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Summary

One of the main challenges in the engineering of nanomachines, besides the difficulties to
fabricate complex nanometric objects, is how to power them. The application of external fields
is a common and easy way to actuate relatively large machines. However, when the size of the
machines becomes smaller, the transfer of power from the macroscopic scale to the nanoscale
becomes problematic. Therefore, the development of fully autonomous nanoscale systems
which can self-generate their required power is very desirable. Biological systems are the
source of numerous examples of natural micro/nanoscale autonomous motors. The conversion
of chemical energy into directional motion is the key point behind the high efficient
nanofactory of biomolecular machines. Therefore there is a high interest to create novel
artificial machines which can self-propel and perform autonomous activities in a similar way
the impressive molecular machinery does in living organisms. Many research activities have
recently focused on chemically powered motors and micropumps based on the local self-
generation of gradients.

The present research work deals with the catalytic micropump concept which was reported for
the first time in 2005. A catalytic micropump is an active system which has the capability of
triggering electrohydrodynamic phenomena due to an (electro)chemical reaction taken place
on a micro/nano bimetallic structure. Although catalytic devices have been the subject of
previous reports in which their nanotechnological applications have startedto be
demonstrated, the mechanism of the chemo-mechanical actuation has been less studied. That
is in part due to the complex interrelation between the catalytic reactions and the electro-
hydrodynamic phenomena. As a consequence there is still a number of intriguing questions
that require further investigation for establishing the role played by the different processes
and for achieving a better understanding of the mechanism behind them. Therefore, the
research was focused on the full characterization of the chemomechanical actuation and the
understanding of the main physicochemical factors governing the operating mechanism of Au-
Pt bimetallic micropumps in presence of hydrogen peroxide fuel. The investigations were
supported not only by experimental findings but also by numerical simulations. These
fundamental studies are of high importance not only for catalytic micropumps but also for
other autonomous micro/nano swimmers or active self-propelled colloids. The studies were
also extended to other bimetallic structures (Au-Ag, Au-Ru, Au-Rh, Cu-Ag, Cu-Ni, Ni-Ru and Ni-
Ag) and to semiconductor/metallic structures (p-doped Si/Pt, n-doped Si/Pt) to evaluate their
potentialities as catalytic micropumps in presence of the same chemical fuel. In the last case
photoactivation of the catalytic reactions can be accomplished which provides an added value
to these pumps as novel photochemical-electrohydrodynamic switches. These achievements
can open new and promising research activities in the field of catalytic actuators and
nanomotors. The thesis work also describes one of the potential applications of these active
devices which is related to the autonomous material guiding and self-assembly on particular
locations of a sample. That allows fabricating nanostructured surfaces in an autonomous way
with potential nanotechnological impact in a wide range of fields.



Resumen

Uno de los principales retos de la ingenieria de nanomotores, ademas de las dificultades para
fabricar objetos nanométricos complejos, es cdmo proveerles de energia para que funcionen.
La aplicacion de campos externos es una forma comun y facil de impulsar motores
relativamente grandes. Sin embargo, cuando el tamafio de los motores se hace mas pequefio,
la transferencia de energia desde la escala macroscépica a la nanoescala se vuelve mas
problematica. Por lo tanto, el desarrollo de sistemas a nivel de la nanoescala totalmente
autonomos que puedan generar su propia energia para poder autopropulsarse es muy
deseable. Los sistemas bioldgicos ofrecen numerosos ejemplos de micro/nano motores
auténomos. El punto clave detrds de la eficiente maquinaria bioldgica es la conversion de
energia quimica en movimiento direccional. Por lo tanto existe un alto interés en crear nuevos
motores artificiales que puedan auto-impulsarse y realizar actividades auténomas de forma
similar a la impresionante maquinaria molecular de los organismos vivos. Recientemente se ha
comenzado una intensa actividad cientifica en el desarrollo de motores y sistemas de bombeo
propulsados quimicamente en base a la auto-generacion local de gradientes.

El presente trabajo de investigacion trata sobre el concepto de microsistemas de bombeo
catalitico que fue reportado por primera vez en 2005. Un microsistema de bombeo catalitico
es un sistema activo que tiene la capacidad de inducir fendmenos electrohidrodindmicos a
partir de una reaccion (electro)quimica sobre una micro/nano estructura bimetalica. Aunque
los dispositivos cataliticos han sido objeto de investigaciones anteriores en el que sus
aplicaciones nanotecnoldgicas han comenzado a demostrarse, el mecanismo de actuacion
guimio-mecanica ha sido menos estudiado. Esto es en parte debido a la compleja interrelacion
gue existe entre las reacciones cataliticas y los fendmenos electro-hidrodindmicos. Como
consecuencia de ello todavia hay una serie de preguntas sin resolver que requieren mayor
investigacion para establecer el rol desempefiado por los diferentes procesos y lograr una
mejor comprensién del mecanismo detras de ellos. Por lo tanto, en esta tesis doctoral se ha
realizado una caracterizacién exhaustiva de la actuacién quimio-mecanica para entender los
principales factores fisicoquimicos que regulan el mecanismo de funcionamiento de
microbombas bimetalicas de Au- Pt en presencia de perdxido de hidrégeno como combustible.
Las investigaciones han sido solventadas no sélo con resultados experimentales sino también
con simulaciones numéricas. Estos estudios fundamentales son relevantes no sélo para estos
sistemas de bombeos cataliticos, sino también para micro/nanomotores o nanorobots
suspendidos en fluidos o coloides activos autopropulsados. Los estudios se han extendido
también a otras estructuras bimetalicas ( Au- Ag, Au- Ru, Au -Rh, Cu - Ag, Cu - Ni, Ni- Ru y Ni-
Ag) y a dispositivos semiconductores/metalicos ( Si dopado p / Pt, Si dopado n/ Pt) con la idea
de evaluar sus potencialidades como sistemas de bombeo catalitico en presencia del mismo
combustible quimico. En el caso de los sistemas metal/semiconductor su funcionamiento se
basa en la fotoactivacion de reacciones cataliticas, lo que proporciona un valor afiadido a estas
bombas y permite el desarrollo de nuevos interruptores foto-electrohidrodinamicos. Estos
logros pueden abrir nuevas y prometedoras lineas de investigacion en el campo de los
actuadores y nanomotores cataliticos. El trabajo de tesis describe también una de las posibles
aplicaciones de estos dispositivos activos que esta relacionada con el transporte y depdsito de
materia en lugares especificos de un sustrato guiado por los fendmenos electrohidrodinamicos
locales. Eso permite fabricar superficies nanoestructuradas de forma auténoma con un gran
impacto nanotecnoldgico en una amplia gama de campos.
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Chapter 1



1.1 The concept of catalytic motion

Besides the difficulties to fabricate structurally complex nanometric objects, the main
challenge in nanomachines is the strategies to power them. Applying external fields
such as electromagnetic field is an easy way to actuate the relatively large machines.
When the size of the machines become smaller, the transfer of power from the
macroscopic length to the nanoscale one becomes problematic [1, 2].

