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Abstract

Motion is a mark of living systems. It is realised by energy conversion to perform vital
tasks and is thus of great importance for all living systems. One approach to achieve
motion is by including active motion of micro/nano objects. Unlike in the fluid at the
macro scale, active swimming cannot be achieved by reciprocal movements at the micro
scale. Breaking symmetry at the micro scale thus becomes a critical issue. The chal-
lenge is that this often requires outside intervention to build systems that already show
symmetry breaking. And another challenge is that there are few examples where active

microscale motion can cause a macroscopic effect, or facilitate a useful application.

In the first part of the thesis, the first challenge is addressed and a new route of
spontaneous symmetry breaking is developed. Microscale motion in artificial chemical
systems has thus far been realised in chemical motion. These are microparticles that
are fabricated to possess two different halves, known as Janus particles. One half is
catalytically active and drives the self-phoretics. The Janus micromotors are generally
fabricated using fabrication techniques such as PVD, CVD. These techniques require
deposition onto a surface, which limit the number of structures that can be fabricated.
In this work, we show that two species of isotropic (symmetric) micro particles, one is
a photocatalytically active particle TiO,, the other is a passive SiO; particle can spon-
taneously form a dimer structure. Under UV illumination, a chemical gradient is gen-
erated around the photo active particles. The passive particle is attracted toward the
highest chemical concentration of the reaction product towards the active particle. A
dimer forms that starts to self-propel. The speed of the dimer can be controlled by ad-

justing the UV intensity.

The mechanism of the dimer formation is examined and shown to be due to a diffu-
siophoretic interaction between the active and the passive particle. The interaction force
and the propulsion of the dimer swimmers are examined. The role of salts, particle size
and concentration are studied. An additional repulsion interaction is observed between
two active particles. An optimal volumetric particle density of < 2% is identified for
dimer formation and the dimers remain active for > 20s. This thesis thereby demon-
strates a self-assembly route where the chemical activity causes dimer formation and
thus spontaneous symmetry breaking which does not require any physical fabrication

steps.



Vi

Most work thus far has studied the behaviour of individual chemical micromotors
(Janus particles) at the micro scale. To induce a macroscopic effect and facilitate an
application using individual micro/nano active particles requires cooperative effects of
many "micromotors". Therefore, we developed a novel fabrication method which allows
a large number of Janus structures to be assembled in an ordered manner. We fabricated
an array of photoactive Janus micro structures on a surface by glancing angle deposition
(GLAD) onto a photolithography patterned substrate. Illuminating the surface of Janus
array structures with UV light initiates the water splitting reaction, which produces an
osmotic flow around the micro structures. The osmotic flow at each structure is coupled
with the flows generated by the neighbouring particles. The microscopic osmotic flow
thereby results in a macroscopic fluid flow. By adjusting the spacing between single mi-
cro structures, an optimised pumping velocity is achieved with a micro pillar diameter
of 2 um and a spacing of ~ 2 ym. We compared the pumping performance of the micro
pillar array with other topological chemical structures, such as micro Janus bar arrays
and 2D micro Janus disk arrays, and find that the 3D structure is essential to generate a
chemical gradient on the surface. We believe that this is the first chemical micropump
formed by chemically active Janus structures. The active pumping surface can provide

a flow speed of up to 4 ym/s.

This active surface consisting of micropillar arrays can be easily integrated in most
microchannels and serve as an on-board micropump. A theoretical model and numerical
simulations are presented to describe the microchannel pumping. The theory reproduces
the experimentally measured flow profiles very well. We have thus established a new
type of chemical pump, which can wirelessly pump fluid in a microchannel, and the
pumping volume rate and flow profile can be modified simply by changing the nature

and orientation of the self-pumping walls.
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Zusammenfassung

Bewegung ist ein Zeichen der lebenden Systeme. Es wird durch die Energie umwand-
lung zur Erfiillung lebenswichtiger Aufgaben realisiert und ist daher fiir alle leben-
den Systeme von groBer Bedeutung. Ein Ansatz, um Bewegung zu erreichen, besteht
darin, die aktive Bewegung eines Mikro- / Nanoobjekts einzubeziehen. Anders als
in der Flussigkeit auf der Makroskala kann aktives Schwimmen nicht durch gegen-
seitige Bewegungen auf der Mikroskala erreicht werden. Das Brechen der Symme-
trie auf der Mikroskala ist daher eine Bedingung um einen Schwimmer zu realisieren.
Die Herausforderung besteht darin, dass dies hédufig um ein System zu erstellen, das
eine gebrochene Symmetrie aufweist. Eine weitere Herausforderung besteht darin,
dass es nur wenige Beispiele gibt, bei denen eine aktive Bewegung im Mikromal3stab
einen makroskopischen Effekt hervorrufen oder eine niitzliche Anwendung erméglichen

kann.

Im ersten Teil der Arbeit wird die erste Herausforderung angesprochen und ein
neuer Weg des spontanen Symmetriebrechens entwickelt. Bewegung im Mikromaf3stab
in kiinstlichen chemischen Systemen wurde bisher in chemischer Bewegung realisiert.
Dies sind Mikropartikel, die so hergestellt sind, dass sie zwei verschiedene Hilften be-
sitzen, die als Janus-Partikel bekannt sind. Eine Hélfte ist katalytisch aktiv und treibt die
Selbstphoretik an. Die Janus-Mikromotoren werden im Allgemeinen unter Verwendung
von Herstellungstechniken wie PVD, CVD hergestellt. Diese Techniken erfordern die
Abscheidung von Material auf einer Oberfliche, wodurch die Anzahl der herzustellen-
den Strukturen begrenzt ist. In dieser Arbeit zeigen wir, dass zwei Arten von isotropen
(symmetrischen) Mikropartikeln, eines davon ein photokatalytisch aktives TiO, Partikel
ist, das andere ein passives SiO,-Partikel ist, die spontan eine Dimerstruktur bilden kon-
nen. Unter UV- Beleuchtung wird ein chemischer Gradient um die photoaktiven Partikel
erzeugt. Das passive Teilchen wird zur hochsten chemischen Konzentration des Reak-
tionsprodukts nahe des aktiven Teilchens aktiven Teilchen angezogen. Ein Dimer bildet
sich, das sich selbst anzutreiben beginnt. Die Geschwindigkeit des Dimers kann durch

das Einstellen der UV-Intensitit gesteuert werden.

Der Mechanismus der Dimerbildung wird untersucht und kann mit einer diffusio-
phoretischen Wechselwirkung zwischen dem aktiven und dem passiven Teilchen be-

schrieben werden. Die Wechselkraft und der Antrieb der Dimerschwimmer werden
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untersucht. Die Rolle von Salzen, Partikelgroe und Partikelkonzentration werden un-
tersucht. Eine zusitzliche AbstoBungswechselwirkung wird zwischen zwei aktiven Par-
tikeln beobachtet. Eine optimale volumetrische Teilchendichte von 2% wird fiir die
Dimerbildung identifiziert und die Dimere bleiben fiir 20 s aktiv. Diese Arbeit zeigt
dabei einen Selbstorganisationsweg, bei dem die chemische Aktivitit die Bildung von
Dimeren und damit das spontane Brechen der Symmetrie verursacht, was keine beson-

deren Herstellungsschritte erfordert.

Bisher wurde in vielen Arbeiten primér das Verhalten einzelner chemischer Mikro-
motoren (Janus-Partikel) im MikromaBstab untersucht. Um einen makroskopischen Ef-
fekt zu induzieren und eine Anwendung unter Verwendung einzelner aktiver Mikropar-
tikel Partikel zu ermoglichen, sind kooperative Effekte vieler "Mikromotoren" erforder-
lich. Daher haben wir eine neuartige Herstellungsmethode entwickelt, die es erlaubt
eine gro3e Anzahl geordnerter Janus-Strukturen zu erhalten. Wir haben eine Reihe pho-
toaktiver Janus-Mikrostrukturen auf einer Oberfliche durch die Schattenaufdampfmeth-
ode (glancing angle deposition, GLAD) auf ein mit Photolithographie strukturiertes
Substrat hergestellt ist. Die Beleuchtung der Oberfliche von Janus-Array-Strukturen
mit UV-Licht 16st die Wasserspaltungsreaktion aus, die einen osmotischen Fluss um
die Mikrostrukturen erzeugt. Der osmotische Fluss an jeder Struktur ist mit den von
den benachbarten Partikeln erzeugten Fliissen gekoppelt. Der mikroskopische osmo-
tische Fluss fiihrt dadurch zu einem makroskopischen Fliissigkeitsfluss. Durch Ein-
stellen des Abstands zwischen einzelnen Mikrostrukturen wird eine optimierte Pump-
geschwindigkeit fiir Mikrostrukturen mit einem Duchmesser von 2 ym und einem Ab-
stand von 2 ym erreicht. Wir haben die Pumpleistung des Mikrosédulenarrays mit an-
deren topologischen chemischen Strukturen wie Janus-Balken- und Janus-Scheiben-
Strukturen verglichen und festgestellt, dass die 3D-Struktur fiir die Erzeugung eines
chemischen Gradienten auf der Oberfliche bedeutsam ist. Wir glauben, dass diese
Pumpe die ersten gerichte- ten chemischen Mikropumpen sind, die von chemisch ak-
tiven Janus-Strukturen ge- bildet werden. Die aktive Pumpflache kann eine Stromungs-

geschwindigkeit von bis zu 4 um/s liefern.

Diese aktive Oberfliche, die aus Mikrosdulenarrays besteht, kann leicht in mikro-
fluidischen Kanile integriert werden und dient als integrierte Mikropumpe. Ein the-
oretisches Modell und numerische Simulationen werden vorgestellt, um das Mikro-
kanalpumpen zu beschreiben. Die Theorie gibt die experimentell gemessenen Stro-
mungsprofile sehr gut wieder. Wir haben daher einen neuen Typ einer chemischen

Pumpe entwickelt, die drahtlos Fliissigkeit in einem Mikrokanal pumpen kann. Die
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Pumpvolumenrate und das Stromungsprofil konnen einfach gedndert werden, indem

die Art und Ausrichtung der selbstpumpenden Winde gedndert werden.
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The velocity of catalytically active particle V,; and catalytically inert

particle Vp as a function of separation distance L before they form a

dimer. The unfilled circles and squares are simulation results and the

filled circles are from experiments. The light blue and red aeras en-

closed by L7 lines correspond to that 5 varies from 0.01 to 0.5 when

eqa = 4" = %" = 1. The opposite signs of the velocity relate to

the fact that the active and passive particles move 1n opposite directions.

Image taken from [87]. . . . . .. ... ... oo Lo,
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The dynamic of dimer formation presented with the separation distance

as a function of time. t = 0 corresponds to the moment light 1s switched

on, catalytically active and 1nert particles approach each other and meet

to form a dimer, when the separation distance decreases to the length of

the sum of the radius of both particles (K; + Kp). The dimer propels

with a velocity V;;. When the light 1s switched off, the dimer dissolves

nto two particles, which conduct Brownian motion. Image taken from
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Repulsion 1nteraction between dimer head and active particles. (a) A

dimer propels towards an active particle (marked with red dashed cir-

cle). (b) The dimer active head 1s repelled from the active particle. The

dimer turned around and continued propelling. The trajectory of the

dimer before and after turning 1s presented in blue and green, respec-

tively. The scale bar indicates 2 um. Image taken from [87]] . . . . . .

322

Snapshots from simulation showing repulsion between dimer head and

active particles. Red: active particle, blue: passive particle. (a) A dimer

propels. (b) The dimer active head 1s moving towards an active particle.

(c) The dimer gets repelled and turned around. (d) The dimer continued

propelling after the propulsion direction 1s changed. Snapshot taken

from [87]].| . . . . . ..o
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Not only dimers, but multimers will be formed with increasing number

of particles. The ratio of active motile dimers that survive after 20 s

1s plotted against the overall fraction of particles for a fixed passive to

active ratio of 1:3. Black curve 1s a fitting to the data. Image taken from
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Mechanisms to explain the adhesion behavior of dapoamine or DOPA -

mediated adhesive to different substrates. Image taken from [97].|. . . .

67
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[3.25 Dilute dopamine solution adheres the individual particle together 1n the

formed dimer. (a) Dimer formed and propels for 10 s. (b). 1 mg/ml

dopamine solution 1s added to the mixture tank, and freezes the formed

dimer. The bubble-like phase 1s the mixing of the dopamine solution

and the colloidal solution. (c) The dimers remain assembled when UV

1s off and 10 s after adding dopamine. | . . . . . . ... ... ... ...
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Left: A Janus pillar catalyzes a water splitting reaction under UV 1llu-

mination, which gives rise to osmotic flow indicated with blue arrows

around the pillar. Center: Within an ensemble of oriented pillars, a co-

operative effect of these local osmotic flows leads to an unidirectional

macroscopic flow shown 1n red arrow along the alignment (110, — Au

direction) axis of the pillars. Right: Within a microchannel, the active

surface provides an active traction and drives bulk fluid flow. Image

takenfrom [O8].| . . . . . . ...
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Fabrication of active surfaces by shadow deposition onto photolitho-

graphically patterned substrates. (a) Deposition of S10, under normal

incidence, followed by lift-off of photoresist and (b) glancing angle de-

position of T1IO and (¢) S10,. | . . . . . . . . ..o oo
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Top view SEM 1mages of a single pillar with left: SE2 detector; right:

InLens detector. Both clearly show two different materials deposited on

two sides of the pillar. Scale bar represents I um. | . . . . .. .. .. ..

!

Left: Image taken from a recorded video to observe the pumping be-

haviour of the active surface. Right: Tracer particles are tracked and

indicate an active pumping of the surface. Background has been sub-

@3

Fabrication of active surfaces by shadow deposition onto photolitho-

graphically patterned substrates. (a) Glancing angle deposition of Au,

followed by deposition under normal incidence of (b) T1O; and (c) S10,.

(d) Lift-off of the photoresist results in the T1O, - Au micropillars as

shown in the SEM image in €. Image taken from [98]]. . . . . . . . ..
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SEM 1mage of a microhole array of photo resist maP1215 (left), and a

S510,/T10,/Au micropillar array (right), scale bars represent 5 um and

1.5 um, respectively. Image (right side) taken from [98]] . . . . . . ..
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EDX 1mage (top view) of a S10,/T10,/Au micropillar array, scale bar

represents 1.5 um. Image taken from [98]].| . . . . . ... ... ... ..
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Chapter 1

Introduction

One sign of life in the macroscopic world is the ability to perform motion. The system
that in this thesis is studied and investigated is a micro scale chemical motor or swim-
mer. The property of the fluid determines how an object can swim and thus is discussed
in section

When micro/nano scale objects suspend in liquid, they move in Brownian motion.
Brownian motion plays a significant role in the microscopic motion and affects diffu-

sion, see section [[.2}

Nevertheless, passive diffusion is not an effective way to transport protein or other
biomolecules over a distance at macro scale [1]]. To introduce active motion in the micro
world, the micromotor or -swimmer is designed to be consist of different materials or to
shape asymmetric to achieve non-reciprocal motion in a fluid. The principal mechanism
to induce motion and to cause the fluid flow to chemical motors are phoretic flows that
arise due to local concentration gradients. We will give an introduction to the underly-

ing principles of photo-activated chemical micromotors in section[I.3]

1.1 Low Reynolds number

1.1.1 Reynolds Number at Micro Scale

The behaviour of a flow surrounding a swimming object can be described with the

Navier-Stokes equation, which is derived from conservation laws [2]:

Ju

pg—kpu-Vu: —Vp + 1V foy (1.1)
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where u is the flow velocity, p and 7 the density and the dynamic viscosity of the

fluid, and p the pressure. If the fluid is incompressible:

V-u=0 (1.2)

The terms on the left side of equation|[I.|correspond to inertia, while the three terms
on the right side of it to pressure gradient, viscous force and an external force. To in-
vestigate the relative importance of inertia and viscosity, the ratio of the two can be
considered. An object with characteristic length L and in a flow with a flow speed of u

which does not change with time. By analysing the scale of the inertia term in Eq. [I.1]
[

u
Pinertz’al ~ Puz (1.3)

And the dissipative force due to the fluid viscosity can be derived from the second

term on the right side of equation[I.T]and scales as:

u
Fviscous ~ 77? (1~4)

where 7 the dynamic viscosity of the fluid. The Reynolds number Re is defined as

the ratio of inertia force to viscous force:

Finertial _ PLu

Fyiscous n

Re =

(1.5)

In the macroscopic realm, the inertia dominates when Re > 1. Human swimming
in water Re & 1.7 m x 1 ms~1/107° m?s~1 = 1.7 x 10° >> 1. For a bacterium with a
size of 5 ym and a swimming velocity of 20 um /s, the Reynolds number is 10~% << 1.
In this case, the contribution of inertia can be neglected. The above equation [I.1] can

then be simplified to:

— Vp+1Vu = —foy (1.6)

The flow around a microswimmer is thus affected by the pressure, the viscous re-
sistance and the external forces applied on the swimmer. Since the time related inertia

term has been removed from the equation, the motion of the microswimmer is no more
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time-dependent, which is illustrated by the famous scallop theorem by Purcell [3]].

e Scallop Theorem

-~ ’\/\O
Escherichia calf Chromatiom okeni

FIGURE 1.1: Sketches adapted from Purcell’s paper "Life at low Reynolds number" A
scallop does not swim at low Reynolds number while a bacteria does by rotating its flagella
[3]l.

The scallop in Fig. [I.T] opens and closes its shell periodically. This shape change
that repeats in a cycle is called reciprocal motion. Since the Stokes equation which can
describe the motion in the low Re regime is not dependent on time anymore, no matter
how fast or slow the reciprocal motion a scallop is conducting, it will not propel. On
the contrary, a rotating bacterial flagellum can swim efficiently at microscale since it is

executing a non-reciprocal motion.

