavior of bubble moving is similar to the PS case.
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Figure 6.14 Sequence of optical microscopy images showing the bubble production in the case
of a 14 nm PVC film embedded 65 nm Pt NPs.

Furthermore, we increased the thickness of PVC film from 7 nm to 14 nm. The bubble
formation behavior is presented in Figure 6.14. The bubble was growing on the PVC film
meanwhile it also accumulated underneath the film. This phenomenon is similar with the
high thickness of PS film. As shown in Figure 6.14, we can see that there was a different
region between dashed green and red circles with outside which is the accumulation of
oxygen under the film. At time of 70 s, the oxygen broke the film and the shape of bubble
was also changed due to the film fracture. Compared with the Pt diameter of 65 nm, the

thickness of 14 nm is not so big that cover the Pt active sites.
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Figure 6.15 Optical microscopy images showing the 14 nm PVC film fracture and AFM
images show the details of breaking film structure.

We stop the bubble formation experiment for the situation of 14 nm and measure its surface
under the AFM to get structure details. Figure 6.15 A showed the optical microscopy image
of a typical PVC structure after the bubbles form and the films break. Figure 6.15 B, C were
the high resolution optical microscopy images by taking the regions from the A. Figure 6.15

B shown a bubble was about to break the film and Figure 6.15 C shows the terrace edge
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where the film had already been broken by the bubble. The details of these two typical film
structures were shown by the AFM images as shown in Figure 6.15 C, D. PMMA film, it
just formed the bubbles on top of the film that secondly detached, but they do not move any

more.

We measured the contact angle for the PS, PVC, and PMMA film. The advancing contact
angle and receding contact angle for PS is 112+5 ° and 92+7 °. The advancing contact angle
and receding contact angle for PVC is 107+3 © and 80+2 °. However, the advancing contact

angle and receding contact angle for PMMA is 68+2 ° and 66+1 °.

6.4 The evolution of the polymer film fracture and rolling

2R > h, 2R <h, 2R <<h,

Figure 6.16 Schematic description of the fracture and rolling evolution from the thin to thick
polymer films during bubble moving. R is the radius of the NPs and he is the thickness of
polymer film.
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According to above experimental results, the morphology may evolve following the scenario
presented in Figure 6.16. For the thin layer of polymer film, the H,O, can contact directly
with the Pt NPs and produce the oxygen. The oxygen molecules go through the film to the
substrate. When they form the bubble, it could break the film and roll with the polymer film.
When the thickness of the film is near or higher than the size of Pt NPs, it would be
dominate that the oxygen molecules accumulate underneath of the film and form the bubble.
When its volume is enough it will break the film and move. However, when the film
thickness is much higher than the size of Pt NPs, the diffusion through the polymer film of
H,0; and later of the O, are dominating. It is reasonable that the O, production would be
reduced (the long distance between the Pt NPs active sites and the H,O,), which goes along

to the fact that in the time frame work. We did not observe blistering or film wrapping.

6.5 Conclusion

We observed and investigated the microbubble moving over an ultrathin polymer film for
the first time. The movement occurs on the basis of bubble formation from Pt NPs active
sites by decomposition of H,O,. After the bubble production is enough to break the thin
polymer film IT will move aside. We try different kinds of polymers and shows that it works
with hydrophobic polymer such as polystyrene (PS) and polyvinyl chloride (PVC). For poly
(methyl methacrylate) (PMMA), the bubbles just grow but do not move that means the

bubble move.
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7. Summary

The present thesis focuses on nanoparticles (NPs) attached to solid/liquid interface. In this
thesis, monodisperse Pt NPs with sizes ranging from 5 to 200 nm were synthesized by a
multistep seed-mediated growth approach. These were deposited on planar substrates to

study their behavior at solid/liquid interface.

Chapter 3 describes a new route to immobilize NPs on substrate through capillary
condensation. Being different from the conventional immobilization route, we attach the
NPs to the bare substrate first and deposit the binding agent afterwards. Ultrasonication tests
prove that this can strongly increase the adhesion of the NPs on the substrate. We assume
that the improved adhesion is caused by extra amounts of binding agent accumulated in the
between vicinity where the NPs contacts the substrate. Supposedly capillary effects
(capillary condensation) induced by the narrow annular gap next to the contact between NPs
and substrate cause this local enrichment of binding agent. AFM data reveal that there was a
footprint at the NP’s original place left after moving it away which prove this assumption. In
addition, the new route is universal, because it works for different types of NPs (Pt-NPs and

Au-NPs) as well as for different types of adhesion agents (APTES, Cgp and polymer).