Therefore, the development of fully autonomous nanoscale systems which can self-
generate their required power is very desirable. Moreover, autonomous motion is the
first step to have nano- and micromotors which are capable of multi-task functions.
The emergence of collective behaviors like dynamic self-assembly, swarming, etc., is
also another aspect related with the self-generation of motion which has recently
brought a lot of research interest in the field of nano- and micromotors [3-19].

Biological systems are the source of numerous examples of natural micro/nanoscale
autonomous motors [20-23]. The conversion of chemical energy into directional
motion is the key point behind the high efficient nanofactory of biomolecular
machines which are responsible of controlling cell activity. Some of the fascinating
examples of chemically powered machines in nature are illustrated in figure 1.1. For
instance, myosin (figure 1.1 a) and kinesin (figure 1.1 b) are protein-based linear
motors which take advantage of the hydrolysis of Adenosine-5"-TrisPhosphate (ATP) to
generate force to walk on protein filaments (actin or microtubule filaments) [24-28].
These motors are responsible of the muscle contraction and the transport of cellular
cargo respectively. The ATP synthase (figure 1.1 c) is a rotary transmembrane protein
machine which uses a proton gradient across the membrane to rotate. The rotational
energy is used to add phosphate ions to Adenosine-5"-DiPhosphate (ADP) to make ATP
[29, 30].

Rotary motors power the swimming of the bacteria. These motors like flagellums use
the stored energy of proton gradients to rotate [31, 32]. The crock screw-like motion
is very efficient self-propulsion mode in the nanoscale environment dominated by
viscous forces.
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Figure 1.1: Examples of highly efficient and autonomous biological motors. These
biological motors use ATP hydrolysis or chemical gradients to power directed motion.
a) Mosin b) Kinesin c) ATP Synthase d) Flagellar motion. Black arrows show the
direction of motion.

Nano-engineering aims at creating novel artificial machines which can be self-
propelled and perform autonomous activities in a similar way the impressive molecular
machinery does in the vivo organisms [33-41]. The research activities have recently
focused on chemically powered motors and micropumps based on the local self-
generation of gradients [1,2,42-52].

One of the most inspirative researches was the earlier work of the Whitesides group*
[53]. It was shown that a millimeter scale polymeric disc with a Pt patch at one end
could move autonomously at the air/H, 0, solution interface.

! Whitesides research group, Prof. George M. Whitesides, Harvard University
Website: http://gmwgroup.harvard.edu/index.php



The structure was propelled by a bubble-recoil mechanism. The platinum patch
converted the H,0, into oxygen gas which propelled the entire structure forward.
Result of this research triggered strong efforts to scale down such concept to the
nano/micro scale.

The groups of Sen® and Mallouk® at Pennsylvania state university demonstrated the
proof of concept at smaller scales in 2004 [54, 55]. They showed that catalytic
reactions can be used to drive axial movement of metallic nano-objects. The first
structure was template-electroplated grown bimetallic Au-Pt nanorods with diameters
between 200-400 nm and 1-2 um in length. The bimetallic nanomotors moved at
speeds of about 10 ym s~ . The catalytic decomposition of H,0, on the bimetallic
structure, was also the reason behind the movement but in this case without oxygen
bubble formation (figure 1.2 a). [56]

The asymmetry either in the motor composition, shape or in the surface reactions is
an important issue to design catalytic micromotors. Two different metal segments in
the bimetallic nanomotors induce chemical reaction asymmetry. This asymmetry
causes a gradient along the nanomotor which generates axial forces. [1]

Enhancing the motor speed, controlling the direction of motion and designing novel
functional catalytic systems became new research goals. Changing the conductivity of
bimetallic nanorods with the addition of carbon nanotubes on the Pt segment, using
metal alloys in the metals, mixing other chemical fuels (based on hydrazine), increasing
temperature and the surface area were done to enhance the nanomotor speed [57-
62].

It was possible to achieve speeds up to 200 um.s~! (around 60 body length per
second) competing with the fastest bacteria driven by flagellum [63]. In some cases, a
better control on the motor direction was improved by the incorporation of magnetic
segments in the nanorods and using external magnetic fields [1,51, 55, 64-68].

Novel catalytic systems were designed with carbon fiber and nanotube motors
modified with redox enzymes catalyzed by the glucose decomposition [69, 70].
Regarding the geometry, new nanomotor designs like microgears and colloidal Janus
microparticles (Au-Ag, Si0,-Pt, Al-Ga, Al-Pd), were introduced [42, 71-76].

Schmidt “s group® innovated catalytic motors and developed the tubular microjet
engines (a tube with a platinum coating in the inner wall) driven by bubble recoil
provided by the oxygen production due to the hydrogen peroxide decomposition

[51, 68, 77-80].

Figure 1.2 b shows schematically the microjet engine with conical shape. The
asymmetry of the tube causes its motion in one direction. These tubular engines which
are bigger than the bimetallic nanorods, could reach speeds as high as 10 mm.s™?!
(Equal to 200-275 body length per second) [80, 84].

? The Sen Group, Prof. Ayusman Sen, Pennsylvania State University

Website: http://research.chem.psu.edu/axsgroup/index.html

*Mallouk research group, Prof. Thomas E. Mallouk, Pennsylvania State University

Website: http://research.chem.psu.edu/mallouk/

* Institute for Integrative Nanosciences (IIN), Prof. Oliver G. Schmidt , The Leibniz Institute for Solid
State and Materials Research Dresden (IFW Dresden)

Website: http://www.ifw-dresden.de/de/institute/iin/



Another kind of catalytic microjets with similar principles was presented by Wang s
group” [81-83]. The speed of these motors was faster than any bacteria and any other
known autonomous synthetic microengine. The speed reached about 375 body length
per second [63].

Catalytic microjets show impressive functionalities which make them qualified for
being applied in drug delivery, robotics, fluidics, nano and micro electromechanical
systems (NEMS/MEMs), environmental remediation, etc. [1, 2, 47-52, 85-87]. The
swimming objects can be applied to pick up, transport and release cargo [65, 84, 89-
96]. Selective capture and transport of biological proteins, and their controlled release
was reported [97-98].In a similar way, these swimming objects were used to isolate
cancer cells, bacteria and nucleic acid from complex biological mixtures [99-101].

Moreover, the motors were employed for sensing purposes [102, 103]. Wang et al.
developed the concept of motion-based sensing and it was exploited for sensitive
detection of DNA and bacterial ribosomal RNA [103].

In some cases, it was possible to observe that motors can follow a corkscrew-like
trajectory, which allows drilling and penetrating tissues [94].

> Laboratory for Nanobioelectronics, Prof. Joseph Wang, University California San Diego (UCSD)
Website: http://joewang.ucsd.edu/
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Figure 1.2: a) Scheme of a bimetallic nanorod based motor with the catalytic reactions
taken place on the surface, b) Microjet engine in which the decomposition of H,0,
produces oxygen bubbles.