When later in this thesis, the focus changes from microswimmer(-motor) to the fluid

flow, the equation [I.T|can be simplified in the creeping mode or Stokes equation.

~Vp+4yVu=0 (1.7)

Combining[I.7]and[I.2] can be used to obtain an analytical solution in a microfluidic

environment.

1.1.2 Stokes Law

A micro particle moving or diffusing in a fluid, the Reynolds number is very small,
Re < 1. The resistance that the particle experiences arising from the viscosity of the
fluid is considered as a drag force and is derived by George Gabriel Stokes in 1851 by

solving Stokes flow limit for the Stokes equations.

The frictional force exerted on a moving particle with a radius of R and a speed
of u is proportional to the speed u, the surface area of the particle A = 47172, and by

considering the flow changes over a distance of the scale as the particle size r. The exact
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equation for calculating the drag resistance is by relating all these relationships and the

viscosity with a factor 1.5, given as the Stokes law []1]:

Firag = 67TrHU (1.8)

Stokes law is also useful for studying the swimming behavior of microorganisms,

the sedimentation of micro particles and organisms in a fluid [4].

1.2 Diffusion and Brownian motion

In 1827, pollen grains were observed to undergo an irregular zigzag motion in water by
Robert Brown. It was not understood at that time that whether the pollen grains were
experiencing an external force or whether they are active themselves to conduct the mo-
tion or to change the motion direction, until 1905, Albert Einstein pointed out that the
pollen grains’ motion is due to the random collisions with the thermally active water

molecules. This motion is at a thermal equilibrium and is called Brownian motion. [5]]

1.2.1 Fick’s First and Second Law

Diffusion of colloidal particles is a result of Brownian motion induced by random col-
lisions between solvent and particle and due to a gradient of concentration of the col-
loidal particles. This random translational and rotational motion can be negligible when
it refers to a particle with size of tens of microns or larger. With a size of sub-microns
or smaller in contrast, these random thermal collisions will be taken into account when

trying to understand and predict the behaviour of a propeller [6]].
Existing a concentration gradient, a net flux of particles takes place and is propor-
tional to the concentration gradient dc/dx, which shows an opposite direction to the

concentration gradient.

Fick’s first law describes the net flux of the particle in a concentration gradient:

J. = —DVc (1.9)
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Where D is the diffusion coefficient. The negative sign indicates the direction of the

diffusive flux. The unit of D is cm? - s~ 1.

.S
The concentration is changing with time when this concentration gradient varies
with position.

The relationship between the change of concentration with time at position x: % and

the gradient in the flux: g—i is proportional. Fick’s second law can therefore be derived

from the Fick’s first law [7]]:

oc 0%c
(g)x = D(W)f (1.10)

1.2.2 Diffusion Coefficient and Mean Concentration Distribution

E

(a) (b)

FIGURE 1.2: (a)Particles diffuse from a thin concentrated layer of solute particles: (b) state
at time 0; (c) state at time t, which obeys Gaussian distribution. Image adapted from [8]].

As shown in Fig. [I.2] assume a thin layer of solute particles located between layers
of solvent at t = 0. Equation [[.10] can be integrated, c at position x and time  can be

given by [_8].

1 —x2 /4Dt
(4nDi)172° (1

The concentration profile is developed from the initial concentration distribution as
shown in Fig. at time O to the distribution at time t in Fig. [I.2k. The mean square

placement < x> > can be calculated by integrating the concentration equation [8]:

o0 0 1 2
2 2 _ 2 —x2 /4Dt
< x°>= xcxdx—Z/ Xf————e dx 1.12
/oo (%) 0 (47TDt)1/2 ( )
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< x%2 >=2Dt (1.13)

The diffusion coefficient is half of the mean square displacement over a unit time [8]].

o <x?>
-2t

D (1.14)

1.2.3 Diffusion Coefficient and Microscopic Property

The diffusion coefficient thus can be obtained by analysing the mean square displace-
ment according to (1.13] which is from the macroscopic aspect. The microscopic rela-
tion between diffusion coefficient and molecular parameters can be derived by applying
Newton’s law to a moving object. An object moving with a constant velocity u# in vis-
cous medium, the driving force is equal to the frictional force, which is proportional to

the velocity with a factor f [§]:

F = fu (1.15)

where f is the frictional coefficient, which describes the speed of motion of an ob-
ject under a driving force. The unit of f is g - s~ L. The driving force for an object comes
microscopically from the average of the random forces provided by the thermal kinetic
energy, so that one can substitute the driving force F in Eq. with the force from
the thermal kinetic energy and get the relation between the diffusion coefficient and the

microscopic property [8]:

_ kT
f

This is the general form of the Einstein relation, where kg is the Boltzmann con-

D (1.16)

stant, T is the temperature. The microscopic property f is related to the size, shape of
the object, and the interaction between the object and the surrounding environment. For

a spherical object, the frictional coefficient is delivered by the Stokes’ law [8]]:

f = 6myr (1.17)
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where 77 is the dynamic viscosity of the surrounding medium, 7 is the radius of the

spherical object.

The diffusion coefficient can thus be given by combining Eq. [I.16]and which

is known as the Stokes-Einstein equation [S]]:

kgT
D— B

= o (1.18)

1.3 Active Chemical Motor

In section [I.2] we have shown that molecules or micro/nano object experience colli-
sions with the solvent molecules, such that it is not an efficient way for an object to be
transported over long distances. Furthermore, the viscosity dominates at low Reynolds
number. To overcome viscosity from the environment and induce motion at microscale,
external energy is required. The microorganisms which move in living systems un-
dergo active swimming instead of passive Brownian motion by converting chemical
energy. Artificial microswimmers can be designed to perform complex tasks and are
envisioned to be useful in drug delivery, bio sensing and bio therapy. Examples of artifi-
cial self-propelled microswimmers and/or nanoswimmers with comparison to biological

microswimmers are summarised in [9] and shown in Fig. [[.3| below.

If the particle is able to convert chemical energy into mechanical work, it is driven
out of the equilibrium state. This resulting active non-equilibrium process is called
active Brownian motion, which combines both active swimming and thermal fluctua-
tions. In section [[.I] we have discussed that a time reciprocal motion at low Reynolds
number will not lead to directional net propulsion (swimming) of an object. A time
non-reciprocal motion like the rotation of flagella, or any other symmetry breaking way
is essential for propelling at micro scale. To design a new type of microswimmers, the

symmetry of the particle must be broken.

Chemical motors are powered by a chemical gradient generated from chemical re-
actions. Since chemical motors obtain mechanical energy from chemical energy of a
chemical reaction, and do not undergo any physical shape changing motion like bacte-
ria, they are often called a "motor". The locally generated chemical gradient can propel
the colloid by a self-phoretic mechanism. A chemical gradient results due to the asym-

metric shape of the catalyst distribution: breaking the symmetry of the motor in shape
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FIGURE 1.3: Examples of biological and artificial microswimmers. The size and speed
of typical biological microswimmers, E. coli, spermatozoa for instance, are labeled in the
diagram, while some examples of artificial microswimmers are indicated with the corre-
sponding letters in the inset at the right bottom of the diagram. Image taken from IEI]

Direction of motion
with speed u

FIGURE 1.4: A two-patch Janus particle with one chemically active side and the opposite
side with different reactivity. The material on the blue side reacts or catalyzes a chemical
reaction with the fuel molecule in the solution. The product molecules are produced and
represented in green dots, which introduces local fluid flow around the particle (blue arrows)
and motion of the particle in the opposite direction (green arrow).



1.3. Active Chemical Motor 9

or chemical composition.

(a) Interfacial tension gradient (b) Self-electrophoresis
Low P Interfacial tension » High . )
2HO Fluld flow H,0, Fluid flow 2H™2e +H,0,
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0, bUbeES) O ‘ Diffusion of O,
O wzm P =
2H,0+0, 2H0, 2H,0+0, 2HO,

FIGURE 1.5: Catalytic nano/micromotors with different mechanisms: (a) Interfa-
cial concentration gradient, (b) self-electrophoresis (c) nano/micro bubble, and (d) self-
diffusiophoresis. Image taken from [10].

Based on the type of the reaction, the chemical motors can be divided into two
categories: self reacted [11]—[13]] and catalytic motor. A self-reacted chemical motor
consists of chemicals which react in/with the solvent to generate an asymmetric chem-
ical field or shape. These motors have a limited lifetime. Catalytic motors in contrast
promote a reaction without exhausting, and can be driven by different mechanisms, see
Fig. [I.3] For the propelling microrods with the material combination Pt/Au, the mo-
tion is induced by an interfacial concentration gradient caused by the chemical product
O, in water. The direction of the induced flow along the particle surface is from Pt to
Au, resulting in an opposite motion of the particle [14]. Later in [[15]-[17], an elec-
trokinetic mechanism was developed to interpret the motion of the same system. In the
electrophoresis theory, an oxidation reaction takes place at the Pt end, while a reduction
reaction at Au end, since the electrons generated at the Pt end transfer to the Au end.
The recombination of protons and electrons at the Au end is a result of an induced ion

flux towards gold. The particles propel thus in the direction of the Pt end.

Pt : HyOp — Oy +2H" +2¢~ (1.19)
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Au : HyOp) +2H" +2¢~ — 2H,0 (1.20)
O, +4H' 4+ 4e~ — 2H,0 (1.21)

Other mechanism like bubble propulsion as a result of the chemical reaction at one
end of the particle is depicted in Fig. [T.4c [18]. Self-diffusiophoresis shown in Fig.
[I.4d as a consequence of the continuously produced chemical gradient will be intro-

duced more in detail in next chapter.

Among all the artificial microswimmers, chemical micro-/ nanomotors are of great
interest. They can be easily engineered by changing the chemical reaction material
based on the application requirements and the way the motors sense and respond to
each other’s chemical field can help to understand the collective behaviours in the mi-

crobial systems.
This thesis is organized as follows:

Chapter 1 gives an introduction and chapter 2 contains detailed theory and back-

ground information relevant to the thesis.

So far, the Janus particles are commonly fabricated by sputtering or thermal de-
position of a material onto a monolayer of microparticles, which requires a complex
experimental setup with a limited fabrication yield. In chapter 3, a new approach to
form Janus particles in solution in larger amounts by self-assembly will be introduced.

In chapter 4, a new chemical micropump is presented.

In chapter 5, the summary and the outlook of the thesis are discussed.

Work presented in this thesis has been in part been published and presented:

e Yu, T., Chuphal, P., Thakur, S., Reigh, S. Y., Singh, D. P., Fischer, P. Chemical
micromotors self-assemble and self-propel by spontaneous symmetry breaking,
Chem. Comm., 54, pages: 11933-11936, August 2018
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e Yu, T., Athanassiadis, A., Popescu, M., Chikkadi, V., Giith, A., Singh, D., Qiu, T.,
Fischer, P. Microchannels with Self-Pumping Walls, ACS Nano, 14, 10, 13673-
13680, September 2020

e Poster: Yu, T., Chuphal, P., Thakur, S., Reigh, S. Y., Singh, D. P., Fischer, P.,
Chemical Motors that self-assemble, SPP winter school, 2019 February 2019

e Poster: Yu, T., Athanassiadis, A., Popescu, M., Chikkadi, V., Giith, A., Singh,
D., Qiu, T., Fischer, P., Photochemically active Janus micro-pillar arrays in nar-
row fluid channels, Motile Active Matter International Conference, 2020 October
2020
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Chapter 2

Theory and Background

2.1 Photocatalytic Activity of TiO,

In chapter[I] different types of chemical micromotors are briefly introduced. They dif-
fer from each other from chemical material to working mechanism. In this section,
more details of the catalyst system being utilized in the self-assembled chemical motor

(Chapter 3) and the self-pumping wall (Chapter 4) will be discussed.

There are a variety of elements that function as semiconductors. These materials
are neither preferable to lose electrons nor to gain electrons. There are normally four
electrons in their valence shells, forming perfect covalent bonds with four neighbouring
atoms. Semiconductor with only one element include arsenic, boron, carbon, germa-
nium, silicon and etc. Expanding this atom structure unit in space, we get a crystal
lattice. In this perfect pure crystal lattice, no electrons are movable and thus the crystal
structure is not conductive. A semiconductor is designed by introducing impurities or
dopants in the crystal structure. N-type semiconductors hold extra negatively charged
electrons, while P-type semiconductors carry positively charged electron holes as charge

carriers. Examples of semiconductors with their band gap values are listed in table

2.1.1 Photocatalytic Activity Of TiO,

Since 1972, when water photolysis at semiconductor electrode first being reported by
Fujishima and Honda [23]], photocatalytic materials have attracted enormous attention
for their potential application in solar energy conversion and environmental field. TiO;
with its photoactivity has been broadly studied due to its nontoxicity, chemical stability,

low cost, hydrophilicity, long durability and strong oxidizing ability.
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TABLE 2.1: Examples of semiconductor materials [|19].

Group Formula Bandgap [eV]
v Si 1.12 [20ﬁ21]
v Ge 0.67 [20], [21]
r-v GaAs 1.43 [20], [21]
II-VI CdS 2.42 [21]
IT- VI ZnO 3.37 [21]
Oxide TiO,, anatase 3.20 [22]
Oxide TiO,, rutile 3.00 [22]

The band gap of TiO; (anatase) is 3.2 eV, which corresponds to a photon with a
wavelength at ~ 387 um, which locates in the UV range.

The photogenerated holes and electrons are separated diffusively and are involved in
different part of a photocatalytic water splitting reaction. The charge carrier generation
[25]]:

TiOy +hv — TiOy +e~ +h™ (2.1)

The holes produced in valence band diffuse to the TiO, surface and promote an
oxidation reaction with water, while the electrons in conduction band react with the

oxygen to produce superoxide radical anions [26]:

h* 4+ H,O -*OH+ H™" (2.2)

e”+0y— 05" (2.3)

2.1.2 Modified TiO, Photocatalysis

From the perspective of application and energy, the photocatalysis of TiO;, remains inef-
ficient due to its large band gap and the recombination of photoinduced charge carriers.
To overcome these limits, a variety of methods have been developed, like coupling with

a narrow band gap semiconductor, metal ion/ nonmetal ion doping, codoping with two
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FIGURE 2.1: Electrons move from valence band to the conduction band under light excita-
tion, leaving a positively charged hole in the valence band. The electrons in the conduction
band can diffuse and promote a reduction reaction, whereas the separated holes promote an
oxidation reaction. Image taken from [24].

or more foreign ions, surface sensitization by organic dyes or metal complexes, sur-
face fluorination, noble metal deposition or the addition of suitable electron acceptors
in the reaction medium [27]. In this thesis, we focus on two strategies to improve the
efficiency of TiO, photocatalysis: Noble metal deposition and the addition of suitable

electron acceptors.

Metal deposited titania

If a semiconductor is able to catalyse a water-splitting reaction, charge carriers produc-
tion and separation in VB and CB are essential. After the transfer of the electrons to CB,
the positively charged holes remain in the VB, a water-splitting reaction is in principle

possible with the following reduction and oxidation reactions [27]:

VB: 2H,O+4ht — Oy +4H™" (2.4)

CB: 2H" 42 — Hj (2.5)

The standard reaction potentials of the half reactions of water splitting are [7]:



16 Chapter 2. Theory and Background

2H" +2¢~ —H,, E°=0V (2.6)

Oy +4H" +4e~ — 2H,O, E°=-123V (2.7)

The reaction can take place for a reversible electrochemical reaction at constant
temperature and pressure when the Gibbs free energy change per mole of the reaction
at standard conditions A, G < 0 [7]:

A.G° = —nFE° (2.8)

Where n is the moles of electrons being transferred in the reaction, F is the Faraday
constant and E° is the standard reaction potential. For the hydrogen production reaction
the CB level should be more negative than hydrogen reduction level (Ey, ,p,0)-
The VB level should be more positive than water oxidation level (Ep, ;1,0 for an effi-
cient production of hydrogen and oxygen from water by photolysis. Theoretically, all
the semiconductors fulfill this criteria that the relative positions of the energy levels of
valence and conduction bands with respect to Ep, ,H,0 and Ep,,p,0 can decompose

water by photocatalysis [28]].

However, due to the photocorrosion of many semiconductor materials, such as CdS
and SiC, their application is strongly limited [27]. In this scenario, TiO; proves itself as

a promising candidate as a photocatalyst for water-splitting (Fig. [2.2)).

However, the energy conversion efficiency in the TiO, photocatalytic water-splitting
is still low. Possible reasons could be [27]], [28]]:

e Recombination of photogenerated charge carriers (electron-hole pair):
The excited electrons in the conduction band can recombine with the electron
holes in valence band quickly and release energy in form of heat or emitting pho-

tons;

e Fast backward reaction:
The water decomposition reaction is an endothermic reaction. The backward re-

combination of hydrogen and oxygen reaction is more preferable in terms of en-

ergy.
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FIGURE 2.2: Mechanism of water-splitting reaction with TiO, by photocatalysis which
produces oxygen and hydrogen. Image adapted from [28]].

Studies reveal that by depositing noble metals on the semiconductor, the efficiency
of the photocatalytic process will be significantly enhanced. The metal deposits benefit
the interfacial charge transfer as a sink for electrons, and thus weaken the recombina-
tion of electrons and holes [27]]. Beside of the improved charge separation, the better
photocatalytic performance of metal-semiconductor composites can be attributed to the

Fermi energy level shifts [29]—[33]].