Chapter 4 presents the imaging of objects with dimensions much smaller than the Rayleigh
resolution limit by conventional optical microscopy. In one route, they can be localized by
the lateral distortion of thin film around them on the planar substrate that could be
transparent (liquid film); frozen (polymer), or switchable (film of low melting point
molecules). In another route, we used silica coated wafers to enhance the contrast to image
the NPs. Due to the optical reflected interference, the contrast for the NPs is enhanced so

that they can be localized.

Individual bubble formation from a single localized Pt NP active sit at planar substrate was
investigated in chapter 5. An individual Pt NP was used as active site to decompose the
H,0; to produce the oxygen bubble. We studied the influence of the concentration of H,0,,
the size of active site, and the substrate properties on the bubble formation. We combine the
optical microscopy and AFM measurement to localize the Pt NP. Optical microscopy was

used to characterize individual bubble formation and growth in real time.

The moving of bubble over a thin polymer film was presented in chapter 6. It was found that
in the system of the hydrophobic polymer (PS/PVC) thin films coated on the Pt NPs-

substrate immersed within H,O,, bubbles could be produced that suddenly wrapped up the
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thin film. The oxygen bubbles formed at the Pt NPs active sites and broke the thin film.
These bubbles grew in size during moving sideways through the polymer terrace area, taking
the polymer film away and leaving behind a groove. The bubble moving velocity is
dependent on the parameters of the concentration of H,O,, the size of Pt NPs, the thickness

of film, and the interfacial properties of polymers.
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Appendix

A.1. List of abbreviations

Pt Platinum

Au Gold

Si0, Silicon dioxide

Ceo Fullerene

H,0, Hydrogen peroxide

DI Deionized

APTES  3-(aminopropyl) triethoxysilane

PMMA  Poly (methyl methacrylate)

PS Polystyrene

PVC Polyvinyl chloride

AFM Atomic force microscopy

SEM Scanning electron microscopy
TEM Transmission electron microscopy
CVD Chemical vapor deposition
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A.2. Seeded growth synthesis of Pt NPs with different diameters
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Figure S.1: Schematic diagram of the seeded growth method used for the synthesis of Pt

nanoparticles with controlled diameters increasingly tuned from 5 nm to 200nm.

Figure S.1 shows a schematic diagram of the procedure used for the synthesis of Pt NPs with
diameters controlled in the range of 5-200 nm. For the first step, Pt nanoparticle seed of
about 5 nm was prepared by the standard sodium borohydride (NaBHy) reduction method.
Briefly, 7.2 mL of 0.02% aqueous solution of HPtCl4 was adding to 90 mL of boiling
deionized (DI) water. Then 2.2 ml of solution containing 1% trisodium citrate and 0.05%
citric acid was added, followed half a minute later by a quick injection of 1.1 mL of a freshly
prepared NaBH4 (0.08%) solution containing 1% trisodium citrate and 0.05% citrate acid.
After 10 minutes, the solution was cooled down to room temperature. The resultant
suspension displayed a black color, which would be directly used as seeds to generate larger
Pt NPs. The size and morphology of the resultant Pt seeds were determined by transmission
electron microscopy (TEM). As shown in Figure A.2, the diameter of seeds is around 5 nm

with a relatively uniform size.
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Figure S.2: TEM images of low (A) and high (B) resolution of Pt seeds with diameter of 5 nm.