Although artificial micro/nano motors with impressive speed and functionalities have
been developed, energy efficiency® of these catalytic systems is rather too low in
comparison with the biological counterparts [1]. In order to design efficient catalytic
motors, it is very important to understand the principles and mechanisms governing
the motion in the micrometer and nanometer regimes. The major motion mechanisms
of micro/nano motors are based on self-electrophoresis, self-diffusiophoresis, dynamic
interfacial tension or bubble recoil [1, 44, 52, 56, 54].

Depending on the size, shape, material, chemical fuel composition and concentration
one of the mechanisms can become dominant over the others. For instance, the
microjets (microtubes) have large enough platinum surface to let the oxygen bubbles

® Energy efficiency is defined as the mechanical power output divided by the overall
energy input.



nucleate and grow. The detachment of the bubbles causes generation of the recoil
force which explains the main propulsion mechanism in such system [51, 77].

In contrast to motors which operate based on electrokinetics, microjets have the
advantage to operate in salt-rich environment. In the case of bimetallic nanorods, it
has been more difficult to determine which mechanisms is the dominant one. The
bubble recoil mechanism is omitted from the list of candidates because no nucleation
of bubbles was observed. The groups of Sen and Mallouk proposed an interfacial
tension mechanism for the axial motion of Pt-Au nanorods based on analysis of
reaction rates, drag forces and interfacial energies [54]. The basic idea of this model is
that the oxygen generated in the reaction disrupts the hydrogen bonding locally,
lowering the interfacial tension energy between the aqueous solution and the gas
coated nanorod. The rod moves in one direction because of a net axial force generated
due to the oxygen gradient. The same groups also took into the consideration the
possibility of diffusiophoresis due to an oxygen gradient. However, they predicted a
diffusiopphoretic velocity much smaller than the observed one [44].

However it was also found that the catalytic actuation was sensitive to the ionic
strength of the fluid [46] and it was also disrupted if an insulating segment was
inserted between the bimetallic structures [69]

These findings suggested that an electrokinetic mechanism with self-generation of
electric fields at the fluid was more appropriate to explain the experimental
observations [43, 44, 49, 56]. In this model, a proton gradient is established along the
bimetallic rod because of the asymmetric reaction of H,0, at the two metallic surfaces
according to equations 1.1 and 1.2.

As a consequence of such proton gradient, an electric field and a fluid flow emerge.
These two phenomena push the rod to move in one direction. This process has been
addressed as self-electrophoresis since it deals with charged rods’ immersed in a self-
induced field.

Anodic reaction : H,0, - 0, + 2H* + 2e~ Equation 1.1

Cathodic reaction : H,0, + 2H*+ 2e~ - 2H,0 Equation 1.2

Although the electrokinetic process could be considered as the more accepted
propulsion scheme for bimetallic structures, still a lot of work is pending to go deep in
the experimental and theoretical details of the process. That is not an easy task given
the complexity of the chemomechanical actuation which involves the coupled

” Generally bimetallic rods are negatively charged.



phenomena of (electro) chemical reactions, electrostatics, mass transport and fluid
motion.

In this line, some theoretical studies are trying to clarify the complex interrelation
between the catalytic reactions and the electro-hydrodynamics phenomena by solving
the governing equations of Poisson (electrostatics), Nernst-Planck (species
transportation) and Navier-Stokes (fluid motion) with different approximations [104-
107]. However a systematic analysis of the different parameters involved in the
chemomechanical actuation is still missing.

1.2 Bimetallic catalytic micropumps

In 2005, the bimetallic catalytic micropump was introduced as an alternative concept
for generating fluid flow in an autonomous way and it was reported by the same
research group® which pioneered the development of bimetallic catalytic nanomotors
[46,108,109].

Applying external pressure, electric field, thermal gradient or concentration gradient
are traditional methods for pumping fluids. The catalytic micropump is a stationary
heterogeneous structure which has ability to gain energy autonomously from the
environment to generate a local flow. Both bimetallic catalytic nanomotors and
micropumps can share the same electrokinetic actuation process’. In the case of the
catalytic nanomotors, the chemical reactions induce body forces that make the object
move with respect to the surrounding fluid. In the catalytic micropumps which are
immobilized structures on a substrate, the chemical reactions generate fluid motion
with respect to the substrate surface.

Similar to the catalytic nanomotor, the process is based on the oxidation and reduction
of chemical fuel (hydrogen peroxide) at two different metallic regions acting as anode
and cathode, respectively. The H,0, molecules decompose on both anode and
cathode surface in the same way as mentioned before (equation 1.1 and equation 1.2).
(1,108, 109]

Overall, there is a net flux of protons (H") from the anode (where protons are
produced) to the cathode (where they are consumed). The electric field generated in
this process is believed to induce the flow of the liquid through electro-osmosis.
[108,109]

® The Sen Group, Prof. Ayusman Sen, Pennsylvania State University

Website: http://research.chem.psu.edu/axsgroup/index.html

® The electrokinetic process becomes dominant in a catalytic pump if bubble formation is minimized.
That can be accomplished in low concentrations of chemical fuel and restricting the exposed surface
area of the bimetallic structures.
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Figure 1.3: Scheme of a catalytic micropump together with the chemical reactions
taking place on its surface.

The catalytic micropump made of Au-Ag was taken as a model for studying the electric
field and fluid flow in combination with colloidal tracers [108-111]. After Au-Ag
catalytic system, another bimetallic catalytic micropump based on a palladium disk on
a gold surface was characterized. Instead of H,0,, the new catalytic micropump
worked with either Hydrazine (N,H,) or asym-N, N-dimethylhydrazine (N,Me,H,)
[24,112].

Surprisingly and despite being the pioneer composition of autonomous bimetallic
motors, there was no study on Au-Pt catalytic micropumps (with the exception of a
report on interdigitated Pt-Au electrodes [46]).

Recent designs also include polymeric micropumps based on the concept of
diffusiophoresis in a non-electrolyte fluid. The pump consists of a polymer film that
depolymerizes to release soluble monomeric products when exposed to a specific
species or light. Products formed as a result of the depolymerization reaction create a
concentration gradient that pumps fluids. [113]

Although there are different possibilities with catalytic pumps, this dissertation will
deal with bimetallic catalytic pumps actuated by the electrokinetic process. Beyond
their potential applications, these pumps are ideal candidates for understanding the
chemical actuation mechanism. As mentioned before, this an issue of high interest
given the complex interrelation and the poor understanding of the processes involved
in the actuation mechanism and the lack of a systematic studies from the experimental
and theoretical point of view [109].

Indeed, catalytic pumps comprise an attractive model system for this kind of studies
since their actuation can be probed in combination with differently charged particle
tracers [108, 109]. New effective experimental methods could be more easily



10

implemented to comprehend and spatially quantify the parameters involved in such
coupled processes. Moreover catalytic pumps profit from the advantage that are
better defined and controlled from the point of view of electrode shape, size, surface
chemical composition and roughness which are also important aspects affecting the
catalytic motion and not so easy to control in free-suspending nanomotors. At the
same time they are also a very convenient system to address it theoretically.