The Fermi level Er is related to the energy level of the conduction band Ecp ver-
sus normal hydrogen electrode (NHE), the number of accumulated electrons 7¢ and the

charge carrier density N [34]:

Er = Ecg + kTlnnec/N¢ (2.9)

The Fermi level can be shifted to more negative potential if there is more accumu-
lation of electrons in the system. In the case of TiO,/Au, Subramanian, Kamat and
coworkers determined the Fermi level of TiO, and TiO,/Au with a standard redox cou-
ple Ceo/ Cgy with aknown E°(Ceo/Cg; ) = —0.25 V versus NHE. By measuring the
concentration of Cg, in the TiO; or TiO,/Au suspension under UV radiation at equilib-

rium, and substituting in the following expression [31], [34]-[36]:

Ef(TiOz(e)) = Epp = Edy/geq + 0-059108 ([0x]eq / [Red]eq) (2.10)
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where E} is the apparent Fermi level of TiO; or TiOy/Au and E3 ¢ ,; the standard
reduction potential of the redox couple. They obtained the apparent Fermi level of -230
mV versus NHE for TiO, particles, which is about 270 mV more positive than the con-
duction band of bulk TiO; under neutral pH condition, and a negative shift of Fermi
level to -250 mV, -270 mV and -290 mV if the TiO, particles are in contact with 8§ nm,
5 nm and 3 nm Au particles, respectively. The photogenerated electrons move from
TiO; to Au, which has a Fermi level of Au = +0.45 V versus NHE, when they contact
until the two systems reach equilibrium state. The equation [2.9]depicts that the negative
shift of the Fermi level means more accumulated electrons between TiO, and Au. This
enhanced charge separation in TiO,/Au is indicative for a higher photocatalytic perfor-
mance in the system (see Fig. [2.3). A greater energy level shift is shown with smaller
size Au nanoparticles, which in turn shows higher catalytic activity [34]. When later
at the choice of the thickness of gold halve in Janus TiO,/Au micropillar in Chapter 4,

both the size effect and the robustness of the structure will be considered and balanced.

cB
%
E: " LS.
f
VB Redox Redox
Metal couple couple
Equilibration before Charge equilibration after
UV-irradiation UV-irradiation

FIGURE 2.3: Charge equilibration before and after UV irradiation in a metal- semiconduc-
tor nanocomposites redox couple system. Image taken from [34].

Effects of oxidants on degradation rate

Adding electron acceptors or oxidizing agents in the TiO, water suspension can prevent
the recombination of electrons and holes. These oxidants can influence the system in
following aspects [27], [37]-[39]:

e Number of trapped electrons can be increased so that the recombination with holes
is inhibited.

e More free radical and other oxidizing species are produced.

e The oxidation rate of intermediate compounds raises.
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e Problems with low oxygen level due to oxygen consumption or slow oxygen mass

transfer are avoided.

TABLE 2.2: Oxidation potential for typical oxidants referred to a normal hydrogen elec-
trode. Table taken from [40].

Oxidant Potential E° [V] (25°C)
Fluoride 3.06
Hydroxyl radical 2.80
Hydrogen peroxide 1.78
Oxygen 1.23

Table [2.2] indicates that the H,O5 is a stronger electron acceptor than O,. The reac-
tions that H,O, is involved at presence with TiO, are [38]], [40], [41]:

H>O, + hv — 20H*® (2.11)
H>O, +0,7* =+ OH®*+OH™ 4+ 0O, (2.12)
H,O, +e¢~ — OH®* +OH™ (2.13)

However, the speed of degradation of HyO; can be reduced when the concentration
of H,O; is too high. Thereby they serve as scavenger for valence band holes or hydroxyl

radicals.

H,Oy +h™ — HO,®* + HT (2.14)

H,O, + OH®* — HO,* + H,O (2.15)

H»>O, + OH®* — H>O + O, (2.16)
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2.1.3 Anatase and Rutile

There are four polymorphs of TiO, known in nature: anatase (tetragonal), brookite (or-
thorhombic), rutile (tetragonal), and TiO, (B) (monoclinic) [42]-[44]]. The most two

common forms are the anatase and rutile crystal structures.

Rutile: Rutile TiO, shows a tetragonal structure and contains 6 atoms per unit cell.
The octahedron structure of TiO, is slightly distorted [45]—[47]. The rutile phase is sta-

ble at most temperatures, but the activity of rutile phase is relative poor.

Anatase: Anatase TiO, has a tetragonal structure as well, but with a slightly larger
distortion of the TiO, octahedron in comparison to the rutile phase [46], [48]. The
anatase is more stable than rutile at 0 K [49]. It exhibits higher photoactivity than the
rutile phase since it has a slightly higher Fermi level, the capacity to adsorb oxygen is

low and the hydroxylation degree is higher [50].

Applying different annealing conditions, one can obtain different crystalline struc-
ture of TiO;. Andronic and coworkers have examined the TiO, phase with different

annealing temperatures by XRD. See results in table 2.3

TABLE 2.3: Anatase and rutile percentage with different annealing temperature. Table
taken from [51]].

Annealing Crystallite size [nm] Crystalline phases [%]
temperature [°C] - :
Anatase Rutile Anatase Rutile

300 8 - 100 -
400 8 - 100 -

500 15 - 100 -

600 32 45 40 60
700 34 50 35 65
800 - 50 - 100
900 - 34 - 100

There are ongoing discussions about the cause of higher activity of anatase TiO;
[50].
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e In semiconductors, an indirect band gap material presents a longer charge carrier
life time compared to direct gap materials. For the anatase phase, an indirect band
gap is shown, which is usually smaller than its direct band gap. Rutile, in contrast,
exhibits a direct band gap or an indirect band gap which is very similar to its direct
band gap. The electron-hole pair has longer life in anatase than in rutile, they have
higher chance to participate in the oxidation or reduction reactions at the surface
[52].

e The transfer of the excitons from the bulk to the surface is also responsible for
the photocatalytic activity difference between the two phases. The anatase phase
shows deeper excited charge carriers than in rutile. The activity increases for
thin anatase films up to ~ 5 nm, while rutile films reach their maximum activity

already for ~ 2.5 nm films [52].

2.2 Self-Phoretic Motion

In section[I.1I] we have discussed that a non-reciprocal motion is essential for swimming
or propulsion in the microscopic world. A typical microswimmer, which swims with a
non-reciprocal motion attributing to its asymmertric helical structure is shown in sec-
tion[[.3] In an alternative category for artificial microswimmers, instead of a complex
geometry design, the physical properties of the surrounding medium is intensionally
modified and tuned asymmetric so that a micro particle or colloid would experience a
driving force. This driving force originates from the asymmetric distribution of a phys-
ical change or a chemical substance and gives rise to a phoretic force. It could be from
the asymmetric distribution of a physical property like temperature, surface tension, or
of a chemical gradient. The driving forces give rise to thermophoresis, phoretic motion
by the Marangoni effect, electrophoresis and diffusiophoresis, respectively. The mi-
croparticles generate these gradients themselves, experience an interaction between the
field of the driving force and the particle surface and are thus able to propel themselves.

This type of motion is defined as self-phoretic motion.

In this chapter, we will introduce briefly the differences between thermophoresis,
electrophoresis and diffusiophoresis, and mainly discuss the model to describe and un-

derstand the diffusiophoresis.
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2.2.1 Thermophoresis

Thermophoresis is the motion of particles in a temperature gradient. This phenomenon
refers to all phases of matter. The first thermophoresis observation of an aerosol is re-
ported by John Tyndall in 1870. Thermophoresis in a liquid mixture was found by Carl
Ludwig in 1856, and the theory was provided by Charles Soret in 1879. Thermophore-
sis is thus also known as Soret effect. Even though thermophoresis has been known for

a long time, its theoretical explanation for molecules in liquids is still unclear [S3]].

Interfacial layer

o Tl

B =—iart _
Vs // \ Phoretic force
/

\
<mmin |
\ ‘\
cold hot

FIGURE 2.4: Schematic illustration of thermophoresis of a particle. The particle displays
a motion driven by the phoretic force induced by the interaction between the temperature
gradient and the interfacial layer of the particle. Figure adapted from [54].

The colloids in a suspension in a temperature gradient exhibit in addition to Brown-

ian motion, a steady motion velocity [55]:

vs =—DrVT (2.17)

where Dt describes the thermophoretic mobility of a particle and is named as ther-
mal diffusion coefficient [56]. Dt can be positive or negative, indicating the particles
move to the cooler region (thermophobic) or hotter region (thermophilic). [S7] We
can relate this D7 to a model developed by Derjaguin in 1987 for the slip velocity
at a solid/liquid interface. In this model, two terms are calculated: the momentum
flux resulting from a tangential temperature gradient by applying Onsager’s reciprocal
therorem, and the flux of energy (enthalpy) which emerges with the pressure-driven
convection of the fluid across a porous barrier. By applying the relationship that the
momentum flux is equal to the mean flow velocity of liquid through the pores, the slip

velocity can be expressed in the following form [58]], [59]] with the thermal gradient in
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the direction of x and a distance y from the solid surface:

2 [ dinT
vs———/o yh(y)dy I (2.18)

where h(y) is the local excess specific enthalpy in the interfacial layer. The integra-
tion of h(y) is assigned as a constant H, which tells the excess enthalpy at the interface

and is difficult to be measured experimentally [58].

H:/O h(y)dy (2.19)

Therefore, another approach to determine the thermal diffusion constant is enabled
by assuming a uniform thermal gradient directed along x, a steady-state concentration

profile can be written with the density distribution [55]:

dd—; = _CSTfi_Z (2.20)

where St = Dt/D = —1/c(dc/dT) and is called the Soret coefficient [55]. A
positive St analog to Dt implies that the colloids move towards the cold. For a specific
colloidal suspension, measuring both the given temperature profile and the concentra-

tion distribution enables the determination of the Soret coefficient.

2.2.2 Electrophoresis

In electrophoresis, a particle is charged (e.g. -ve here). The charge on the particle sur-
face induces an increased concentration of counterions as a diffuse cloud in the Debye
layer k1, within which the charge density pe(y) decays exponentially at a distance y
from the surface. Placing the charged particle, together with its counterion cloud in an
electric field, which can also be generated by the particle itself with a chemical reaction,
the diffuse cloud of counterions (+ve) moves in the direction of electric field, while the
negatively charged particle moves oppositely. The fluid velocity at the outer edge of the

double layer ST is the sum of the particle velocity U and the slip velocity V. [58]

The diffuse space charge density p,(y) interacts with the electric field results in the

slip velocity is the difference between the concentrations of counterions and coions.
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FIGURE 2.5: Electrophoresis of a charged particle (negatively here) in a self-produced or
external electric field E;. The counterion cloud and the negatively charged surface is defined
as the electrical double layer. ¥~ ! is the Debye length of the solution, which indicates the
interaction range. Figure based on [58].

pe(y) can be derived from Poisson’s relation relates to an electrostatic potential at dis-

tance y from a charged layer ¢(v) [58]:

e %
Pe = _4_na_]/2 (2.21)

The electric force that the particle body experiences is simply p.Es. The Stokes

equation along the x direction is [58]]:

aZ
1 a_;’zx +0eEs =0 (2.22)

The double layer has a length scale of the Debye length [|58]]:

-1/2

- [

where C° is the concentration of electrolyte at the outer edge of the double layer

(2.23)

(ky — o0), Z refers to the valence of the positive and negative ions of the electrolyte,
e is the electron charge, ¢ is the dielectric constant of the fluid, kT the thermal energy.
Integrating eq. [2.21] applying the non-slip boundary condition, v,y = 0 aty =0, velocity
gradient at y — oo is zero, in eq. [2.22] and combining the two equations, the velocity

profile within the double layer is obtained [58]]:
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s

= E[IP(W — CJEs (2.24)

Oy

where ( is called the zeta potential, and equals ¢ at y = 0 [|60].

The condition that the velocity at the outer edge of the double layer y — oo is used
to derive the slip velocity vg [S8]]:

vs = lim v, = — &
y—ro0 47'(17

Es (2.25)

where ( is the zeta potential { ~ kT /e, E; is the electric field with E; ~ 1V /cm,
1 and ¢ the viscosity and dielectric constant of water for instance, respectively. We get
s is of order micrometers per second in water. The slip velocity is linear with E;. The
prefactor % defines the electrophoretic mobility of a particle. The charge sign of the
particle decides the zeta potential and further influences the direction of the particle mo-

tion in the electric field [58)]].

2.2.3 Phoresis and Chemical Motors

This section is based on and closely follows [1].

Another phoretic driving force initiates from an asymmetric distribution of chemi-
cal concentration, which is known as diffusiophoresis. Fick’s first law as introduced in

section [I.2] relates a flux to a concentration gradient:

dc
Jy = — Ix (2.26)

The flux in 7m0l / (m? - s) can also be written in any of a flow speed 11,

Jx = cuy (2.27)

The flux in Eq. [2.26]is associated with a flow in turn according to Eq. This
reveals that when there is one species of molecules or particles, the concentration gra-
dient of the molecules or particles causes a diffusion of them from a high concentrated

region to low concentrated region. When there are two or more species of molecules or
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particles in a suspension, the behaviour that one species presents depends on the concen-
tration gradient of the other species is a result of the interaction between the solute and
the surface of the molecule or particle. The interaction in this scenario can include van
der Waals forces, dipolar forces, or volume exclusion effects (entropy-driven effects).
We combine these forces together and define a combined potential "potential of mean

force" ¢:

foxt = =V (2.28)

which delivers the force experienced by a solute molecule from the surface. To in-
clude all the solute molecules, the term concentration of the solute ¢ dependent on the
position along the surface x and the distance away from the surface v, ¢(x,y) is intro-
duced. The force points along the y direction and varies with x since the concentration
of solute molecules distributes ununiformly along x. The combined force for many so-

lute molecules at a specific location is given by:

E(x) = —c(x,y) " 2W) (2.29)

Since the force changes along x, the force per area of the particle generates a
p(x,y). Each volume element experiences a different force so that the generated pres-
sure changes as well, which in turn acts on a fluid element and results in a hydrostatic
pressure. On an infinitely long wall, the pressure difference along the wall drives a fluid
flow, which is named diffusioosmosis. The flow along the surface is with a speed 1.
At the surface, when y = 0, the 1, = 0 due to the non-slip condition of the surface. 1y
increases within a short distance away from the surface due to the hydrostatic pressure

and then reduced eventually to zero again. The flow profile at the surface is shown in

Fig. [2.6]

2.2.4 Diffusioosmosis

This section is based on and closely follows [/1]].

An external force term is added to the Stokes equation to describe the fluid behaviour

in the interfacial layer between the solute and the surface in presence of a concentration
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FIGURE 2.6: Diffusioosmosis and phoresis caused by a concentration gradient. (a) The
fluid flow u, is driven by a tangential pressure gradient v p pointing in the direction from
higher pressure to lower pressure, which is caused by the interaction between the solute
molecules and the surface. A refers to the range of the potential, the scale of which is much
smaller than the colloid, A < R, R is the radius of the colloid. (b) is a zoom in of the
interfacial layer in (c). A colloid moves in a concentration gradient (purple shading) in (c),
this phenomenon is termed diffusiophoresis.
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gradient. The external force is due to the interaction potential:

Vp — Vi =—cV¢ (2.30)

For an incompressible Newtonian fluid:

V-ii=0 (2.31)

There are two dimensions for the quantities in Eq. x along the surface and y
the distance away from the surface. The pressure changes along x and y, the velocity
points along x and changes along y, concentration changes along x and y, and the inter-
action potential changes with y. The Stokes equation is therefore rewritten in terms of

two directions:

At a distance y from the surface:

Ipx,y) _ I¢(y)
0 = c(x,y) 3y (2.32)
Along the surface x:
Iplry)  Puxly) _
ox n 32 0 (2.33)

The concentration of solute molecules follows the Boltzmann distribution:

c(x,y) = cy(x)exp(—) @234

where c;, is the concentration of the solute molecules in the bulk, ¢;(x) = c(x;y >

A. Substituting ¢(x, y) from Eq. in Eq.

—0W)99(y) (2.35)

Integrating the Eq. [2.35|by y gives:
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p(x,y) = cp(x)kT (e~ W)/ kT) _ 1) (2.36)

This equation is differentiated with respect to x so that the pressure gradient along
x can be substituted in Eq. [2.33]

Op(x,2) _ 96 () p-g) /(1) _ 1 (2.37)

ox 0x
Simultaneous Eq. and

2
p W) 980 gty km) _ 1 (2.38)

Y2 dx
This equation will be integrated twice along y. The term contained the unknown

interaction potential ¢(z) will be assigned to:

B = / / (e~ ?W/ (D)D) gy g, (2.39)

The speed of the diffusioosmotic flow near the surface is ultimately given in the fol-

lowing expression:

_ Ocp(x) kT
Uy = _T75 (2.40)
and the general form is:
kT
LtH = —VHC7[3 (2.41)

where 1| is the tangential flow which is parallel to the surface. The flow speed is
linear to the concentration gradient and is related to the temperature, the viscosity of the

fluid and the interaction potential.

2.2.5 Diffusiophoresis

This section is based on and closely follows [1].
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When a force free particle is in a solution with concentration gradient which in turn
generates a tangential flow along the surface, due to the conservation of momentum,
the particle has to move to the opposite direction to give space for the fluid flow. The
motion of the particle is called the diffusiophoresis of the particle. The speed of the
diffusiophoretic motion U is calculated by integrating the flow across the entire surface

of the particle with a radius R. The direction is reversed as the diffusioosmotic flow:

1
u=— / ds 2.42
47tR? surface “I ( )

more generally:

ﬁzﬁgﬁmt (2.43)

where c,,; is the concentration distribution of the solute where the colloid locates,
all the constants and interaction potential are included in ¢. The sign of the phoretic
velocity indicates the motion direction of the colloid. With an attractive interaction, the
colloid moves towards the higher solute concentration region leads to a lower energy.
When the interaction is repulsion instead, the colloid moves in the opposite direction to

a lower solute concentration.