Figure S.3: SEM images of different diameters of Pt nanospheres: (a) 23 nm (seeds); (b) 50 nm;
(c) 70 nm; (d) 100 nm; (e) 140 nm; (f) 200 nm. Scale bar: 300 nm.
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Figure S.3 presents the SEM images of Pt NPs with different mean diameters of 23, 50, 70,
100, 140, and 200 nm, respectively. In the first round of seeded growth, we synthesized 23
nm Pt NPs in diameter using 5 nm Pt NPs as seeds. We added 1 mL of previous Pt seeds to
29 mL DI water in a three necked flask at room temperature. A 90 uL aliquot of the 0.2
mol/L precursor HPtCly solution was added, followed by the addition of 0.5 mL solution
containing 1% trisodium citrate and 1.25% ascorbic acid (AA). Under vigorously stirring,
the temperature was slowly increased from room temperature to the boiling point in about 10
minutes. The reaction time was 30 minutes in total. Then the product was cooled to room
temperature. In the second round of seeded growth, we used 23 nm Pt NPs as seeds.
Similarly, 4 mL of above 23 nm Pt NPs solution was added to 26 mL DI water together with
0.09 mL of HPtCly solution, followed by the addition of 0.5 mL of the solution containing 1%
trisodium citrate and 1.25% AA. The final solution was slowly increased to boiling point
and left to react for 30 minutes. We obtained NPs with diameter of 50 nm. The same
procedure using 1 and 0.25 mL of seed solution in 29 mL of DI water resulted in 70 and 100
nm in diameter. In the third round of seeded growth, 130 nm Pt nanospheres were prepared
by adding the 0.5 mL of 50 nm Pt NPs solution to 29 mL DI water together with 0.09 mL of
HPtCl, solution, followed by the addition of 0.5 mL of the solution containing 1% trisodium
citrate and 1.25% AA. The final solution was slowly increased to boiling point and left to
react for 30 minutes. We obtained nanospheres with diameter of 140 nm. Finally, 200 nm Pt
NPs were prepared by adding 0.5 mL of 140 nm Pt NPs solution to 29 mL DI water together
with 0.09 mL of HPtCl, solution, followed by the addition of 0.5 mL of the solution
containing 1% trisodium citrate and 1.25% AA. The final solution was slowly increased to
boiling point and left to react for 30 minutes. With this seeded growth step, we produced

NPs with diameter of 200 nm, as shown in Figure S.3.
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A.3. Before and after sonification: superimposed images (AFM data)

Figure S.3.: Superimposed identical regions of the substrate covered with NPs with the new
immobilization protocol before (a) and after (b) 30 minutes of ultrasonication (AFM images). The

round circles show the few NPs (black points) that were lost after the ultrasonication.
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A.4. Footprint after moving the Au NPs after APTES

0,5 nm

0 nm

Figure S.5: AFM images of the footprint area after moving individual Au NP away from their
original position and the corresponding AFM 3D images of the area in the vicinity of the NP. A:
Au NPs without immobilization; B: Au NP-APTES immobilization.
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A.5. Zeta potential characterization

Pt NPs were Pt NPs were
Pt NPs colloids Origin Pt NPs immersed in immersed in APTES
colloids anhydrous ethanol anhydrous ethanol
for 3 hours mixture for 3 hours
Zeta potential -11.0 mM -13.5 mM -7.41 mM

We measured the zeta potential for the origin Pt NPs colloids and the Pt NPs which were
incubated with APTES/ anhydrous ethanol mixture. The zeta potential for Pt NPs only
incubated with anhydrous ethanol was also measured for a blank experiment. For the Pt NPs
immersed in anhydrous ethanol or APTES/ anhydrous ethanol mixture, both were washed
with anhydrous ethanol for 10 minutes and then re-dispersed in water. From the Table S1,
we note that at the beginning, the potential value was -11.0 mM because of citrate covering
on the surface of NPs. The zeta potential was a little decreasing for Pt NPs incubation in
only anhydrous ethanol. For the Pt NPs immersed in APTES/ anhydrous ethanol mixture,
the zeta potential was a little increasing that means the interaction between APTES and Pt
NPs is weak, because we can use anhydrous ethanol rinse to get rid of such electrostatic

adsorbing molecules.
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A.6. AFM images of Pt NPs embedded in different thicknesses of PMMA film
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Figure S.6: AFM images of different thicknesses of PMMA film (A: 15 nm; B: 35 nm; C: 80 nm),

before (the second row) and after (the third row) spin coating them onto 70 nm Pt NPs pre-coated

substrate. And corresponding cross section images of the film height (the forth row).
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