Moreover and beyond catalytic pumps and motors, the scientific knowledge that can
be acquired might have important repercussions on other related topics. It should not
be forgotten that the actuation mechanism is based on electrochemical processes at
the liquid-surface interface of spatially heterogeneous electrodes. Therefore it can
have a lot in common with the physics of basic electrochemical systems [114],
corrosion processes [115], energy related devices (such as batteries and fuel
cells)[116,117], ion-exchange membranes [118, 119], and biological systems (such as
biomembranes and ion pumps)[120].
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This chapter presents the scope of the work, research goals, road map and summary of
incoming chapters.

2.1 Scope of work

This research deals with the catalytic micropump concept which was reported for the first time
in 2005 [1]. As described in chapter 1 a catalytic micropump is an active system which has the
capability of triggering electrohydrodynamics [2-4] phenomena due to catalytic reactions
acting as chemical fuel [1, 5]. Although catalytic devices have been the subject of previous
reports in which their nanotechnological applications have started to be demonstrated, the
mechanism of the chemo-mechanical actuation has been less studied. That is in part due to
the complex interrelation between the catalytic reactions and the electro-hydrodynamics
phenomena. As a consequence there is still a number of ill-defined parameters that require
further investigation for establishing the role played by the different process and for achieving
a better understanding of the mechanism behind. Therefore, the research was focused on the
full characterization of the chemomechanical actuation and the understanding of the main
physicochemical factors governing the operating mechanism on Au-Pt bimetallic micropumps
in presence of hydrogen peroxide fuel. These fundamental studies are of big importance not
only for catalytic micropumps but also for other autonomous swimmers or active colloids. The
studies were also extended to other bimetallic structures (Au-Ag, Au-Ru, Au-Rh, Cu-Ag, Cu-Ni,
Ni-Ru and Ni-Ag) and to semiconductor/metallic structures (p-doped Si/Pt, n-doped Si/Pt) to
evaluate their potential for being used as catalytic micropump in presence of the same
chemical fuel. In the last case photoactivation of the catalytic reactions can be achieved which
provides an added value to these pumps as potential photo-electrohydrodynamic switches.
The thesis work also describes a potential application of these active devices in guiding
colloidal self-assembly on particular locations of a sample. That allows fabricating
nanostructured surfaces in an autonomous way with nanotechnological impact in a wide range
of fields.

2.2 Research Goals
There were four main goals:

. Understanding the physical details of the chemochemical mechanism behind

bimetallic catalytic micropump using as a model system Au-Pt in hydrogen
peroxide solution.
In this part it was evaluated the influence of the surface chemistry of the bimetallic
structures on the electrocatalytic reactions. In this context, surface pretreatment
procedures were tested to enhance the electrochemical activity. The full
characterization of the electrohydrodynamic parameters was followed up by using
two independent techniques based on charged tracers (electric field, electrical
potential and fluid velocity) and on fluorescence techniques (for mapping the
distribution profile of the more relevant chemical species responsible of triggering
the catalytic actuation).

L. Implementation of simulations based on finite elements to support experimental
data.

A comprehensive and systematic numerical analysis of the different parameters
involved in the function of catalytic devices was performed. The simulations not
only reproduced the experimental results but also shed light on the whole catalytic
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scenario and provided clues of how to design more efficient catalytic actuators by
discriminating the main factors affecting the chemomechanical mechanism.

1. Proposing alternative catalytic micropumps based on other bimetallic or
semiconductor/metallic structures.
In this part it was put forth a series of bimetallic couples that can also trigger the
catalytic mechanism in presence of hydrogen peroxide. Electrochemical
techniques based on TAFEL measurements have become a powerful tool to predict
the combination of metals with capabilities of setting-up the electrohydrodynamic
process. It was also tested the combination of semiconductor and metal couples in
which the catalytic actuation can be additionally turned on with light.

V. Studying the self-generated electrohydrodynamic process to guide colloidal self —
assembly as a potential application of these devices.
In this section it was used a Au-Pt catalytic pump to demonstrate guided colloidal
self-assembly as a potential application of these active devices. It was evaluated
the effect of the self-generated electrohydrodynamic forces, the zeta potential of
the colloids and the surface treatment to locally pattern a surface.

In order to achieve the research goals, a research plan, so called road map, was considered.
Figure 2.1 shows the work flow of the research.

2.3 Incoming chapters

Besides the introduction and this chapter, in which it has been covered the state of the art of
the research in artificial swimmers/micropumps and outlined the research motivation and
goals of the thesis, respectively, the dissertation contains seven more chapters.

Chapter 3includes essential pieces of information about electrohydrodynamics to provide
proper background. Experimental activities, device fabrication and characterization are
described at chapter 4 in detail. Chapter 5 provides results and discussion of the model system
Pt-Au together with the finite numerical simulations that have aided to set a physical and
chemical comprehensive vision of the chemomechanical actuation. Chapter 6 comprises the
evaluation of the electrohydrodynamic performance of alternative bimetallic structures and
chapter 7 addresses semiconductor/metallic structures as catalytic pumps with the added
value of being photoactivated. Chapter 8 describes a potential application of the
chemomechanical actuation: autonomous guided self-assembly which allows to preferentially
pattern regions of a sample. Finally, chapter 9 outlines general conclusions together with the
perspectives of active devices.
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In this chapter, a brief review of electrokinetics phenomena, the related concepts
(surface charge, electric double layer and zeta potential) and governing equations
which are essential to understand the future chapters will be presented. As mentioned
previously, the electrokinetic phenomenon depends on the interaction of a complex
set of interrelated variables and parameters. Therefore to thoroughly address this
issue from an experimental or theoretical point of view is a difficult task

3.1 Electrokinetics

Electrokinetic generally covers all those phenomena involving tangential fluid motion
adjacent to charged surfaces as a consequence of an external force (e.g. electric force,
gravitational force, etc.) [1-5]. Among the many types of phenomena that can be
described as electrokinetic processes the more commonly encountered are:
electrophoresis, electroosmosis, streaming potential and sedimentation potential [1-
4].

Electrokinetics has been widely applied in microsystems [1-3], microfluidics and
nanofluidics [2, 4-6], tissue engineering [7-9], drug delivery [6, 10, 11],
chromatography [12, 13], remediation of soils and control of hazardous wastes [6, 14,
15] etc. It is also a very important tool in biological methods for separation and
analysis of macromolecules (DNA, RNA and proteins) and their fragments, based on
their size and charge [16].

In this chapter, electrophoresis and electro-osmosis will be reviewed since they are the
mainly two electrokinetic phenomena behind the catalytic pumps.

3.2 Concepts and Governing equations

Electrokinetic phenomena are described by the governing equations in fluid mechanics
and transport phenomena [4, 6, 17, 18]. In this chapter, a complete derivation of the
governing equations will not be provided. It will be only outlined the main equations
which are necessary to explain the movement of liquid at the interface of the catalytic
pump and the movement of charged colloidal particles®® due to electro-osmosis and
electrophoresis.