In summary, phoretic propulsion describes the motion of colloidal particles by a gra-
dient field that has interaction with the surface of a particle. The interaction takes place
in an extremely thin interfacial layer. The phoretic speed is generally proportional to the
field gradient. The proportionality is defined by the phoretic mobility, which contains
the constant parameters of the system and interaction potential related parameters. The

three different phoretic motions are compared in table [2.4

TABLE 2.4: The gradient and the phoretic mobility which determine the phoretic speed
[58].

Gradient field Phoretic mobility
Thermophoresis Temperature yhdy
) . . eC
Electrophoresis Electrical potential Iy
Diffusiophoresis Concentration of a [31‘,7—T

(non-ionic) chemical species
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2.2.6 Self-Phoresis

If a particle can itself generate a gradient in temperature, electric charges or concen-
tration, it can move. The motion is defined as self-phoretic motion. To achieve this
functionality, a spherical particle needs to break its local symmetry to induce a specific
gradient into the system. There are many ways to prepare an asymmetric microsized
particles, e.g. membrane templated electrodeposition, bipolar electrochemical deposi-

tion, layer-by-layer assembly and physical vapour deposition [[61].

Self-thermophoresis

To obtain a temperature gradient surrounds a particle, the thermal response at the two

ends of a sphere should differ from each other. An example of design is shown in Fig.

[62].

NIR Au SiO,

FIGURE 2.7: Themophoretic motion driven by a temperture gradient caused by the adsorp-
tion of near infrared light by gold on one side of the particle.

Thermophoretic system is usually less energetically efficient. Relatively large light
intensities are needed. The application is thus limited.
Electrophoresis

e Induced-charge electrophoresis
As discussed in section [2.2.2] induced-charge electrophoresis takes place when a
particle is charged and an external electric field is applied. The couterions cloud in the

electric double layer moves to the direction in response to the electric field. An induced

electrophoretic particle is presented in Fig. [2.8]
e Self-electrophoresis

A self-electrophoretic particle can generate an ionic flux itself, when it catalyses a

chemical reaction to produce charged products. On the other side, a conductive material
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FIGURE 2.8: The heterogeneous distribution of the charges is induced by an external
electric field on the particle. The electric double layer on the gold side is more strongly
polarized and is able to drive an induced electroosmotic slip than the polystyrene side. The
induced motion is the direction of the dielectric side. Image based on [63]]

is present to separate and transfer the electrons to its side, which are products of the re-
action at the other end. The redistribution of negatively charged electrons and positively

charged protons causes a proton flow towards the electron accumulated side. (Fig. [2.9)

The self-induced electric field in a solution is determined by the ion diffusivity dif-

ference factor ¢ and concentration gradient of solute VC, and is given as [64]:

kT VC
E=2s%7

where Z is the valence of the ions of the solute, C is the concentration of the ions, ¢

(2.44)

is the ion diffusivity difference factor and is related to the diffusivities of the constituent

ions, namely the cation diffusivity D and anion diffusivity D_:

¢=(Dy—D.)/(Dy+D-) (2.45)
U\\
H202 H202 + 2H* + 2e-
) ‘ Pt Au } C
2H*+ 2¢ + O, " 2H,0

H* —

FIGURE 2.9: Schematic illustration of self electrophoresis. Hydrogen peroxide is decom-
posed and produces protons in the solution and electrons in the tube at the Pt side. The
protons and electrons are transferred to the Au side and react with H,O, to water there.
This ion flux causes a motion of the particle relative to the fluid towards the platinum side
[15].
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Self-diffusiophoresis

Pt in above mentioned self-electrophoretic particle catalyses a H,O, oxidation reaction,
it produces not only protons and electrons, other main products are H,O and O, as il-
lustrated in Fig. [2.10] The reaction generates eventually a local concentration gradients
of both educt and product across the particle. This concentration gradient induces a
pressure gradient which in turn drives a fluid flow surrounding the particle and a self-

diffusiophoretic motion of the particle.

When the Au side in the self-electrophoretic particle is replaced by a non-conductive
inert material, polystyrene for instance. The electrons can not be transferred from the
Pt side. The ionic flux will be reduced, and mainly a concentration gradient remains

surrounding the particle [65]].

U\\ H,0,
P,

2H* + 2e"+ O,
Pt PS

2H,0

H202 + 2H* + 2e-

FIGURE 2.10: Schematic depiction of a Pt/PS Janus particle, which conducts self-
diffusiophoresis in H,O, solution under illumination of UV light. The Pt catalyses a chem-
ical reaction of HyO» and produces O, and H>O. The one-sided distribution of these chemi-
cal products across the particle results in a pressure gradient and drives the particle to move.
Image based on [65].

In the section |2.1.2] noble metal is deposited on photoactive catalyst to enhance the
photocatalytic activity. With the design of a photocatalyst and a noble metal, the particle

exhibits a motion with both self-electrophoretic and diffusiophoretic effects.

2.2.7 Chemical Gradient

To investigate the concentration distribution in space Cpy,0, (*) around a chemical cat-
alytically active particle, TiO, sphere with a radius R for instance, two terms related to
the concentration change of the educt/product: the diffusion and the kinetic reaction of

the educt molecules are considered and combined in Eq. [2.46] [69]:
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a) uvl b) v
HZ H2
D Pt O, + 4H* D Au 0, + 4H*
2H* + 2e- C 2H* + 2e- C

2H,0 + 2H,0 +

«— H* «— H*

H* Gradient H* Gradient

FIGURE 2.11: Cartoon illustrating that a photocatalyst/noble metal particle combines both
self-electrophoresis and diffusiophoresis effects and propels. In both a) and b), the under
UV illumination generated hole/ electron pair is separated by transferring the electrons to
the noble metal side. The protons produced by the reaction of H,O with the holes tend to
move to the noble metal side for a recombination reaction with electrons for hydrogen pro-
duction. This proton flux drives the motion of the particle self-electrophoretically. Mean-
while, the concentration gradient of the reactant and product initiated from the catalyst side
propels the particle self-diffusiophoretically. Image adapted from [[66]-[68]].

dCH,0,(7)
ot

which is indicated as the diffusion-reaction equation, where r is the distance from

=D- ACHzOz(V, t) — tXCHzo2 (O, i’) (2.46)

the particle surface, t is the time, D is the diffusion coefficient of hydrogen peroxide, a

the reaction rate constant of the chemical reaction on the active surface at r = 0.

When our system reaches a steady state, the time related term vanishes and gives a

Laplace equation:

D - ACHzOz (1”) = “CHZOQ(O) (2.47)

The concentration distribution in terms of r is obtained by solving the Laplace equa-

tion for an infinite large reservoir of hydrogen peroxide solution: [69]

R/ 2) (2.48)

Cr0, () = Cri0(e0) (1 - —

Where Cp,0,(00) is the bulk concentration of hydrogen peroxide, R is the size of
the catalytic site. Consuming hydrogen peroxide gives a production in oxygen that dis-
solves in the solution at very low concentration. The oxygen concentration distribution

is given by taking the stoichiometry of the reaction equation into account:

R
Co,(r) = Cry0,(c0) (2.49)
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A
Concentration
C(r)
s
R 7 T i u C(H,0,)
C(0,)
r=0 r

FIGURE 2.12: The chemical gradient of H,O, and O; in a hydrogen peroxide decomposi-
tion reaction at a spherical catalytic particle surface with a radius R. The concentration of
H,0, and O, drop from a distance to the surface, and from the surface to infinitely far from
the surface reciprocally, respectively. Image based on [69].

The diffusiophoretic velocity surrounding the catalytically active particle is thus de-
pendent on the distance from the particle as well. Eq. [2.43] depicts that the diffusio-
phoretic velocity u,, is proportional to the chemical gradient VC(r): u, o< VC(r), and
C(r) = Cn,0,(c0)R /7 so that [69]:

Uy CHzoz(oo)RV% x1/7? (2.50)

The dependence of the diffusiophoretic velocity on the distance to the catalytically
active particle is illustrated in Fig. [2.13]

2.3 Flow in Microchannels

So far, the chemical system and the propulsion mechanism for the chemical micromo-
tors are discussed. By constructing chemical motors on a substrate in a large array
manner, a self-pumping active wall can be applied to pump fluid in a microchannel
(Cahpter 4). Now, I will present the theoretical background of typical fluid pumping in

microchannel.

Microchannels can be used in drug delivery devices [70], [[71], micro total analysis
systems and other microfluidic devices [72[]-[78]]. The basic fluidic analysis to describe

the flow in the microchannel can help for a better understanding of the flow properties
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A
Phoretic velocity

up(r)

o j e ——— -
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FIGURE 2.13: The diffusiophoretic velocity towards a catalytically active particle is pro-
portional to the chemical gradient, showing a up(r) o 1/7* tendency. Image based on
[69].

and for improving the performance of microanalysis or microfluidic device [/8]]. The
microchannels normally have a cross-section size of micrometers to sub milimeter. As
Eq. indicates, at the low Reynolds regime, viscosity plays a more important role
than inertia, where the incompressible flow in microchannels develops itself in a lami-
nar flow manner rather than a turbulent flow. The fluid exhibits a creeping flow mode

and can be mathematically described by the Stokes equation [2]].

The cylindrical microchannel is the simplest analytical model among different chan-
nel geometries. A usual way of analyzing for a noncircular cross-section microchannels
is by considering the equivalent hydraulic diameter [78]], [79] in the 1D analysis of

Hagen-Poiseuille for a cylindrical channel [80]].

2.3.1 Pressure Force

The Navier-Stokes equation [I.] describes the forces acting on a fluid parcel, and con-
sists of three terms: the viscosity of the fluid, the pressure on the fluid and an external
force term. The system described in this thesis experiences no external force. Flows
are therefore caused by pressure differences which push the fluid from regions of higher
pressure to regions of lower pressure. The pressure gradient Z—g is responsible for the
driving of a flow. A counteracting force to this driving force is the frictional force in
the fluid. Friction is set by the fluid viscosity and exists between the fluid and the chan-

nel and also within the fluid itself. Here, with the aid of a cylindrical channel model,
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the pressure drop, frictional force and volume flow rate in a cylindrical channel will be
shown. A section of cylindrical channel illustrated in Fig. has a length of Jx, a
cross-section with an area of A and a radius of r. A pressure drop (6p < 0) is applied

on the channel from position x1 to xp [2], [81].

Pressure drop Ap
High pressurep;, ——— Low pressure p,

A

1
I 1

—

Flow direction

I |
Pipe section length
Ax

FIGURE 2.14: Illustration of a pressure-driven cylindrical channel. The pressure at point
x1 is higher than the pressure at x,. The fluid flow in the channel is driven from the left to
right due to a positive pressure gradient Z—Z along the flow direction.

We consider the forces on a small volume element of fluid (Fig. [2.15p). The force

from the pressure at x = x7 is:

Fpy=p1-A 2.51)

Similarly, the pressure at x = x5, pointing to the opposite direction, is,:

Fpy=p2-A (2.52)

Net flow is caused when the pressure on one side is larger than the other (Fig. [2.15p).
The net force Fy on the volume element with which the pressure difference drives the
fluid in motion results from the difference between the two forces while the y axis co-

ordinate of the center of the circle cross-section is defined as 'y = 0 [2[], [81]:

Fy=F, — Fy, = —mtr?-6p (2.53)
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y Fp,=p1-A Fp, =p,- A Fp = Fp - Fp,
x i = D —
\ \
LA LAY

X, Ax X,

FIGURE 2.15: Pressure forces act on a small volume fluid element. (a) The pressure p; at
position x = x7 is higher than the pressure p; at position x = x with po = p; + Jp over
the element length dx. (b) The resultant net force F, is the difference of Fy, and F,. Image
adapted from [81].

2.3.2 Frictional Force

The fluid flows by the pressure force, with another force acting on it, which is the fric-
tional force. The fluid layer interacting with the wall of the channel experiences an
adhesive force resulting in no relative fluid flow speed between the fluid and wall. This
is called a no-slip condition. The frictional force between the fluid layers arising from
the viscosity of the fluid leads to development of a flow velocity profile. As indicated
in Fig. [2.16] the maximum flow velocity occurs at the centerline of the channel and
decreases with v to O at the wall. In the laminar flow in a channel, the velocity is only
considered to be in the direction of the flow (u, = 0) 2], [31].

| No-slip boundary condition

Fluid layers formation due |

" to friction ‘
y | |
x \ |

' No-slip boundary condition

Shear stress: t =17 -
dux (y)

dy

FIGURE 2.16: Friction exists between the fluid and the wall and between each fluid layer,
leading to a flow velocity profile with 1, (0) = ux(y)max at the centerline of the channel
and u,(r) = 0. The shear stress of the fluid is proportional to the slope of the flow profile
with a factor of the fluid viscosity. Image adapted from [81]].

The different velocity in each fluid layer causes a shear force on either side of the
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plane. The shear stress can be expressed by the velocity gradient in the y direction,

namely by the slope of the velocity profile duy(y)/dy [2], [81]:

i dux(y)
dy
The frictional force Fy is determined by integrating the shear stress T from Eq.

T=17

(2.54)

over the surface of the cylindrical volume element [2]], [81]:

Fr=1-dA= qd”;;y ) 271y - dx (2.55)

2.3.3 Hagen-Poiseuille Equation

The cylindrical volume fluid element flows under the balance of the pressure force and
the frictional force, the mathematical expression of which are derived so far above. To

evaluate the flow velocity profile, we need to combine the two main forces on the system

(Fig. 2.17); and solve for uy [2]]:

y Fp=Fp-Fp Fr=1-dA
x m— f—
\
T\q

x; Ax x,

FIGURE 2.17: The fluid flow develops under the balance of the pressure force and the
counteracting frictional force. T is the shear stress, d A is the surface of the cylindrical fluid
volume element. Image adapted from [81]].

The net force resultant from the two forces decides the flow velocity property. For
flows in a steady-state, the flow velocities do not change over time, the inertial term in
the Navier-Stokes equation can be eliminated. The balance of the forces can be formu-
lated [2]], [81]:

F,—Fr=0 (2.56)
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deploying Eq. [2.53]and [2.55]in Eq. [2.56]so that,

dy — 2ndx

Integrating Eq. and applying the no-slip boundary condition u,(r) = 0, the
flow velocity profile 1, (1) is obtained [2], [81]:

__Ldp o 1dp
uy(y) = 1 dx y +4;7 I (2.58)

which indicates a parabolic flow profile of a flow of Newtonian fluid, the viscos-
ity of which is constant, in a channel. This flow profile equation is also known as the
Hagen-Poiseuille equation (Fig. [2.18]). At the centerline of the channel (y = 0), the flow

shows the maximum speed Uy yax = —L%Z—z (2], [81].

FIGURE 2.18: Parabolic flow profile of the Hagen-Poiseuille flow. The u, ;4 Occurs at
the centerline of the channel. Image adapted from [81]].

2.3.4 Volume Flow Rate

The volume flow rate can be derived by first dividing the cylindrical channel into shells
with an inner radius of y relative to the center axis of the channel and a thickness of an
infinitesimal dy. The illustrative geometry is shown in Fig. (20, [81].

The surface of the cross-section of the shell d A is:

dAs = 2my - dy (2.59)
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FIGURE 2.19: A fluid shell is taken to analyse the volume flow rate of the flow in a
channel. The inner radius of the shell is y, corresponding to a cross-section area dAs and
a flow velocity u,(y). The distance that the fluid displaces within time df is dx. Image

adapted from [81]].

The volume of the fluid shell dV transported within time dt is thus a product of d A4
and the displaced distance by the fluid dx. The speed of the flow at a distance y to the
center axis is delivered by Eq. (201, [81]].

dx = uy(y) - dt (2.60)
dV = dA, - dx (2.61)
dV:—Zny-[l ap 2+id—p-r2}-dy-dt (2.62)

4n dx Y 4n dx
The flow rate is calculated by taking the transported fluid volume over the time

range:

. dv
av =" (2.63)
4V = <2y [~ 8 2 LAy gy (2.64)

45 dx Y 4n dx
Integrating Eq. 2.64]from y = 0 to y = r in terms of y gives the volume flow rate
in the entire channel [2]], [81]:
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R
- 1dp , 1dp
V—O/ 27ty [417 7Y I dx ] - dy (2.65)
: ot dp
V= —WE (2.66)

The flow rate through the channel is proportional to the pressure gradient in the flow

direction and the fourth power of the radius.

2.3.5 Pressure Drop

To drive the fluid flow, a pressure gradient Z—z is required. To achieve a desired volume

flow rate, the required gradient is given as [2], [81]:

dp 8y
i 7T1’4V (2.67)

The pressure drop Ap,; over a channel section with the length L is then:

81 - L
mtrd

Apg = — 1% (2.68)

The pressure gradient that the fluid takes to achieve a volume flow rate V is the same
as the pressure loss that the fluid experiences. When reducing the channel radius by a
factor of 2, the pressure gradient required to pump the same volume flow rate increases
by 2* = 16, as does the mechanical power required, since the mechanical power P is

proportional to the pressure gradient with the following equation [2], [81]]:

P=Ap;-V (2.69)
p= 1Ly (2.70)
Ttr

2.3.6 Flow in Rectangular Cross-Section Channel

Although the 2D analysis for rectangular cross-section microchannel is complex due to
the partial differential equation (PDE), the analytical modelling and solution are still
needed since the microchannels are usually fabricated with rectangular cross-section
(78], [79], [82], [83]. One approach is to model the flow numerically [[84]]. Another is

to seek an easier mathematical solution. In all of the methods, eigenfunction expansion
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is considered to be a simple method of solving the partial differential equation [[78]], [|85].

width = 2w

FIGURE 2.20: Schematic illustration of the coordinate system for the 2D analysis of a
rectangular cross-section microchannel. At each cross-section plane, the center point of the
rectangle is defined with y = 0, z = 0. The width, height and length of the microchannel is
2w, 2h and L, respectively.