In view that the systems are based on charged interfaces, it will be first addressed the
Poisson equation as the main equation of the electrostatics and then the double layer
concept will be developed. Since the catalytic pumps exhibit non-static double layer
conditions due to the electrochemical reactions taken place at the double layer
interface, the concept of electrochemical current at the interface will be discussed. The
importance of this topic stems from the fact that electrochemical current at the

1% Rigid spherical colloidal particles are taken as a model system to describe the governing equations
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interface is the source of asymmetrically charged species generation which plays a
crucial role in the electrokinetic process. Then, it will be discussed the set of equations
related with the transport of species and fluid flow. Finally the chapter will be finished
with a more detailed discussion of the electrophoresis and electro-osmosis processes.

Therefore the main equations of interest are:

a. Poisson equation
b. Nernst-Planck equation
c. Continuity equation
d. Navier-Stokes equation
It is assumed that the electrolyte contains N species. For it" specie in the solution, the

following parameters are defined:

n;: Number concentration of it" species [m ™3]

N;..:. Number concentration of it" species in bulk solution [m ™3]
M;: Molar mass of it" species [kg. (k mol)™1]

z;: Valence of the i ionic species including appropriate sign

D;: Diffusion coefficient of i*" specie [m?.s71]

p;: Density of it" specie [kg. m™3]

3.3 Poisson's equation

It is an important electrostatic equation which is derived from Gauss's law. The
Poisson's equation relates the electric potential ( ¥) which is a scaler function to
dielectric constant (or relative permittivity) of medium (&) and the free volumetric
charge density (p,) in a dielectric medium. If the E is electric field generated by electric

charge distributed in dielectric medium, 1 is the generated potential (equation 3.1). [6,
17, 19]

E=-Vy Equation 3.1

Poisson's equation for electric potential in the electrolyte is [6, 19]:

Equation 3.2
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p,: Free volumetric charge density [C. m™3]

&-: Relative permittivity of medium (Dimensionless)

&y: Free space permittivity (8.854187 x 10712 [F.m™1])

The free volumetric charge density p, is the charge density of any charge which is not
generated because of polarizationll. For instance, ions in the solution, ions embedded
in the dielectric material and electrons on conductor material are categorized under
free charges. [6]

When studying a solution containing N charged species, p, can be written by equation
3.3 to cover the existence of all ions distributed in electrolyte. [6, 19]

N
p, = Z e.zmn, Equation 3.3

i=1
e: Magnitude of the elementary charge on an electron [1.602% 1071° C]

It is essential to mention that the concentration and type of ions in the electrolyte may
affect the permittivity of the electrolyte [20].

3.4 Electric double layer

When a solid object is brought into contact with an aqueous solution®?, the
arrangement of anions and cations in the solution change over a finite volume around
the solid. Due to the interaction between surface charge of the solid and ions in the
solution, the counter-ions™ surround the solid surface simultaneously. These counter-
ions compensate the surface charge in order to keep electro-neutrality in the system.
As the distance from the solid surface increases, the concentration of the counter-ions
decreases up to reach their concentration in bulk fluid. In contrast to counter-ions, the
concentration of the co-ions'* increases up to reach the co-ion concentration in bulk
solution with increasing distances from the surface. The volume in which the new ion

" Free charge density is not the total charge density . Total charge density of system is
the sum of polarization charge density and the free charge density.

! The most important liquid to build a double layer is water. Because of its high dielectric constant
water is a good solvent for ions. For this reason most surfaces in water are charged.

3 lons in the solution with sign which is opposite of charge of solid surface are counter-ions.
“lons in the solution with sign which is same as charge of solid surface are co-ions.
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distribution in the solution is formed around the solid is so called electric double layer
(EDL)™. [6, 18, 19, 21, 22]

Regardless of its generating mechanism, the existence of surface charge on the solid
surface causes an electric double layer. Although different mechanisms in different
systems may generate surface charge'® [18, 23-25], there are three major reasons which
explain the existence of surface charge in aqueous medium:

a. Dissociation or ionization of chemical groups on the surface
b. Adsorption of ions or molecules from the solution
c. Application of an electric field between a surface and a counter-electrode

In the absence of adsorption of specific ions or molecules from the solution or an
external electric field, ionization of acidic or basic groups®’ is the most common way of
obtaining surface charge. The ionization of acidic or basic groups depends on the pH of
the solution. Generally, acid groups release hydronium ions (H;0%) into the solution
and the solid surface gets negative charge. In case of basic groups, the groups
incorporate protons and the surface becomes positively charged. [26-28]

Two examples which are relevant to this research®® are polystyrene bead

functionalized with amidine group (=NH,)1° and silica beads.
For amidine-functionalized polystyrene beads, hydronium ions protonate amidine

groups and change it to [— NH;]. So the particle surface obtains positive charge [25].

In the case of silica beads, the silanol groups ([—Si — OH]) at silica-water interface are
quite acidic and tend to be dissociated [— Si — 0‘] providing a negative charge to the

silica surface [29, 30]. However this negative charge can be modified to a more neutral
one if  the pH of the medium is considerably decreased.

Double-layer theory emerged in the middle of nineteenth century. Helmholtz
proposed the concept and described a model of Double-layer formation on an
interface for the first time [31].

> The term of "double" is applied traditionally. There is no essential relation between the term
of "double" and number of layers in an applied model.

'® For instance; preferential adsorption of ions in solution, adsorption—desorption of lattice
ions for silver iodide, direct dissociation or ionization of surface groups, Charge-defective
lattice: isomorphous substitution for minerals etc.

7 Itis valid only for groups which have ability to be dissociated or ionized in the solution.

'® These particles were applied as the tracers.

*In this thesis, we will refer to amidine in its more simple formula RC(= NH)NH,. We do not know the
exact substituents that can have the —NH, group in the functionalized polystyrene beads
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Primary proposed models considered one layer for electric double layer. One-layer
models like Constant-Capacitance Model (CCM) and Diffuse-Layer Model (DLM), were
not comprehensive enough to explain phenomena like ion pairs formation between
charge surface group and ions in solution, electro neutrality condition and surface
charge variation with ionic strength. Therefore models with more layers were
developed to explain additional features. [21, 32-37]

For further reading, the most highlighted models are mentioned in the table 3.1.

Table 3.1 : most important proposed models for electric double layer
Number of Layers | Model Reference
Constant-Capacitance Model (CCM) [21, 32-41]
' Diffuse-Layer Model (DLM) [21, 32-37]
2 Extended Constant Capacitance Model (ECCM) | [21, 42-46]
1-pK Stern-layer Model [21, 47-51]
3 1-pK Triple Layer Model (1-pK TLM) *° [21, 52-54]
2-pK Triple Layer Model (2-pK TLM) [21, 52-56]
Triple Plane Model (TPM) [21, 51, 57-61]
4 Four Layer Model (FLM) [21, 61-64]

A developed triple layer model (TLM)* is described in this chapter based on references
[18, 19, 65]. Figure 3.1 shows schematically the ion distribution and potential
distribution in the electric double layer. To explain the model easily, five planes parallel
to the solid surface (plane A, B, C, D and E) are defined.