The stokes equation describing the flow is formulated as [78]]:

=L (2.71)

where u is the fluid velocity, y is the dynamic viscosity of the fluid. The boundary

condition of the microchannel is:

u(x,0,z) =0; u(x,2w,z) =0 (2.72)
u(x,y,0)=0; u(x,y,2h) =0 (2.73)

In the eigenfunction expansion method, if a function ¢ satisfies V21 = A - ¢ with
the boundary condition [2.72] [2.73, where V? is the Laplacian operator, A the eigen-
value, it’s called the eigenfunction. A typical 2D form of the solution can be written as
(78], [85]]:

[(2n+1)7rz

] (2.74)

u(y,z) = iﬂ Anly) cos
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The final 2D analytical solution for the rectangular cross-section microchannel is
(731, [851, [86]:

_ 16Aph* & cosh[ 2Ly (2n+ 1)z
M(y/ - “l/lL7T3 nz 21’1 n 1) - Cosh[(zn_;i)nw]]COS[ o) ] (275)

Simplifying the term only relates to z at the right-hand side of Eq. Eq.

can be reshaped in the form:

u(y,z) = 2P — é) _ 16Aph? i (1) cosh[Z 5] cos] FLH D72,
PE T ol T T UL 2 2n 1) cosh] 2l 2h

(2.76)

The first term at the right side of Eq. [2.76 ZAF—pL(l — Z—i) delivers the fluid profile

equation along the z-direction, which shows a parabolic profile.

The volumetric flow rate Q is calculated by:

Q= / dydzu(y,z) (2.77)

An analytical solution can hardly be found. Instead, an approximation form is given
by [86].

h - 4h3w
Q =~ [1-0.630— ]?wL

Ap, h<w (2.78)
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Chapter 3

Spontaneous Symmetry Breaking

Chemical Micromotors

This chapter is based on and contains excerpts and figures from the article "Chemical
micromotors self-assemble and self-propel by spontaneous symmetry breaking" [[87].

Contributions of coauthors are indicated.

In this chapter, we present a unique novel route to form reconfigurable chemical mo-
tors by spontaneous symmetry breaking of the chemically active colloids in the system

when mixed with passive colloids.

3.1 Motivation

Artificial microswimmers show great potential to address a wide range of problems.
These range from fundamental questions related to the understanding of the self- orga-
nizational behavior of the living world to important applications like, the development
of new materials with self-healing and reconfigurable features. Microswimmers can
act as autonomous carriers or motors to localize, pick-up and deliver nano- and micro-
scopic objects[88]], [89]], e.g., in novel lab-on-a-chip microfluidic devices. I have intro-
duced different types of artificial microswimmers in previous sections, the fabrication of
which is summarized in table These techniques enable the symmetry breaking of a
microstructure. One type of artificial microswimmers are chemically active colloids that
operate by converting chemical energy into translational motion via a surface chemical
reaction. There an asymmetric distribution of chemical reactant or product around the
colloid drives the self-phoretic flows that cause the colloid to swim. Symmetry breaking
is essential for swimming. The conventional way to attain a symmetry-broken structure
is to fabricate Janus colloids with two opposite surfaces of different chemical activity.

However, the limitations of the microscale fabrication techniques prevent the large scale
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production of these chemical motors. It is interesting to explore novel ways to break the

symmetry to enable larger scale applications.

Since the chemical gradient surrounds an isotropic chemically active particle, it
should in principle be possible for a passive isotropic particle to experience this chem-
ical gradient, which can lead to phoretic interactions between it and the active particle.
If the interaction is atrractive, then the active and passive particle can form a dimer. The
structure of the dimer is then no longer isotropic but has an asymmetric conformation
(one active and one passive side). The dimer is asymmetric and thus able to self propel
under certain conditions. In this way, fabrication techniques are no longer needed to
obtain microswimmers. Chemical micromotors can be fabricated with this spontaneous

symmetry breaking mechanism on a larger scale and directly in a fluid.

TABLE 3.1: Symmetry-broken structure and the fabrication method.

Size Fabrication method
Janus particles 0.1-10 um Thin film sputtering, PVD
Chiral helixes 2 um (length) 250 nm (width) GLAD deposition

The active colloids used for the spontaneous formation of dimers are photocatalytic
microspheres that form a uniform chemical gradient around the surface by decompos-
ing the fuel when illuminated with UV light. They are responsive to the light with
a wavelength of 365 nm in H,O; solution. The symmetric chemical distribution due
to the isotropic shape of the colloids keep the isolated microspheres immotile. How-
ever, when a passive particle enters the region of the catalytically active colloid, the
phoretic interaction between the active and the passive particles leads to the formation
of a dimer. The dimer shows a symmetry-broken structure and starts to swim in the
aqueous medium. The active colloids are photochemically active. The swimming of the
dimers can be dynamically fully controlled with an external UV light source. When the
illumination is on, the active dimers remain stable and motile until the light is turned

off, when they fall apart. The sequence of light driven dimer formation is schematically

shown in Fig.
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FIGURE 3.1: Schematic illustration of self-assembled motors which can self-propel under
light illumination. Black: chemically active particles, white: passive particles. Image taken

from .
3.2 Dimer Formation of Isotropic SiO, and TiO, Col-

loids

3.2.1 Dimer Formation

The isotropic active TiO; and passive SiO, microspheres are purchased from EPRUI
Biotech Co.. The diameter of TiO; particles is 1.2 um and of SiO; is 2 ym in the first
experiments. The TiO, particles are in the anatase state and show photoactivity in a
dilute H,O, solution. The SEM images of both particles are shown in Fig. and[3.3]

FIGURE 3.2: SEM image of SiO, microspheres of 2 um diameter. Image taken from .

Active particles are mixed with passive particles in a 2.5 % aqueous H,O, solu-

tion, the pH of which was adjusted with 1x10~3M Tetramethylammonium hydroxide
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FIGURE 3.3: SEM image of TiO, microspheres of 1.2 ym diameter. Image taken from
(87].

(TMAR) to approximately neutral. This mixture was prepared shortly before use. 35 ul
of the mixture was pipetted onto a plasma cleaned cover glass and covered with a cover
slip on top. The sample was transferred to the sample holder of an inverted microscope
(Zeiss Axio Observer). White light illuminates from top through the sample, objective
at the bottom and imaged by a camera (Andor Zyla 5.5) connected to the observation
path. A UV light emitting diode was mounted through another light path through the
bottom slide. The UV light travels through a UV dichroic mirror in the filter cube sitting
in middle of the light path and objective lens and reaches the sample from the bottom.
The maximum UV intensity was measured by a photometer and was 320 mW/cm? in
the sample plane. The videos were recorded using a 63x objective lens with a framerate
of 10 fps. The dimers were tracked for at least 30 s. For each dimer formation experi-

ment, both UV off and UV on states were captured for comparison.

One factor that determines the degree of dimer formation is the average separation
of the particles, which can be tuned by changing the particle density. In our experiment,
particles assemble to a dimer in a time of approximately 3 s at a particle density of 2
%. At higher densities, more than one passive particle will on average be attached to the

active particles and clusters will form, as shown in Fig. [3.4]

If the size of passive particle is more than double the size of active particle and
meanwhile the passive to active ratio is lower than 1:3, more active particles will be

attached to one passive particle and undertake no symmetry breaking like can be seen

in Fig.[3.5]
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FIGURE 3.4: Cluster formation with too high passive to active particle ratio of 2:1. The
diameters of the black TiO, particles are 1.2 um.
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FIGURE 3.5: More active particles on one passive particle with no symmetry breaking with
too low passive to active particle ratio of 1:6. The diameters of the black TiO, particles are
1.2 ym.

A passive to active particle ratio is optimised for the dimer assembly experiment
and an optimum size ratio of 1:3 was found. More discussion on the particle ratio can
be found in Section [3.6] The particles are allowed to sediment in the chamber for sev-
eral minutes. Under no UV illumination, both the colloids remain inactive and exhibit
normal Brownian motion. When the UV-light (365 nm) is turned on, the photocatalytic

decomposition of HyO; at the TiO; surface makes the TiO; colloids chemically active



50 Chapter 3. Spontaneous Symmetry Breaking Chemical Micromotors

(661, [67], [90].

2H,Oy — Oy +2H,0 (3.1)

Most active colloids remain immotile. However, those close to the passive silica col-
loids exhibit an attractive interaction to each other and therefore, join to form dimers.
Fig. [3.6b shows such dimers within a few seconds after the light is turned on. Once
the dimers are formed, the symmetry is broken and the condition for a microswimmer
is satisfied and self-diffusiophoresis is obeserved (see Fig. [3.6c). The average speed of
dimers was measured to be 2.2 um/s average over 15 particles. The single active particle
highlighted by a red dashed circle is tracked for the same period of time. The trajectory
represents Brownian motion with no propulsion. When one switches off the UV light
(Fig. [3.6[), the dimer instantly separates into an active and a passive particle that show
Brownian motion. The formation and separation process is reversible with the control

of light.

(a) ° " uvoff (b) ® UV 8n
) [ ]

° B

Pl

FIGURE 3.6: Dimer formation of passive SiO; (white) and active TiO, (black) colloids.
The trajectories are taken for 28 s. The scale bar indicates a length of 5 um. Image taken
from [87].

The speed of the dimer propulsion can be fully controlled by adjusting the UV light
intensity. We measured the speed of at least 6 dimers over 30 s under different UV il-
lumination intensity. The speed is averaged over all the tracked dimers at each intensity

and is plotted with standard deviation against the UV intensity as a percentage to the
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FIGURE 3.7: Dependence of the propulsion speed of dimers on the UV light intensity. P
is the applied UV light power intensity. P,y is the maximum light power intensity used in
the experiment, which is 320 mW/cm?2. Image taken from [87].

3.2.2 Mechanism of Dimer Formation

The formation of the dimers observed in the experiments may be explained in the con-
text of diffusiophoresis [58], [91], [92]. Control experiments are conducted to rule out
thermophoresis and other optical effects. A mixture of passive SiO; particles and active
TiO; particles with a ratio of 1:3 is prepared except that the 2.5 % H,O; solution and
TMAH is replaced by pure water. This mixture is transferred to a sample cell with a
height of 300 um shortly before observation. Under same microscopy and illumination
conditions as in section[3.2.1] the particles are observed. It can be seen that the particles
remain immotile and perform purely Brownian motion in water under UV illumination.
Snapshots are taken and shown in Fig.

Now, the role of TMAH was examined. A control experiment to test if TMAH is
photocatalytically active was done in [90]. SiO,/TiO; Janus particles were immersed
in TMAH and illuminated. No activity is obeserved. Only when TMAH and H;O, is
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FIGURE 3.8: No dimer is formed in H>O (instead of H>,O,) with UV illumination on for
30s.
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added and the colloids are illuminated with UV light is the dimer formation observed.

Only by adding the TMAH, is the phoretic interaction direction reversed and the
attachment between passive and active particles is observed. The understanding of this
phenomenon is that the phoretic mobility of the particles are changed under different pH
values [90]. TMAH does not only change the direction of interaction between passive
and active particles, but also reverses the direction of propulsion. In Fig. [3.9] the last
frame of tracked motion of Si0,/TiO, Janus particles in H,O, without TMAH (a) and
of S10,/TiO, dimers in HyO, with the presence of TMAH (b) are shown together. It is
seen that the Janus particles propel towards the white SiO, end while the dimer motion
is led by the black TiO; end.
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FIGURE 3.9: The propulsion direction is reversed by adding TMAH to the fuel. Last frame
of the tracked trajectories of (a) Janus SiO,/TiO; particles propels facing the SiO, half in
H,0, without TMAH. (b) SiO,/TiO, dimers facing the TiO, half in H,O, with TMAH.
Images taken from [90][87].

To examine the dimer formation is due to self-diffusiophoresis or self-electrophoresis,
additional experiments were executed. A series of samples with active Si0,/TiO, Janus
particles was prepared by additionally dissolving a concentration series of NaCl 10>
mM, 10~* mM, 1073 mM, 10~2 mM, 10~' mM, and 10° mM. Fig, shows the

average speed of the Janus particle as a function of the NaCl concentration.

By adding salt up to a concentration of 101 mM, the propulsion speed of Janus
particles almost remain at the same level, a noticeable reduction in particle speed occurs

only at high salt concentration of 1 mM [93]].
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FIGURE 3.10: Average speed of 2 um SiO,/TiO; Janus particles in HO, with different
concentration of NaCl to evaluate the ionic effect on the system. Image taken from [87].

In a bimetallic Janus system, the electrophoretic motion is induced by the electric

field generated by an ionic current leading to a particle propulsion with a speed [|15]]:

v = ugE (3.2)

where pg is the electrophoretic mobility, E is the electric field. The generated elec-
tric field in the above equation correlates to the current density j, and the conductivity

of the solution K:

E=j/K (3.3)

while the expression of a particle of electrophoretic mobility is:

UE < (e/n (3.4)

where ( is the zeta potential, € is the dielectric constant, 7 is the dynamic viscosity
of the dispersion medium. Eq. give a scaling relationship for the speed
v where the prefactor will be decided with more geometric details of the current flow
[94]]:
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v ;C_Ii (3.5)

The speed is inversely proportional to the conductivity, which does not match the
case shown in Fig. We can therefore rule out electrophoretic interactions in our

experiment, and confirm that diffuiophoresis is the cause of the dimer formation.

3.3 Dimer with Different Passive Particle Size

The dimer system is further investigated by changing the size of the passive SiO, par-
ticles to identify the optimal size ratio or combination for propulsion. We kept the size
of active TiO, particles constant, and only varied the size of the SiO, particles from
300 nm, 500 nm, 1 um, 1.5 um, 2 um, 3.18 ym to 4 ym. Some experimental details
and observations are summarised in Table The dimer formation is a combined re-
sult of phoretic interaction and Brownian motion of each isotropic particle. When the
phoretic interaction is not dominating but comparable to the Brownian diffusivity, the
dimer formed is not always that stable and can fall apart and reform again. The speed is

the average over several dimers at their stable state.

TABLE 3.2: Experimental parameters and observation for different mean passive particle
sizes determined from an average of approx. 10 particles.

300 500 lum 1.5 2.1 3.2 4 um

nm nm um um um
Objective 100x  63x 63x 63x 63x 63x 63x
Dimer formation no yes yes yes yes yes no
Dimer stability — middle high  high  high high —
SiO; formed dimer — 50 673 72 85.7 40 —
[%o]

Speed of formed — 214 418 448 296 135 —
dimer [um/s] + + + + +

0.14 040 047 034 0.20

With too small (300 nm) and too large (4 um) passive particles, no attachment be-
tween active and passive particles was monitored. For 300 nm particle, the Brownian

motion dominates over phoretic interaction, while for 4 um particle, the phoretic force



56 Chapter 3. Spontaneous Symmetry Breaking Chemical Micromotors

is not high enough to drive the passive particle out of its equilibrium state. In the size
range for passive particles of 500 nm to 3.2 ym, a dimer is formed. The images of the

formed dimer with different size of SiO, particles are shown in Fig. [3.11]

@ _ °

@ "

d(Si0;) =500 nm d(SiOy) =1 um

FIGURE 3.11: Images of formed dimers with different sizes of SiO, particles. Red dashed
circle in the first image shows where the 500 nm SiO, particle is.

The dimer forming ratio increases from 500 nm to 2.12 ym, and drops from 2.12
um to 3.18 um. The propulsion speed reaches maximum with a particle size of 1.5 ym.
Both relationships are presented in Fig. [3.12]and [3.13] The dimer consisting of an ac-
tive particle and a small sized passive particle, the disturbance that the passive particle
introduces to the chemical distribution is weaker than with a larger passive particle. In
other words, the chemical gradient that causes the motion of the dimer with too small
passive particles is lower than with a larger particle and leads to a slower motion of the
dimer. When the passive particle is much larger than the active particle, it behaves like a

wall to the small sized active particle and thus slowed down the propulsion of the dimer.

3.4 Dimer Formation of PS and TiO, Particles

The mechanism of dimer formation and propulsion is explained as self-diffusiophoresis
in section[3.2.2] Therefore, this scheme is not a specific case to the SiO,/TiO; system.
It can be generalized to other types of passive particles. We tried 2 um polystyrene
(PS)/TiO; system with no change of other conditions, see Fig. [3.14]
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FIGURE 3.14: Dimers formed with PS and TiO,. Left: Brownian motion of PS particles
when UV is off for 15 s. Right: Active motion of dimer when UV is on for 21 s. Dashed
circle marked the position where the dimer is initially formed.

The active and passive colloids form heterodimers and conduct active motion under
UV illumination. We tracked the PS/TiO, dimer for more than 20 s, and averaged over
all the dimers. The average speed is compared with the average speed of dimer consists
of SiO, and TiO, with the same size of passive particle in Fig. [3.15] It is noticeable
that the speed of the PS/TiO; is slower than the Si0,/TiO; dimer. It can be understood
from two aspects. First possibility could be the different phoretic mobility of the dimers
due to the different materials. The other point could be that the PS particle in the dimer
is not at the same plane as the TiO, particle due to the lower density of PS, so that the
chemical gradient direction is not exact along the propulsion orientation of the dimer,
while the propulsion orientaion of the dimer is constrained by the wall. Both poten-
tial reasons lead to the slower motion speed of the PS/TiO, compared to the Si0,/TiO,

dimer.