In this model, the electric double layer has two major parts:

1- Compact layer ** ( space between plane A and C)

2- Diffuse layer ** ( space between plane C and E)

Plane Cis boundary between compact and diffuse layers. The compact layer comprises
ions which are directly adsorbed to the surface and which are immobile. It is divided
into two regions:

2 1-pK 2-pK are two approaches to evaluate protonation mechanisms. For more
information: Jézsef Téth ,"Adsorption: Theory, Modeling, and Analysis”, Volume 107
of Surfactant Science Series, CRC Press, 2002

't is the triple layer model (2-pK inter/ outer shell).

> Compact layer may be addressed as Stern layer, inner part of double layer or dense
part of double layer (comprises the inner and outer layer).

 Diffuse layer may be addressed as diffuse part of double layer.
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a. Inner layer( space between plane A and B)
b. Outer layer( space between plane B and C)

Plane A is the solid surface. The surface charge of the solid is located in this plane. The
charge is the so called titratable charge. Plane B, referred as inner Helmholtz plane
(IHP), separates inner layer and outer layer of the compact layer. The locus of the
inner layer contains solvent molecules and other ions that are said to be specifically
adsorbed. Normally these ions have lost part of their hydration layer or their ionic
atmosphere?*. The distance of this plane from the surface is in the order of an atomic
radius. Plane C is the outer Helmholtz plane (OHP) which is the boundary between
diffuse layer and compact layer. At the plane C, there are ions, which have less
electrostatic interaction with charged solid surface and contain their salvation layer.
Those electrostatic interactions are not powerful enough to move the ions into the
plane B but the ions and their ionic atmosphere are immobile and bounded to the solid
surface. It is assumed that there is no ion between plane B and C. Plane E is boundary
of electric double layer and bulk solution. The space between the plane C and E is the
diffuse layer. [18, 19, 65]. Plane D which is located in the diffuse layer is the so called
slip plane®. It is boundary between the immobile and mobile ions. All ions placed
between the solid surface and plane D are immobile. The potential at the slip plane is
the zeta potential (). Zeta potential is an important concept in electrokinetics,
colloidal and interfacial science.

The main feature of diffuse layer is the spatial distribution of co-ions and counter-ions
on it. As the potential over the diffuse layer decreases, the concentration of counter-
ions decreases. At the same situation, the concentration of co-ions increases.
Distribution of ions over the diffuse layer in the equilibrium condition is estimated with
the Boltzmann distribution®® (equation 3.4). Distribution of it" specie over the diffuse
layer depends on the potential (y), temperature, the concentration on the bulk and ion’s
valence number. [18, 19, 65]

**In this research, the electrolyte is water-based. Therefore, understanding of hydration
process (solvation process) which deals with ion- water molecules interaction is important.
Hydration process keeps the ions in the solution. When an ion entered to the water, local
electric field generated by the ion polarizes the water molecules locally. Polarized water
molecules orient themselves around the ions. This polarized region is so called ionic
atmosphere .The ion and its ion atmosphere move together.

» Slip plane may be addressed as shear plane or slipping plane.

?® Boltzmann distribution is valid when equation Vn; = 0 .n; is electrochemical
potential of it" specie.
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According to equations 3.3 and 3.4, free volume charge density (p,) is:

e (-5 i3
= Z: M — ation o.
P, €.Z;. N;.exXp kBTll} qu

i=1

So, the Poisson equation (equation 3.2) for the system is:

N

P2y = — 1 z [e Z: N X (_ﬁlp)] Equation 3.6
Y A, |
i=1

The equation 3.6 is Boltzmann - Poisson equation [18, 19, 65]. It shows the relation
between potential and the ion type and concentration in the electrolyte. Thickness
of diffuse layer or the Debye length (k=) %’ is [18, 19, 65]:

k1= /e.eokgT

N -
Z ezzizniw] Equation 3.7

There is an interesting relation between the Debye length and the ionic strength (I) of
the solution. The ionic strength of the solution is defined as [66]:

Ny

[ =—.
2

N
Zi* N Equation 3.8
=1

1

Considering equations 3.7 and 3.8:

’’ The Debye length may be addressed as Debye-Huckel parameter.
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Equation 3.9

Equation 3.9 shows that the Debye length strongly depends on the temperature,
permittivity and the ionic strength of the solution and not on the solid surface
properties. Increasing the ionic strength of the liquid or decreasing temperature
decreases the diffuse layer thickness [4].
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Figure 3.1: electric double layer, the ion distribution and potential in a triple layer model.

The illustration also contemplates the specific adsorption of negatively charged ions

when the surface is negatively charged. Drawn as per references[18, 19, 65]
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As a principle, the electroneutrality of the system is preserved. Therefore, the overall
charge over the electric double layer and the solid surface should be equal to zero.
Considering the charge on the solid surface (plane A), Helmholtz plane (plane B) and
over the diffuse layer (between planes C and E) as @, Q; and @, respectively, then the
overall charge in the system should be [18, 19, 65]:

Q,+0Q,+0Q, = 0 Equation 3.10

If the charge density of solid surface (plane A) and inner Helmholtz plane (plane B) are
oo and g; respectively, the equation 3.10 becomes:

X=Xg
og +o; + j p,dx =10 Equation 3.11

X=Xc

x: Distance from solid surface to the plane C [m]
xg: Distance from solid surface to the plane E [m]

Considering equation 3.5 for pf at equilibrium, equation 3.11 becomes:

ez;

N
X=XE
o9 to;+ f (Z [e.zi.niwexp (—mlpﬂ)dx =0 Equation 3.12
=X =1

The potential over the diffuse layer depends on the position from the solid surface. So,
the relation between charge density on different planes and free charges on the
solution is not so simple.

The potential distribution over the electric double layer is an important topic. The
potential at solid surface (plane B), inner Helmholtz plane (plane B), outer Helmholtz
plane (plane C) and diffuse layer are 1,1, ¥, and ¢ respectively. Surface charge on the
solid generates the surface potential (1) which attracts counter-ions and repulses co-
ions of the solution. If the space between solid surface and inner Helmholtz plane (planes
A and B) is assumed as an ion-free zone, the space between two charged surfaces is
considered as a capacitor’® with capacitance equal to C;. Similarly for the space between

*® Based on charge neutrality equation, the charge on the solid surface (plane A) is
equal to total charge over distance between inner Helmholtz plane (plane B) and plane
E with opposite sign. This is why it can be considered as a capacitor.
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inner and outer Helmholtz plane (planes B and C), C, is defined as the capacitance. The

potential distribution over double layer (figure 3.1) is described with following equations [18,
19, 65]:

O-
Yo — ¢, = C. Equation 3.13
1
-+ 0; _
Y, =Y, = C Equation 3.14

o-: Charge density of the solid surface (plane A) [C.m™?]
0;: Charge density of the plane B [C.m™2]

Regarding the potential distribution over diffuse layer (i), the resolution of equation 3.6
with proper boundary conditions and assumptions, provides the potential profile. The
potential is considered as zero at the plane E and bulk solution. [18, 19, 65]

3.5 Electrochemical kinetics at the metal interface

The electrochemical reaction and kinetics at a surface is an added ingredient of the
electrokinetic process in the special case of catalytic systems. As mentioned in the
introduction, the process is based on the oxidation and reduction of chemical species
on heterogeneous electrodes. This redox process generates the charged species which
trigger the electrokinetic process. The reaction current depends on the local electric
potential at the interface, concentrations of reactant species and the rate constants of
the electrodes. The kinetic process is described by the Butler—Volmer formalism
incorporating the Frumkin correction [67]. The oxidation and reduction equations at
the anode (equation 3.15) and cathode (equation 3.16) can be represented by:

Ry S 04+ mne” Equation 3.15

Oc +ne” SR, Equation 3.16
R,: Reduced form of the redox couple in anode
R.: Reduced form of the redox couple in cathode

04: Oxidized form of the redox couple in anode
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O(: Oxidized form of the redox couple in cathode
n: Number of electrons participated in the reaction

The Frumkin-corrected Butler—Volmer equation for the oxidation (equation 3.17) and
reduction (equation 3.18) at the anode and cathode respectively are:

Equation 3.17

. (1 —a).n.F. Ay,
Ja =ky. CRA.exp< -

RT

a.n F.AY;
—lpl) Equation 3.18

jC = _kc. Coc.exp <_ RT

Jja: The electrochemical current density for the oxidation

Jjc: The electrochemical current density for the reduction

k 4: Effective rate constants for the oxidation

k. Effective rate constants for the reduction

Cr,: The respective concentrations of reactants for the oxidation
Co.: The respective concentrations of reactants for the reduction
a: A dimensionless number between O and 1

AY;: The electrode potential drop at the Stern layer (compact layer) of the double
layer.

a Coefficient is a dimensionless number which describes the symmetry of the
activation energy barrier for the reaction.

. For simplicity, only the forward reactions are considered. The potential drop across
the compact Stern layer scales with the ratio between the Stern layer length (Ag), the
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Debye length (A, ork~1) and with the zeta potential of the substrate ({,,) according to
the equations 3.19 and 3.20. [67]

A =4y — Equation 3.19
A

AyY; « A_S $w Equation 3.20
D

: The total potential drop at the metal electrode

In the case of very low salt concentrations in the electrolyte:

Ag .

—<K1 Equation 3.21

Ap
The Ay; would be very small (below the milivolts) and the potential at the surface
becomes approximately equal to the zeta potential [67]. Under such circumstances,
the electrochemical current of protons at the anode and cathode becomes
independent of the potential and proportional to the concentration of the reactants:

Ja = ka. Cr, Equation 3.22

Je = —kc-CoC Equation 3.23

3.6 Nernst-Planck Equation

Another important topic in electrokinetic systems is the movement or mass transfer of
ions. Movement of ions occurs by convection, diffusion and migration due to external
forces (Fgxr). To quantify the movement of it" specie in the solution, the number
concentration flux ( j; ) is defined as number of it" species crossing control volume per
second [6, 18, 19, 68, 69]:



Jji = niv; Equation 3.24

ji: Number concentration flux [m=2.s71]
v;: Velocity field of i*" species

Convection, diffusion and migration due to external forces contribute in the total
number concentration flux. It can be written as superposition of the number
concentration flux due to convection (j; ¢), diffusion (j; p) and an external force (j; y)
(6, 68]:

Ji=JictJiptiim Equation 3.25
For low concentration it" specie solution, j; is [6, 68]:

n;

Ji =nu—DiVn; — kT

D;Fgxr Equation 3.26

u: Velocity vector of bulk fluid
kg: Boltzmann constant [1.3806 X 10723 JK™1]
T: Temperature [K]

In electrokinetics, the electric force can be considered as an external force. If electric

field (E) forces it" species to migrate, the relevant electric force (Fgyr) on i specie
is [6, 68]:

Frpxr = —ez;Vy Equation 3.27

Substituting equation 3.27 in equation 3.26 provides the Nernst—Planck equation [6,
18, 19, 68]:

en;z;

Jji=nu—D;Vn; - WDL' vy Equation 3.28
B

Considering equations 3.24 and 3.28, the relation between velocity field of it" specie
(v;) and the velocity field of bulk fluid (u ) is:

36
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DiVTli ez;

n; kBT

vV, =u D;Vy Equation 3.29

For steady state conditions without chemical reaction the combination of mass
conservation equation (equation 3.36) and equation 3.29 gives:

en;z;

%4 niu—DiVni— KT
B

D;iVy[= 0 Equation 3.30

3.7 Governing equation for the fluid motion
Continuity equation and Navier—Stokes equation are the governing equation for the
fluid motion.

3.7. a Continuity equation

Mass conservation in a fluid system is a fundamental law. Generally, the rate of mass
accumulating within a control volume?® is the difference between the entering and
leaving mass into the control volume (equation 3.31). The continuity equation
connects the fluid velocity vector in the system (U) to the fluid density rate. [6, 17-19,
70]

It is written as follow:

g—’: = —V(pu) Equation 3.31

p: Fluid density [kg. m™3]

t: Time [s]

It is the mass conservation law or continuity equation. In case of time independent
fluid density or steady state system, the rate of mass enters in control volume is equal
to the rate of mass leaves of the control volume. [6, 18, 19, 70]

So, the equation 3.31 is changed to:

* Control volume is the finite volume on which the principles can be applied.
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Vu=0 Equation 3.32

Besides single compound systems, continuity equation is valid for multi-compound
systems. If there are several species in a multi-compound system, continuity equation
can be written for it" specie [6, 18, 19]:

% = -V (p;v;) +R; Equation 3.33

v;: Fluid velocity vector of i specie
R;: Source term of it" specie [kg. m™3.571]

Source term (R;) is the production rate of it" specie due to chemical reaction per unit
volume. In case of steady state, the equation3.3 becomes [6, 19]:

V(pivi) =0 Equation 3.34
The density of it" specie can be defined as [6]:

_ miMiNat :
Pi = =00 Equation 3.35

N,: Avogadro number (6.02214 x 1023 [mol™1])

Incorporating equation 3.35 on equation 3.34 provides:
Viniv)) =0 Equation 3.36

3.7.b Navier-Stokes equation
Navier—Stokes equation deals with conservation of momentum in the fluid motion. It is

derived from Newton’s second law of motion which explains momentum conservation
(6,17, 19, 68, 70, 71].