3.5 Theoretical Modelling of the Dimer Formation and

Propulsion

In section[3.2.2] we explained the formation of the dimers with a diffusiophoretic mech-
anism. Based on the experimental observed diffusiophoretic mechanism, mesoscopic
simulations were conducted by Prabha Chuphal, Snigdha Thakur and Shang Yik Reigh.
A particle-based simulation method combining molecular dynamics (MD) and multipar-

ticle collision dynamics (MPCD) for the interaction with the fluid [95] is used to map
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Speed [nm/s]

PS/Ti02 SiOZ/TiO?_

FIGURE 3.15: Speed comparison of PS/TiO, and Si0,/TiO; dimers propulsion under same
condition. The sizes of the PS and SiO, particles are about 2 um.

the motion, the hydrodynamic interactions and to capture the thermal fluctuations. In
what follows the simulation model is described, a catalytically active sphere (S,;, TiO;)
with a radius R, is separated with a passive sphere (S, SiO,) with radius R, with dis-
tance L. The solution around the spheres contains two catagories of solutes, reactant A

H>0, and product B (e.g. O, Hy). The reaction takes place on the active catalytic half

with a reaction rate constant:

A B (3.6)

A repulsive Lennard-Jones (LJ) potential is applied to describe the interactions be-
tween the spheres and the fluid (A and B).

U =4e[(c/r)'? = (c/r)%] +e, r < 2V6q (3.7)
u=0, r>21/6q (3.8)

Where ¢ is the parameter of interaction energy and ¢ is the distance. The size of the

passive particle is twice as the active particle corresponding with the experimental setup.
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The results of the simulation show that passive particles are attracted by diffusiophresis
and active particles repel each other. Snapshots are taken from the simulation with and
without UV illumination and shown in Fig. The chemical reaction A — B is
triggered by UV light at the surface of the catalytically active particles, which leads to a
concentration field distribution. A passive particle nearby senses the concentration field
and moves towards the active particle. Meanwhile, the active particle moved towards
the passive particle due to a flow drag induced by the passive particle [96]. When the
UV light is off, the active and passive particles show Brownian motion. Once the light is
on, they start to approach each other (Fig. [3.16p) and finally form a dimer (Fig. [3.16p).
The formed dimer is stable, and can propel for a long time and distance towards the
active end (Fig. [3.16f). Switching off the UV, the particles fall apart and revert back to
the Brownian state (Fig. [3.16{).

(a) (b)
— -
o
@ o Q°
UV ON UV ON
© @ ()
UV ON UV OFF

FIGURE 3.16: Simulation snapshots showing the formation and propulsion of the dimer.
Red spheres: TiO;, blue spheres: SiO;. (a) Active and passive particles approach each
other when UV is on. (b) The dimer forms. (c) The dimer propels over a trajectory which
is marked with dashed line. (d) When the light is switched off, the dimer split into two
particles which conduct Brownian motion. Image taken from [87].

The resulting concentration field of B converted from A which in turn attracts pas-
sive particles nearby is illustrated in Fig. [3.17] The computed quantities are dimension-

less.
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FIGURE 3.17: Normalized concentration field cg/cq for the two particles at a separation
distance (a) L /0 = 5 and for (b) L./o = 3.4 (dimer). Black and white dashed line represent
the size of the active and passive particles with a radius R, = 2/6¢ and Rp = 21/6(20),
respectively. (c) c¢g/co along the polar angle 6 at the surface of the passive particle. The
polar angle starts from the axisymmetric axis, the line joining the center of two particles;
6 = 0 indicates the position near the active particle. Image taken from .
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When the passive particle sits close to an active particle, the chemical gradient gen-
erates a slip flow around the passive particles. The system follows the conservation of
momentum since there is no applied external force and propels oppositely to the slip
flow direction. The motion of the passive particle towards the active particle changes
the flow dynamically that a part of the flow is directed from the active to the passive
particles which drags the active particle to the passive particle at the same time. The
two particles appear to approach each other in the induced flow field (see Fig. [3.18]from

reference [96] ) and finally form a dimer.

When two active and passive particles are approaching, the velocity is altered at dif-
ferent separation distances. The velocity at different separation distances is an important
index to study the dimer formation process, since it is a reflection and result of the com-
bined effect of the chemical gradient distribution and the induced hydrodynamic flow.
We sampled and averaged the approaching velocity as a function of separation distance
over 10 dimer formation processes from experimental data and plotted with the com-

puted velocity at each position along the approaching trajectory from simulation in Fig.

B.19

A same trend is found in both experimental and simulation results. After the for-
mation of the dimer, the particles propel with a constant average velocity V; since the
concentration gradients remain stable during propulsion. A related separation distance-

time plot with both experimental and simulation data is shown in Fig. [3.20]

3.6 Feasibility and Stability of the System

As in subsection [3.2.1] discussed, the dimer formation is affected by the average sepa-
ration of the particles, which is set by adjusting the particle density. When the ratio of
passive to active particles is higher than 1:3, more passive particles bind to one active
particle and thus form clusters. The clusters show different swimming behaviour than
dimers with their different structures. They are more symmetric and less motile. With
an optimised particle density and particle ratio, the dimer will be surrounded by more
active particles. Once a dimer swims towards an active particle, a repulsion interaction
from the chemical gradient of the active particle and the active end of the dimer arises,
which in turn leads to a repulsive motion of the dimer. A collision between the dimer
and an active particle is avoided in this way. An example of a u-turn is captured and
illustrated in Fig. One notices that not only the dimer is repelled by the active
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FIGURE 3.18: The streamlines and flow fields for a catalytically active particle with on-
going chemical reaction and a catalytically passive particle close by. The top, middle, bot-
tom panels present the flow field with a distance between the active and passive particle
L/o = 2.3,3.5,5 respectively. Red: chemically active particle, blue: chemically inert
particle. Image taken from [96].
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L/(R,+ R,)

FIGURE 3.19: The velocity of catalytically active particle V; and catalytically inert particle
Vp as a function of separation distance L before they form a dimer. The unfilled circles and
squares are simulation results and the filled circles are from experiments. The light blue
and red aeras enclosed by L2 lines correspond to that g varies from 0.01 to 0.5 when
£q = s%” = SCB‘” = 1. The opposite signs of the velocity relate to the fact that the active
and passive particles move in opposite directions. Image taken from .
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FIGURE 3.20: The dynamic of dimer formation presented with the separation distance
as a function of time. t = 0 corresponds to the moment light is switched on, catalytically
active and inert particles approach each other and meet to form a dimer, when the separation
distance decreases to the length of the sum of the radius of both particles (R, + Rp). The
dimer propels with a velocity V;. When the light is switched off, the dimer dissolves into
two particles, which conduct Brownian motion. Image taken from .
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particle, the active particle (red dashed circle) is also pushed back by the active head

when contact is about to occur.
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FIGURE 3.21: Repulsion interaction between dimer head and active particles. (a) A dimer
propels towards an active particle (marked with red dashed circle). (b) The dimer active
head is repelled from the active particle. The dimer turned around and continued pro-
pelling. The trajectory of the dimer before and after turning is presented in blue and green,
respectively. The scale bar indicates 2 um. Image taken from [87].

The repelling interaction between active particles is observed in simulation as well,

and is demonstrated with the snapshots taken from the simulation in Fig. [3.22]
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FIGURE 3.22: Snapshots from simulation showing repulsion between dimer head and
active particles. Red: active particle, blue: passive particle. (a) A dimer propels. (b)
The dimer active head is moving towards an active particle. (c) The dimer gets repelled and
turned around. (d) The dimer continued propelling after the propulsion direction is changed.
Snapshot taken from [[87]].

We have so far shown the factors that can influence the dimer formation and dimer

stability. By choosing an appropriate particle density and particle ratio, the dimers can

be effectively assembled and the stability of their motion is ensured. Finally, we evalu-

ate the robustness of the system by collecting the statistics of the ratio of formed dimers,

the motion of which sustained for more than 20 s. The active dimer ratio after dimer
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formation for 20 s is plotted against the particle density in Fig. [3.23]

__ 1o}
2
[2]
o
N 90}
S
o
[+
©
¢
o 8ot
£
T
g
= 70
(3]
<
60 N 1 " 1 " 1 N 1 " 1 " 1 "
0.0 0.5 1.0 15 2.0 25 3.0 35

Fraction of particles (%)

FIGURE 3.23: Not only dimers, but multimers will be formed with increasing number
of particles. The ratio of active motile dimers that survive after 20 s is plotted against the
overall fraction of particles for a fixed passive to active ratio of 1:3. Black curve is a fitting
to the data. Image taken from [87].

As a new route for fabrication of Janus micromotors, we have presented that the
dimer formation can be controlled with UV light. Switching on the light, dimers form
and propel. Switching off the light, the dimer falls apart and the individual isotropic

particles undergo Brownian motion.

3.7 Fusion of the Dimers

How to keep the formed dimers assembled once they are formed so that they can be used
for further applications remains an untackled question. To realise the permanent assem-
bly of this self-assembled dimer, we turned to an organic compound dopamine, which
is found to be a widely used adhesive material. The adhesion property of dopamine
originates from its chemical structure. There are different theories to explain the ad-
hesion mechanism (See Fig. [3.24] from [97]). The two hydroxyl groups can build up
hydrogen bonds with certain material surfaces or form coordination bonds after losing

two hydrons at high pH value, or the hydroxyl groups are oxidized to carboxyl groups,
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which are responsible for the adhesion.
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FIGURE 3.24: Mechanisms to explain the adhesion behavior of dapoamine or DOPA-
mediated adhesive to different substrates. Image taken from [97].

We prepared a dopamine solution with a concentration of 1 mg/ml and run the same
experiment described in previous sections. When the dimers are formed under UV
illumination. 1 yl of dopamine solution is gently added to the dimer mixture. The
dopamine soaked the solution and the mixture is dried. The active and passive particles
which formed the dimers are found adhered together after few seconds after adding the

adhesion material. The process is shown with microscope images captured in Fig. [3.25]

3.8 Conclusion

In this chapter, we have reported a new route to form Janus particles with an asymmetric
catalytic dimer structure. The assembly starts with a colloidal mixture with two simple,
isotropic SiO; and TiO, colloids in 2.5 % H,0O,. The pH of the mixture is adjusted to
neutral with TMAH. Owing to the photocatalytic activity of TiO, in hydrogen peroxide,
a chemical gradient is generated around the active TiO, particles under UV illumina-
tion. A passive SiO, particle nearby experiences a diffusiophoretic attraction such that
the passive SiO, and TiO, particles move towards each other until they finally meet and

form a dimer. The motion of the active TiO, particle towards the passive Si0; particle
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FIGURE 3.25: Dilute dopamine solution adheres the individual particle together in the
formed dimer. (a) Dimer formed and propels for 10 s. (b). 1 mg/ml dopamine solution is
added to the mixture tank, and freezes the formed dimer. The bubble-like phase is the mix-
ing of the dopamine solution and the colloidal solution. (c) The dimers remain assembled
when UV is off and 10 s after adding dopamine.

is a result of the combination of the attractive interaction between the active and the pas-
sive particles and the fluid flow generated by the chemical gradient. The motion of SiO;
towards TiO, changes the chemical gradient distribution around the TiO; particles. As a
consequence, the TiO; particles are observed to move to the SiO, particles. The chem-
ical distribution at the dimer is not geometrically symmetric so that the formed dimer
retains its structure stably and self-propels until one switches off the UV illumination.
The dimer will then split into two particles and undergo Brownian motion. This process
is reversible by switching UV light on and off. The propulsion speed of the dimer is
linearly dependent on the UV light intensity applied.

By validating with an ionic experiment and varying passive material, the mechanism
of the dimer formation is understood to be caused by the diffusiophoretic interaction.
Therefore, the system is material independent and offers more material combination op-
tions to Janus structures such as biphasic TiO,/PS dimers. The lower propulsion speed
of TiO,/PS than the TiO,/SiO, dimer is observed and could be due to the different
phoretic mobility of the different materials and the misaligned chemical gradient and
propulsion orientation of TiO,/PS because of the lower density of PS than SiO;. The
efficiency of the system is examined by tuning the particle ratio and density. An optimal
active to passive particle ratio of 3:1 and a optimal particle density of 2% are found.
A diffusiophoretic repelling interaction between the active particles is noticed. Having
more active particles present in the mixture so that when a formed dimer propels with
its active end heading toward the redundant active particle, collision can be avoided by

the repulsion interaction between the head of the dimer and the active particle roadblock.
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In this work, a spontaneous symmetry breaking is realised by a light-induced phoretic
interaction between isotropic photochemically active and passive particles, and thus
forms an asymmetric dimer which can self propel. This route enables the self-assembly
and self propulsion of Janus structures. In comparison to conventional fabrication meth-
ods, this process provides the possibility of larger scale fabrication, and meanwhile sim-

plifies the fabrication equipment and setup.






71

Chapter 4

Microchannels with Self-Pumping
Walls

This chapter is based on and contains excerpts and figures from the article "Microchan-

nels with self-pumping walls” [98]]. Contributions of coauthors are indicated.

4.1 Motivation

Chemically active Janus micromotors conduct active motion in a chemical solution,
like Pt/SiO, in H,O, [[18]], [99] and Pt/Au nanorods in [14]]. This motion is defined
as self-diffusiophoresis and self-electrophoresis, which is caused by the fluid motion
in the boundary layer of the Janus particles where the chemical gradient is generated.
Compared to biological microswimmers, these artificial micromotors can be fabricated
and externally controlled. They are intensively studied since they are a model system to
study collective behaviour, such as swarms. To understand how the micromotors inter-
act with each other when they interact or perform self-assembly, the fluid motion plays

an important role.

It has been noted very early in the development of such self-propelled Janus
particles that the reciprocal situation, in which a catalyst patch is imprinted on a sup-
port that is fixed, rather than being free to move, will lead to hydrodynamic flow in the
vicinity of the patch [13]. By fixing asymmetric Janus micromotors on a surface, the
motion of the motors can lead to the fluid flow pumping. A conceptually novel and very
promising direction of development is therefore to employ “active surfaces” to achieve
autonomous micropumping, an idea that connects with a variety of chemically active,
self-propelled particles [65], [90], [100]-[102].
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Pervious studies have shown that a Janus (2-patch) structure can chemically
drive local recirculating flows, for instance gold patches with 6-120 um diameter on
silver in HyO5 [16] or with 30 um diameter on platinum substrate [[103]], 30-50 um plat-
inum disks on doped Si [104]], enzyme functionalized patch on glass substrate [105]—
[107] and ion-exchange resins on glass [[108]. Two- or three-dimensional convective
flows, owing to the patch creating chemical or electro-chemical gradients along the sur-
face and in the bulk, have been observed. In such configurations the topology of the
flow remains that of a recirculating flow towards (or away) for the source/sink repre-
sented by the patch; a directional “inlet” to “outlet” linear channel flow based on such
patch geometry has so far not be achieved. On the other hand, it has been argued theo-
retically that it should be possible to drive flow in a channel via chemically active walls
for suitably chosen patterns of activity and/or sufficiently asymmetric topography of the

wall [107]-[[109], such a self-pumping microchannel has been so far not demonstrated

experimentally.
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FIGURE 4.1: Left: A Janus pillar catalyzes a water splitting reaction under UV illumina-
tion, which gives rise to osmotic flow indicated with blue arrows around the pillar. Center:
Within an ensemble of oriented pillars, a cooperative effect of these local osmotic flows
leads to an unidirectional macroscopic flow shown in red arrow along the alignment (TiO,
— Au direction) axis of the pillars. Right: Within a microchannel, the active surface pro-
vides an active traction and drives bulk fluid flow. Image taken from [98]].

Microfluidic devices enable a small volume of samples for chemical and reagents
analysis. The application of microfluidic devices varies from toxin detection to DNA se-
quence analysis. The issue of fluid pumping has been at the core of the development of
microfluidic [110], [[111] devices because ensuring the portability and autonomy of the
device is essential for translating the lab “proof of concept” into an economically viable
product. While in certain cases it is possible to exploit simple physical principles, like
capillary imbibition, to achieve a functional device (e.g, the blood imbibition into the

stripes of modern glucose meters), micropumping remains essential for the development
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of any continuous flow operating device. Many of the currently employed microfluidic
pumping methods require fluid lines and syringes (mechanical, pressure pumping) [[111]]
or wires, batteries, and field generators (electro- or magneto-kinetic pumping) [112[]-
[114]. This has been long recognized as a major hindrance, as the extreme miniaturiza-
tion of the “lab on a chip” architecture is washed out by the (comparatively) huge size
of these auxiliary parts. Accordingly, various alternative means of achieving contactless
micropumping have been proposed. For example, “acoustic” pumping has been real-
ized by inducing — via sound waves of suitable intensity and frequency spectrum — fast,
complex patterns of oscillation into elastic, sharp edge structures grafted onto the walls
of the microfluidic device [115]; additionally, this allowed the development of a chaotic
mixing pattern of flow within the channel, which could be very useful in applications
based on two-phase flow interfacial chemical reactions. Although such methods remove
the need for fluid lines and wires, they provide only a marginal improvement since their

functionality remains dependent on bulky generators.

In this chapter, a chemically active surface was fabricated by photolithography
and GLAD deposition, with which a robust large area of Janus structure array can be pre-
pared with a precisely controlled structure size, height and spacing down to submicrom-
eter. Two systems were tested for the pumping behaviour. One is with Si0,/TiO; Janus
structures in H,O», the other is with Si0,/TiO,/Au in H>O. We evaluated the effect of
topological structure on pumping with three topological structures for the Si0,/TiO,/Au
micropillar array. The first structure we studied was micropillars. Under suitable UV
illumination, the micro Janus pillars promote the photochemical water splitting reaction
to oxygen and hydrogen, and the local osmotic flows around the micropillars connect
to drive macroscopic flow, through a significant part of the cross section of the channel,

along the whole length of the channel as discussed below and as illustrated in Fig. {.1]

In contrast, no pumping is observed when the topography of posts is replaced
by arrays of TiO,-Au micro-disks on the glass wall, which highlights the crucial role
played by the 3D pillar structures, for which the local osmotic flows are mainly along
the lateral surface of the pillars. The active microfluidic pumping achieved this way is
stable, uniform along the channel, “green” (only water splitting is involved), and can
be switched on and off simply by turning on and off the illumination. Furthermore, we
show that by varying the spacing of the array of micropillars it is possible to optimize the
microfluidic pumping, in the sense of achieving a maximal flow speed right above an ac-
tive wall. Finally, by combining such active surfaces to create top and bottom walls with

different alignments of the TiO, — Au direction, or simply different activity, various
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flow profiles can be created inside the channel. We used a simple fluid dynamic model
of an active channel, in which a wall-slip velocity is provided by the active surface, to
describe the experimentally observed flow profiles within the channel. Combination of
active top and bottom walls with different orientations of the pillar arrays leads to linear

or parabolic flow profiles across the channel.

4.2 Pumping of SiO,/TiO, micropillar array with H,O,

To validate the assumption if an immobilised array of Janus particles or structures can

drive fluid flow, we started with a well-established photochemical system SiO,/ TiO;.

A 2 ym diameter hole array was templated by photolithography on a cover slip.
The sample was then exposed to a SiO; flux in a Glancing Angle Deposition (GLAD)
chamber at an incidence angle & = 0° for a 1 um thick deposition. The photoresist was
dissolved in acetone. A SiO; micropillar array remained on the substrate as the SEM
image indicates in Fig. d.2p. The symmetry of the SiO, array is broken by evaporating a
thin layer of another material TiO, at an incidence angle of 40°. The resulting structure
is to be seen in Fig. B.2b. Since the shadow effect took place only in the direction of
the sample-flux alignment, the regions between the pillar lines were coated with TiO,
as well. The sample was then rotated by 180° with the same « angle and coated with
a thin film of SiO,. From the SEM images of top view of one single pillar, one can

easily distinguish two different materials on two sides of the pillar, namely SiO, and
TiO, (Fig. §.3).

Covering the fabricated patterned surface with 300 um thick 2% H»0O,, a flu-
idic chamber was formed with a spacer. The fluid flow was visualised by adding 1 ym
polystyrene beads into the solution. The motion of the tracer particles was observed and
recorded with an Andor 5.5 camera with a framerate of 20 frames per second. In each
observation two states were recorded, with UV light illumination off, and with it on.
When the UV illumination was off, all tracer particles undergo Brownian motion. Once
the UV is turned on, the tracer particles start to move in one direction. We tracked the
tracer particles and deduce a pumping velocity of 3.6 == 0.4 um/s. The tracked trajecto-
ries of the tracer particles are presented in Fig. f.4] The image on the right in Fig. 4.4]
was processed in Matlab to subtract the fixed micropillars as background. The green

and blue lines on the right image of the figure are the tracked trajectories of the tracer
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sio, 5i0, + TiO, $i0, + TiO,

FIGURE 4.2: Fabrication of active surfaces by shadow deposition onto photolithograph-
ically patterned substrates. (a) Deposition of SiO; under normal incidence, followed by
lift-off of photoresist and (b) glancing angle deposition of TiO, and (c) SiO;.

FIGURE 4.3: Top view SEM images of a single pillar with left: SE2 detector; right: InLens
detector. Both clearly show two different materials deposited on two sides of the pillar.
Scale bar represents 1 um.
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particles for 10 s.

FIGURE 4.4: Left: Image taken from a recorded video to observe the pumping behaviour
of the active surface. Right: Tracer particles are tracked and indicate an active pumping of
the surface. Background has been subtracted

The pumping of the SiO,/TiO;, micropillar array proves the principle that a
photochemically active diffusiophoretic structure can drive fluid flow, and by construct-

ing an array, the microscopic flow should be able to form a macroscopic fluid flow.

4.3 Pumping with H,O: Fabrication and Characteriza-

tion of Photochemically Active Patterned Surfaces

Now that it has been established that H,O, can be pumped with a SiO,/TiO, micropillar
array, it is interesting to ask if the system can pump water with another photocatalytic
system that does not need H,O,. In this thesis, a material combination of TiO,/Au was
chosen for its high efficiency in catalyzing the decomposition of water under UV illu-

mination.

4.3.1 Fabrication of the Micropillar Array

The Janus micropillar array is fabricated on a cover glass using photolithography and
GLAD deposition. The first step is to make a hole array pattern with adjustable diame-

ter and spacing using photoresist maP1215 (MicroResist Company). The cover glasses
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FIGURE 4.5: Fabrication of active surfaces by shadow deposition onto photolithograph-
ically patterned substrates. (a) Glancing angle deposition of Au, followed by deposition
under normal incidence of (b) TiO, and (c) SiO;. (d) Lift-off of the photoresist results in
the TiO; - Au micropillars as shown in the SEM image in e. Image taken from [98].

are piranha cleaned, dried with nitrogen gas and a hot plate at 200 °C for 2 min. A
layer of adhesion primer Hexamethyldisilazane (HMDS) and maP1215 are spin coated
sequentially with the same acceleration and rotation speed, which results in a 1.5 - 2.8
um thick photoresist layer. This is then soft baked at 100 °C for 90 s, followed by a 85 s
of exposure with a UV flux intensity of 4 mW/s with the SUSS microTec mask aligner.
The samples are developed with developer maD-331 for 60s and rinsed with water to
terminate the development. After the samples are dried at room temperature, the thick-
ness of the 2 um diameter hole structure array is characterised with a profilometer (see
SEM image in Fig. {1.6). With the prepatterned hole array, the sample is loaded in the
vacuum chamber for the next GLAD deposition. For a hole array sample with a thick-
ness of 1.6 um, the « angle of the GLAD substrate holder is set to 18 °. 80 nm thick Au
was deposited by e-beam evaporation. 100 nm TiO, and 1400 nm SiO, was evaporated
on top of Au at 0 °. A lift-off process in aceton to remove the photoresist and air plasma
cleaning were executed before placing the sample for TiO, annealing at 450 °C for 2h

in air. The SEM and EDX image of a Si0,/TiO,/Au micropillar array after annealing is
shown in Fig. 4.6 (right) and Fig.

4.3.2 Fabrication of the Microdisk and Microbar array

The steps in fabricating the two-dimensional micro-disk arrays were identical to the

fabrication of the micropillar array. The only difference is that a 100 nm of TiO; layer
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S L

FIGURE 4.6: SEM image of a microhole array of photo resist maP1215 (left), and a
Si0,/TiO2/Au micropillar array (right), scale bars represent 5 um and 1.5 ym, respectively.
Image (right side) taken from [98]].

Au]

FIGURE 4.7: EDX image (top view) of a Si0,/TiO,/Au micropillar array, scale bar repre-
sents 1.5 um. Image taken from [98].
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was evaporated first at 0 °, and 20 nm of Au deposited at &« = 32 °.

The fabrication of a microbar array is the same as the procedure used to realize
the micropillar array. The SEM images of a microdisk array and a microbar array are
shown in Fig. {.§]

FIGURE 4.8: SEM of a TiO>/Au 2D microdisk array (left) and a SiO,/TiO/Au 3D micro-
bar array (right), scale bars represent 1.5 um. Image adapted from .

4.4 Active Wall Pumping

4.4.1 Mechanism of Pumping

A photocatalytic decomposition reaction of water can be achieved with a material com-
bination of TiO; and Au. At the semiconductor (TiO;) side, electron-hole pairs are
generated. The holes can react with H,O to produce O, and H*, which dissolves in
small amounts in H,O, while the electrons are transferred to the metal (Au) side, and
recombine there with H* to produce Hy, which dissolves in HO. Accordingly, there is
an electrokinetic flux of H*, through the solution and around the pillar. Gradients in
chemical composition (depicted in the Fig. 4. 1] center as the green clouds around the
pillars) develop in the vicinity of the pillar due to the release in the solution of O, and
H, at the opposite sides of the Janus pillar, and diffusioosmotic flows develop around
the pillar. The superposition of the two effects leads to a net “osmotic slip” along the
lateral surface of the pillar, as schematically indicated by the arrows in Fig. 4.1} The
two effects are illustrated in greater detail in Fig. #.9] The final flow is composed of two
parts of flows as a consequence of two effects. The green arrows indicate the fluid flow
induced along with the electrophoretic proton flow from the TiO, side to the Au side.

The red arrows show a diffusiophoretic interaction. This interaction is coupled with a
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resultant hydrodynamic flow. The direction of this osmotic slip is inferred to be from
the TiO, side towards the Au one (see also experimental results below). To avoid the in-
teraction between the particles and the TiO, end due to the diffusiophoretic interaction,
1 um PS beads which suspend well are taken as tracers instead of 1 ym SiO, beads. The

tracer particles are used to visualize the fluid flow.

TV
¥

T

1 H,
Au C

| 2H* + 2e

FIGURE 4.9: [Illustration of the mechanism of fluid flow generation around a Janus mi-
cropillar. Electroflux of H" induced flow is represented in green arrow, while diffusioosmoic
slip flow as a result of the diffusiophoretic interaction in red arrow.

4.4.2 Active Wall Pumping Performance Optimization

The micropillars on the wall have a height of 1.5 ym and a diameter of 2 ym (see Fig.
4.1d). There are several factors that can affect the performance of the active wall pump-
ing, and two are investigated in this thesis as suggested by the mechanism explained
in section [4.1] a cooperative effect between the osmotic flows around the pillars: the

spacing between the micropillars and the topological chemical structure on surface.

In all the experiments, the pumping velocity is measured with the aid of 1 um
polystyrene tracer particles in the fluid. The motion of the particles is recorded with
an Andor CMOS camera attached to an inverted optical microscope. The white light
source is from the top, and the UV light with a wavelength of 365 nm is used to control
the pumping. The maximum UV light intensity used for pumping is 320 mW/cm?. An

image processing step is performed with ImagelJ to track the tracer particles.

Two methods are used to map the cross sectional flow profile of a microfluidic

channel; a defocusing method, and imaging with confocal microscopy.
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Confocal microscopy

Compared to a widefield fluorescence microscope, pinholes are introduced to a confocal

microscope as seen in Fig. #.10

detector PTM detector

[ ocular detector D
)
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=== In-focus emission light
out-of-focus emission light
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FIGURE 4.10: Comparison of the structure between (A) a widefield fluorescence micro-
scope and (B) a confocal microscope. Image taken from [[116].

The pinhole allows the light with selected wavelength to pass from the focal
plane. In this way, any light from the out-of-focus plane is filtered out. By adjusting the
pinhole, the sample can be scanned along the z direction. With the help of the confocal
microscope, we were able to map the cross sectional flow profile of a pressure-driven
microfluidic channel with a height of 60 um and a width of 100 ym. In Fig. #.11] an
image taken from the measurement of the flow using 1 ym fluorescent particles with a

confocal microscope is shown with a bright field view for reference.

a) _b)

FIGURE 4.11: 1 ym fluorescent PS particles in a normal microfluidic channel driven by an
external syringe pump to map the flow at each height of the cross section of the channel. (a)
An image take at the height of z = ~ 12 ym with confocal mode, (b) with bright field mode
for comparison.



82 Chapter 4. Microchannels with Self-Pumping Walls

A video stack over the whole cross section is taken. An example of images in
two planes with z = 0 um and z = 28 ym is shown in Fig. .12 The flow velocity of each
plane is calculated by tracking the (red) particles, and taking an average. The resultant

flow profile of a parabolic flow in a pressure-driven microfluidic channel is shown in

Fig.

FIGURE 4.12: Images taken with a confocal microscope. Tracer particles in two planes in
a microfluidic channel.

Flow speed (um/s)

0 20 40 60
h of channel (um)

FIGURE 4.13: Cross section of the flow profile of a pressure-driven microfluidic channel
measured with a confocal microscope.
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Defocusing method

The flow profile is also determined using a defocusing method from reference [[117]. In
this method, we first calibrate the height by adjusting the z position of an optical micro-
scope with a sample prepared by immersing and immobilizing 1 ym PS spheres in a 3
% polyacrylamide (PAC) gel. The diffraction pattern is taken and analysed at different
heights (z levels). The reference stacks are shown in Fig. d.14p, and the corresponding
diffraction pattern vs. defocusing height is plotted in Fig. [4.14k. The tracers in the
desired plane above the wall can be identified by adjusting the z-position of the micro-

scope stage.
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FIGURE 4.14: (a) Reference stacks of 1 um PS spheres at different height z relative to the
focal plane. (b) SEM image of 1 um PS spheres used for fluid tracking. (c) Relationship
between the calculated diffraction pattern area and the height relative to the focal plane.
Image taken from [98].

The pumping performance is presented in Fig. .15 for a single active surface
with micropillars with a spacing of s = 2 um. The sample is assembled with an active
surface and a 300 um thick spacer. The 300 um thick chamber is filled with milliQ water
containing tracer particles and covered with a cover slip. Tracer particles at a height of
z = 1.5 um above the structures are observed and used to visualise the macroscopically
directed flow. By tracking the speed of the tracer particles, the osmotic slip velocity
is measured and defined at the active surface. In the absence of the UV illumination,

no flow on the surface takes place and the tracer particles exhibit normal Brownian
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diffusion as indicated in Fig. f.15h. Once the UV illumination is turned on, one ob-
serves the directed motion of the PS (see the Fig. .15b), along the direction defined by
the orientation of the Janus pillars. When the UV light is switched off, the flow directed
motion instantly stops, and the PS particles switch back to Brownian motion (Fig. f.15).

TFIow direction

FIGURE 4.15: (a), (b) Trajectories of few tracer particles, distinguished by different colors,
showing directional motion above the Janus micropillar array, when the UV light is on. The
active surface is covered by a 300 um thick liquid film. Image adapted from .

Furthermore, the fluid pumping speed can be adjusted simply by changing the
incident UV light intensity. The dependence is found to be linear, to a good approxi-
mation (see the Fig. {.16), which is compatible with a mechanism driven by the self-
generated osmotic flows via photocatalytic chemical activity as long as the catalytic

reaction does not saturate.

The effect of the pillar spacing on pumping performance is studied by fabri-
cating grids of pillars with spacings between 2 and 18 ym. As indicated in Fig.
an optimal spacing corresponds to a pillar spacing of s & 2 um, which is comparable to
the pillar diameter at this spacing, the maximal wall-slip velocity is obtained. The flow

velocity vanishes both at very large and very small values of s, and reaches a maximum
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FIGURE 4.16: The average fluid speed within the plane located at 3 um above the glass
surface at roughly 1.5 ym above the top of the micropillars as a function of the UV light
intensity (measured as fraction of the maximum available irradiance Pmax = 320 mW/cm?).
The dotted line shows a linear fit to the data. Image taken from [98]].

for s = 2 ym (see the current Fig. [4.3d). When the spacing is increased to 5 ym, the
flow speed is reduced by half, while for a spacing of 18 um directional flow is hardly

observable.

The emergence of an optimal spacing, at which the average velocity is max-
imal, can be understood as follows. In the regime of medium to large separations,
increasing the spacing in the array translates into a decrease in the energy density of
the pumping surface, and accordingly, a decrease in the flow magnitude. The regime
of small separations is more subtle. Here, the pillars are no longer independent as the
cross-talk between their chemical activities becomes significant. For example, using
the illustration in Fig. when the pillars are very close to each other, the chemical
inhomogeneity produced by the Au side (black area) of one pillar produces similar gra-
dients, but opposite to those of the TiO, region of the adjacent pillar. The net result is
that the effective osmotic slip around each post is strongly reduced, and, accordingly, a
decreased magnitude of the flow. Therefore, the optimal separation corresponds to the
minimal one for which the chemical cross-talk between neighbouring pillars remains

small compared to the self-sourced chemical inhomogeneities.

To examine the role of the topology of the chemical structure on pumping per-

formance, the pumping experiments are conducted with a flat microdisk array as well
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FIGURE 4.17: Dependence of the average flow speed slightly above the top of the pillars
as a function of the spacing s of the array. The distinct maximum in the flow speed indicates
the existence of a well-defined optimal spacing s =~ 2 um between the pillars. Image taken
from [98]].

as a 3D microbar array. The tracer particles in the plane above microdisk structures
experience no directional transportation with the fluid, while a slip velocity, which is
smaller than the micropillar pumping is observed above the microbars. The results are
listed in Fig. {4.18 and suggest that the 3D geometry of the structures is essential for
fluid pumping. The difference between the 3D pillar, 3D bar and 2D Janus structure is
the side wall of the structure, which plays a crucial role in driving the fluid. The border
of where two materials join on the side wall contributes the most chemical gradient in

comparison to the border where the two materials join at the top.

4.5 Pumping in a Microchannel

4.5.1 Microchannel Pumping in a Water Reservoir

As discussed in chapter 2 theory and background, there are laminar flows, transitional
flows and turbulent flows in pipe flows. In a microfluidic flow, the Reynolds number is
typically in the range of Re < 1, and a laminar flow is expected. The non-slip bound-
ary of the pipe provides a shear stress on the fluid, leading to a parabolic flow profile
illustrated in Fig. 4.19] It is of interest for chromatography or micro manipulation to

modify the flow profile. Our self-pumping active walls provide the opportunity to adjust
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FIGURE 4.18: (a,b) Schematic (top) and SEM images (bottom) of a surface topologically
patterned with (a) 2D Janus disks and (b) 3D Janus bar structures, respectively; the scale
bars correspond to 1.5 um. (c¢) Comparison of pumping behavior between different surface
structures. Image taken from [@]
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the flow profile via the active surfaces in a microchannel.

Wall shear stress, T,
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Linear shear- A veloeity
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FIGURE 4.19: Shear stress and velocity distribution for a laminar flow in a pipe. Image
taken from [[118]).

In this thesis, we assembled microchannels with active walls in three different

configurations and demonstrate three flow profiles, respectively (Table 4.1).

TABLE 4.1: Active channel assembled with active walls.

single active surface two symmetric sur- two asymmetric ac-

channel faces channel tive surfaces channel
top inert no-slip wall active surface active surface
bottom active surface active surface active surface
alignment - same direction opposite direction
height [um] 110 170 170

In what follows the bottom surface is always kept to be active. On the bot-
tom surface, spacers with different heights are placed and used to control the channel
heights. A cover slip or another active surface is placed on top of the spacer to form the
channel. As discussed above, this sample is then placed in a 300 um thick larger water

reservoir containing 1 um PS beads as shown in Fig. .20}

The samples are mounted on an inverted microscope (Zeiss Axio) and are ob-
served with a 63x objective lens. Videos were recorded at a rate of 20 frames per second
with a CMOS camera (Andor 5.5). The x-y positions of the particles in each 15 um plane
along the z position (the height of the channel) were tracked and averaged over at least
10 particles. An example of the tracked trajectories of particles in two different z planes

z=3 ~umand z = 10 ~ um can be seen in Fig. #.21]
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.\ UV illumination region

FIGURE 4.20: Side view of the single active surface channel. White dots represent PS
tracer particles.

FIGURE 4.21: (a), (b). Trajectories of few tracer particles, distinguished by different
colors, showing directional flow (when the UV light is on) at various heights above the
Janus micropillar array. The insets illustrate the position of the plane in which the tracked
trajectories are located. (c). In the absence of UV illumination, the tracers exhibit Brownian
motion. Image adapted from [@]
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The data points are plotted as a function of the z height within the channel
in Fig. [4.26] the error bars refer to the standard deviation across these measurements.
Three different flow profiles are achieved by three different channel designs. These
clearly demonstrate microfluidic pumping by active walls when the channel is illumi-
nated. The flow profiles are very different, which highlights the possibility to tune the
flow, to a certain degree, simply by adjusting the relative alignment of active ethe two
walls. In all cases one observes a significant flow velocity (above 1 ym/s) at a distance

of 30-50 um from the active walls.

4.6 Analytical Model

To predict the flow profile within the channel, a model was developed by Dr. Athana-
sios G. Athanassiadis. I have numerically analyzed the flow profiles (see section [4.7).
Helpful discussion with the co-author is acknowledged, esp. Dr. Mihail Popescu. The
schematic of which is shown in Fig. In this model, we divided the channel into
three sections: an inert inlet section of length L (region 1), an active central section of
length L (region 0), and an inert outlet section of length L (region 2). The height is the
same for the continuous three sections /. The scale of the length L is generally much
larger than the height of the channel. The external pressure at the inlet and the outlet is
zero, since the channel locates in a reservoir of water. P; and P, are the pressure at the
inlet and outlet of the active section. G1, Gy, and G, are the pressure drops of the inlet,

active and outlet section, respectively.

L, Lo L,
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FIGURE 4.22: Parameter used in the analytical model to model the channel geometry.
Image taken from [98]].

For each section, the fluid flow can be described by the continuity equation {.1]
and the Navier-Stokes equations [4.2]
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V- (ou) =0 4.1)

du
0ot

where y is the fluid viscosity, #(z) is the velocity of the fluid in the x-direction.

+pu-Vu=-Vp+uViu+g (4.2)

In a channel with a geometry h < L, the fluid flows along the x direction, the u refers
only to the x-component of the velocity. For an incompressible fluid, the equation
can be rewritten to du/dx = 0. The flow is assumed to be steady (du/dt = 0) and
gravity is negligible within the channel. The Navier-Stokes equation is simplified to the

Stokes flow form in a 2D channel:

dp _ du
ix Mz

p(x) is the pressure in the channel which is independent of z. The pressure

4.3)

p changes only with x and the velocity u only changes with z, plus the constraints of

equation , Z—i has to be a constant. This constant is defined as the constant pressure

drop Z—g = —G. The pressure drop across each section can be written as:
P —P
Go= ——2 (4.4)
Lo
Py
Gl =—— 4.5
1 I (4.5)
P
Gy = —. 4.6
2= (4.6)

The wall velocities at the bottom and the top of the channels #,—q = u?, and
u,_y, = ul,, respectively. This boundary condition is applied while integrating equation

The flow profile #(z) obtains the form:

u(z) = —% <z2 - zh) + (ut, —ul)= +ub. 4.7)

The volumetric flow rate Q; (i is the index for each section) is derived by inte-

grating the flow speed over the whole channel height.
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h
Qi = [ ui(z)dz (4.8)
/

The flow rate through each section is conserved:

Q=0=0=0Q (4.9)
The boundary condition in the inert inlet and outlet sections is known. Apply-

ing uZ, = u!, = 0 (non-slip) in the flow rate equation and equation

5 — L+ G13
Q=15 " h (4.10)
5, — L G245
Q=1 yh (4.11)
ui(z) = —S—;(zz — hz) (4.12)
G
1y (z) = —2—;( 2 _ hz) (4.13)

The relationship between the pressures in section 1 and 2 is obtained with

Q1 = Qu

P =P (4.14)

P, > 0 when the fluid flows from the left to the right through the channel. The

pressure drop and the flow rate in the active section is:

Go = —2P,/Lg (4.15)
N P, s 1 t b
Qo = 6;4L0h +5 (uw + uw) h (4.16)

P, is calculated with the conservation of the flow rate in section 1 and 0 with
the expression in equation [4.10/and .16}
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6;14 L1L0
) =

T W2 Lg+2L,

()

4.17)

By inserting P, in equation 4.7, we finally get the flow velocity and the flow

rate:

2

6L1 ¢ b Z Z ¢ b Z b
M(Z) = m (l/lw +Mw> (l’l_Z — E) + <1/lw — Ltw> E + (2

v 1 Lo to b
Q= 5 ypar; (ot )

(4.18)

(4.19)

The effect of the micropillars on the active surface introduced a hydrodynamic

flow around the pillars which leads to a complex flow profile in the fluid layer containing

the micropillars. The flow measurements in a microchannel are thus made in the planes

with a distance to the bottom or top wall of more than 5 um to avoid the underestimation

of the flow velocity. Taking this into account, the channel height we use to model the

experimental flow profile is smaller than the real channel height, corresponding to the

height of the uppermost and lowermost experimental data point. The channel geometry

and the wall slip velocity measured as described in section .5.1] for each of the three

channel configurations are listed in table 4.2

TABLE 4.2: Parameters used in the theoretical and numerical calculation.

symmetric anti-symmetric skew
active region length Lo [um] 240 240 240
inactive region length Ly [um] 2000 2000 2000
experimental channel height hexp [um] 170 170 110
modeled channel height h [um] 139 155 95
top-wall velocity ut,  [um/s] 1.74 -1.07 0
Bottom-wall velocity uZ, [um/s] 2.32 1.81 2.74

Substituting the parameters from the table into equation [4.17], 4.18] [4.19] the

flow profile, the flow rate and the pumping pressure for the three channel configurations

are obtained.
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4.6.1 Symmetric Channel

The flow velocity of the symmetric channel with two active walls facing the same di-

rection:

gy (2) = 12119 — 21 2z, (4.20)
SIS, T Ly 420 \ W2 h v '
and the flow rate is:
: Lo
= Uph———— 4.21
Q= oy =0T, (+:21)
The pumping pressure is:
12upupu  LiLo
P, = . 4.22
2T R Lo+2L (+22)

4.6.2 Antisymmetric Channel

The flow velocity profile for the antisymmetric channel which consists of two active

surfaces facing opposite directions:

1mwmm@)::mu<1—2%>. (4.23)

Because of the oppositely aligned active surfaces, the antisymmetric channel shows no

unidirectional pumping and no net flow:

P, =0 (4.24)
Q=0. (4.25)

4.6.3 Skew Channel

With one active surface at the bottom and an inert glass slide on top, the channel exhibits

a skew parabola profile:

Ly 22z z
o) = 0tp o (72 7)) v (1-7) @20
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the flow rate is:

w0 4.27
Q 2 Lo+2L4 *27)
and the pumping pressure is:
6Llw]1 LOL1
P, = . 4.2
27 T2 Lo+2L,4 (4.28)

Comparing Eqgs. (4.22)) to (¢.21), it can be concluded that when one active wall
is used, the generated pressure and flow rate are half of those generated by the channel
with two active walls. With these relationships, one can tune the flow profile or the flow
rate simply by changing the channel geometry parameters. For instance, for a symmet-
ric channel, when Ly > L1, u(z) is no more dependent on z, and a flat flow profile can

be achieved.

4.7 COMSOL Simulation

To further evaluate the validily of the analytical model developed above, numerical sim-
ulations were carried out using COMSOL 5.3. Creeping flow was chosen as the physics
model for the study. We set up a 2D geometry with three rectangles representing three
main sections, corresponding to the inert-active-inert sections in the microchannel. Two
small transition sections are introduced between the inert-active, active-inert sections
with a linear slip velocity ramp from 0 um/s to 1, (inert-active) and from 1y, to O um /s
(active-inert) to offer a transition of the wall slip velocity and avoid numerical insta-
bility. The length of both transition sections is 0.5 um, which is small enough not to
considerably influence the simulation results. The left and right side of the channel
were defined as inlet and outlet with a pressure P = 0 Pa. The top and bottom walls
of the inert sections obey a non-slip velocity boundary condition. At the active walls,
sliding wall condition with the corresponding wall velocity is applied. The value of the
slip velocities 1, the height of the fluid in the channel /, the length of the three sections
corresponding to the both passive sections Lq and active illumination section Ly were

chosen as summarised in table 4.2]

The simulation results for the three channel configurations are shown in Fig.

4.23l



96 Chapter 4. Microchannels with Self-Pumping Walls
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FIGURE 4.23: Illustration of the microfluidic flow profile engineering (a) with bottom
surface active pumping (b) with top and bottom surface active pumping in the same direction
(c) with top and bottom surface active pumping in opposite directions. Image taken from

[98].
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The flow profiles for different-sized illumination regions is computed and il-
lustrated in Fig. [4.24] It can be concluded that with a larger illumination region relative
to inlet/outlet, the flow profile of a symmetric channel tends to be flatter, as the flow

velocity in the middle of the channel is less suppressed by the passive sections.

h [pm] L,=4mm | Ly =240 pm L,=4mm
170 A‘ V=0 um/s .1 Vg=1.7um/s »t Vg =0 um/s > 2.5
2
0 m/s
— — > s
A L,=2mm Ly =240 pm L,=2mm
1
0.5
0
-0.5
0
» B [(um/s]

FIGURE 4.24: Simulated hydrodynamic flow profile for different value of L1 for symmetric
channels.

The flow profiles in the active region of the channels with different L1 value

and same slip velocities are plotted in Fig. 4.25]

The flow profiles determined both analytically and numerically agree well with
the experimentally measured data, and are compared in Fig. [4.26] This demonstrates
that the model captures the main physical ingredients, and provides additional support

for the suggested flow profile manipulation in a microfluidic channel.
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FIGURE 4.25: Flow profiles at x = 0 um within the symmetric channels with the same slip
velocities, different inert section length L.
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FIGURE 4.26: Adjustment of the fluidic profile by the surface pump. Blue upper and
bottom lines in the graphs indicating the top and bottom surface of the microfluidic channel
(a). The cross section flow profile when the bottom surface of the channel is structured
with Janus micropillars, (b) when both top and bottom surfaces are structured with Janus
micropillars with the same direction, (c¢) with the opposite direction. Image adapted from
[98]].
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4.8 Conclusion

In this chapter, we have demonstrated that surfaces decorated with photocatalytically
active SiO,/ TiO, micropillar array can pump 2 % H;O, solution, with Au/ SiO;/ TiO,
micropillar array can pump water. These active self-pumping surfaces can be used
for wireless microfluidic channel pumping, which pumps H>O; and/or water along the
channel. The pumping is fully controlled by the external UV illumination and adjustable
by changing the UV intensity. The pumping direction is determined by the geometry of
the micropillars. A local self-osmotic flow is created by photocatalytic water decompo-
sition reaction at each micropillar. The local flows couple and form a macroscopic fluid
flow, which shows a speed up to 4 um/s and is comparable to the fastest existing water
chemical pumps. The interplay between immobilized Janus pillars is also investigated
by changing the spacing between the pillars in order to optimize the arrangement of
the array. Surfaces with 2D Janus structures and 3D Janus bars are also prepared and
measured. These structures exhibit less efficient pumping performance as the 3D micro

pillar structure.

By fixing the active surfaces as walls to a microchannel, fluid can be pumped
without external physical pressure driving devices and tubes. For a 240 um long active
channel, we generate a pressure gradient of 1 uPa/um that drives a volume flow rate of
4 pl/s through the 4.24 mm long microchannel. With the help of an analytical model
and numerical simulation, it was shown that not only the fluid can be transported, the
fluid profile can also be tailored with different channel structures. A symmetric channel
with much longer L1 than L, indicates a back flow at the centerline as the long inert
region within the channel provides a high flow resistance. The centerline velocity is
minimal with a value of u = —uy,/2 when L1 /Ly — oo, while the flow profile can
be tuned flat when the entire channel is set to be active (L1/Lg — 0). By using the
defocusing method, fluid flow profiles in a microchannel could be shaped with the help
of tracer particles. A variety of flow profiles can be realised, which are not possible in

conventional pressure-driven flows.

Volumetric pumping in a PDMS microfluidic channel embedded with our ac-
tive surface is demonstrated. With one active wall at the bottom, a 100 um wide, 100
um high channel is able to pump water forward with a volume flow rate of 4 pl/s, when

240 um in a 4 mm long channel is illuminated.
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Chapter 5
Summary and Outlook

In this thesis, the fundamental behaviour of chemically active particles at the micro
scale is investigated and utilized for some new applications. As a typical artificial micro
motor alternative, chemical micromotors harvest chemical energy from the environment

and propel themselves via catalytic reactions and to generate self-propelled motion.

Unlike the swimming in the macroscopic world where a time-reversible mo-
tion can lead to propulsion in the fluid, the object at the micro scale cannot achieve
such a motion just by a reciprocal movement at low Re number regime. Inertia plays
an extremely small role in comparison with the viscous drag for a micro sized object in
fluid. To overcome the dominant viscous resistance and to generate motion, an external
energy input is required. This can be provided by magnetic, electric, acoustic, light
sources. Alternately, the energy can come from a chemical reaction, which generates
a local chemical gradient. Chemical reactions are used to propel the micromotors and
to induce flow in this thesis. This, so called self-phoresis, is generated for asymmetric
microstructures made from photochemically-active TiO,. The external light source can

trigger and control the chemical reaction on the microparticle.

In this thesis, a new route to obtain asymmetric chemical micromotors is pre-
sented. The attractive interaction of a photochemically active species and a passive
species (colloid) is used to form a dimer structure. In this way, the particles sponta-
neously form an asymmetric dimer. This symmetry breaking in turn results in a Janus
structure and the self-propulsion of the dimer. The propelling velocity can be controlled
with the external light stimulus. The mechanism of the dimer formation is identified
to be due to diffusiophoresis. The optimum size ratio of active and passive particle is
investigated. A repulsive interaction between active TiO, particles ensures that dimers

do not easily aggregate.

Based on the property of the osmotic flow, a novel method to realize a chemical
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pump is realized. An array of the chemical motor: asymmetric Janus micropillars are
immobilized on a surface such that the osmotic flow of neighbouring microstructures
couples such that a macroscopic flow is generated. Such a substrate is able to pump the
fluid directionally depending on the alignment of the micro pillars in the array. In this
thesis, TiO, and Au Janus micropillars can split water when illuminated and thus pump
water. By assembling two active surfaces in one channel as top and bottom substrate,
the fluid flow profile can be tailored. An analytical model and numerical simulations are
presented, both show good agreement with the experimental results. Compared to con-
ventional microfluidic pumps, the chemical pump of this thesis has the advantage that it
is untethered and that it can be controlled by light, The fluid flow profile is adjustable.
The role of the shape and spacing of the microstructures is examined and it is found that
the 3D structure of the catalytically active Janus structures near the wall is critical for

the fluid pumping.

As heterogeneous biphasic Janus micromotors are hard to be fabricated either
by PVD, CVD or chemical synthesis, the dimer formation is promising and could ulti-

mately be used to produce many self-assembled Janus micromotors.

Chromatography is being used for the separation of mixtures while they travel
at different velocities in the fluid. For separation it is helpful if the fluid has a flat
flow profile across the channel so that the same component can reach the exit at the
same time. Whereas the non-slip wall boundary condition in a "normal" pressure driven
channel in column chromatography has the well known parabolic fluid profile. The
chemically active pumping wall is a practical solution for this problem. By integrating
the chemically active microstructures on the wall of the tube, the channel fluid profile

can be easily and precisely adjusted to form a flat profile.

Another exciting outlook is that the chemically based pump can theoretically
be miniaturized to sub-nano size so that the separation of single macromolecule, se-
quencing of DNA, etc, can be realized. This application is constrained by two factors.
One is the resolution limitation in the fabrication process, given that 30 nm Janus struc-
tures have been so far the smallest Janus structures that are fabricated using the same
technique [[119]. At this scale, the active particles also show strong Brownian motion.
Janus particles show generally clearly measurable active propulsion down to 100 nm,
and we expect it to be the size limit for pumping with Janus pillars. Besides, the two
active surfaces should not be assembled too close that the chemical cross-talk from the

opposite interfaces cancels the chemical gradient. A channel with a channel height of
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300 nm should be able to provide a reasonable bulk fluid pumping. It remains for future

work to integrate the self-pumping walls in a real microfluidic device and to establish

size limits.
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