Gravity force (f gravity), Pressure force (f jessure)s Viscosity force (fyiscosity) and any

other forces imposed to the fluid (body forces, f},), may push the fluid to flow and
accelerate. As per Newton’s second law, the relation between forces and generated

acceleration (@) is:

fgravity + fpressure + fviscosity + fb =ma Equation 3.37
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Where m is mass of the fluid which is under the forces. The f, represents a generic

force like electric force or centrifugal force. Navier—Stokes equation in vector form for
homogeneous, incompressible, low Reynolds number®’, Newtonian fluid** with
constant viscosity is [6, 17, 19]:

ou .
Pact puVu = —VP + nV2u + pg + f, Equation 3.38

u: Velocity vector in the system
P: Fluid pressure [N. m~2]

g: Acceleration due to gravity
7: Fluid viscosity [Pa.s]
f1: Any other body force per unit volume [F. m~3]

Besides gravity, pressure and viscosity forces which always affect the fluid, electric
force are considered body forces in the electrokinetic problems. Existence of electric
field (E ) generates electric force (fz) per unit volume [6, 17]:

fE =p/E—%E.EV£+%V[<pZ—;>TE.El Equation 3.39
&: Permittivity of the fluid [F.m™1]
p: Density of the fluid [kg.m™3]
T: Temperature [K]
If the liquid permittivity is constant, fg is
fe=prE Equation 3.40

Considering equation 3.1, the electric force is:

fe=—pfV Equation 3.41

30 Reynolds number is a dimensionless quantity defined as the ratio of inertial forces to viscous forces
and consequently quantifies the relative importance of these two types of forces. Low Reynold numbers
(such asinin this case, R, < 10) means that the viscous forces are important, an effect that becomes
very important for nano-objects.

*1 Newtonian liquid is a liquid which it’s viscosity is constant for a fixed temperature and pressure.
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Incorporating equation 3.41 into the Navier—Stokes equation (equation 3.38):

pz—l: + puVu = —VP + yViu + pg — PV Equation 3.42

In steady state, equation 3.32 is valid. So, the Navier—Stokes equation is:

—VP +7V2u+pg —psVip = 0 Equation 3.43

If the pg is considered as a negligible term, the equation 3.43 becomes:

—VP + 4V?u — p,vyp =0 Equation 3.44

3.8 Electro-osmosis

Electro-osmosis is the relevant electrokinetic phenomenon for describing the
chemomechanical actuation in catalytic pumps. It comprises the motion of the non-
electroneutral liquid at the electric double layer of a charged solid surface due to an electric
field. As previously mentioned, the formation of the double layer comprises the appearance of
a diffuse layer which is a non-zero charge density solution. An applied electric field parallel to
the solid surface forces the ions to move. The motion of ions drags the liquid and causes a bulk
fluid motion. [17, 18, 69]

Unlike pressure-driven flow, electro-osmotic flow depends on an electric double layer
formation. Electro-osmotic velocity is derived by integrating Navier Stokes equation in
presence of an electrical force and considering Poisson equation [69]. Depending on the
distance from the solid surface, there are two different profiles for the electro-osmotic
velocity, one taken place in the electric double layer and the other in the bulk liquid (figure 3.2)
If the electric field is assumed constant in the double layer, the velocity will depend on the
Coulomb force acting on the ions of the electric double layer and on the viscose drag at the
solid surface. Fluid velocity in electric double layer(u,,_gpr) is [69]:

&r

&
” “( - {)E Equation 3.45

Ueo—EDL =



41

&-: Relative permittivity of medium (Dimensionless)

&o: Free space permittivity (8.854187 x 10712 F.m™1)
{s: Zeta potential of the solid surface [V]

: Potential at electric double layer [V]

7: Fluid viscosity [Pa.s]

Over a distance range from the solid surface ( x = 0) to the end of the diffuse layer (x =
k~1)*, the velocity is not constant. It depends on the potential distribution at the electric
double layer. The velocity increases as the distance from the surface is incremented from zero
at the solid surface upto x = k1. [69]

In bulk liquid, the velocity is constant if the electric field remains constant [17, 18, 69]. The
velocity at bulk liquid (Weo—pyix) is:

&€
Ueo—puik = —T—O(SE Equation 3.46

Y]

Figure 3.2: electro-osmotic velocity profile of negatively charged surface due to electric field.
EDL: electric double layer, Bulk: bulk liquid The figure was drawn as per references [17, 18,
69].

3

> k1 : the Debye length of the electric double layer
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3.9 Electrophoresis

The electrophoresis deals with the movement of charged colloidal particles relative to
the liquid due to an electric field. The charged particle®® starts moving due to the
generated electrostatic force (Fg ) (equation 3.47). The electrostatic force depends on
the particle charge and the electric field [18, 19, 65]:

Fgp=0QE Equation 3.47

Q,: Particle charge [C]

As soon as the particle starts to move under the influence of the electrical force, a
viscous force exerted by the liquid in the opposite direction tends to retard the
particle. The velocity of the particle is the so called electrophoretic velocity (V.). The
force in the opposite direction is the fluid drag force (F), Stokes” drag force, [18, 19,
65]:

Fg = —6mmaVl, Equation 3.48

n: Viscosity of medium [kg.s™1.m™1]

a: Particle radius [m]

In steady state condition the particle moves at constant velocity and the relation
between the two opposite forces (Stokes” drag and electrostatic force) acting on the
system, is as follows [18, 19, 65]:

Fs + Fg=0 Equation 3.49

Equation 3.49 is an important equation to analyze the electrophoretic motion of the
spherical particle. One of the most useful parameters to analyze the electrokinetic
phenomenon is the electrophoretic mobility (u.). It is defined as the generated
electrophoretic velocity per unit of applied electric field. Equations 3.50 and 3.51 show
the relation between the applied electric field and the electrophoretic velocity. [18, 19,
65]

Ve = u.E Equation 3.50

** It is considered that the particle is not conductive. It causes no field-induced potential
distribution. Also, the particle has dielectric permittivity lower than dispersion medium.
Uniform zeta potential is another important assumption in this theory. Regarding the medium
properties, 1 and &, are considered uniform all over the medium.
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vl
nLl'e |E|

Equation 3.51

Depending on the assumptions for solving the governing equations , there are six major
analytical approximation of mobility (Smoluchowski, Hiickel, Henry, Ohishima, O’Brien- White
and Ohishima-Healy-White approaches) which cover different ka **versus Ue area [19].

Let’s select the Henry equation as a more general equation. It meets the requirements to
cover the proposed models which will be explained in following chapters. Derivation of Henry

equation was explained in references [18, 19]. Equations 3.52 and 3.53 show the mobility and

electrophoretic velocity based on Henry s model respectively. [18, 19, 65]

&g
e = — O(p —f(ka) Equation 3.52

Ergofp

V. =——"-f(ka)E Equation 3.53

&-: Relative permittivity of the medium (Dimensionless)
&y: Free space permittivity (8.854187 X 10712 [F.m™1])
{p: Zeta potential of the particle [V]

n: Viscosity of the medium [kg.s™1.m™1]
f (xa): Henry function

The f(xa) is the Henry function which is a function of sphere radius (a) and the reciprocal of
Debye length (k). It covers any ka values for any sphere [18, 19, 65]:

flka) = 24 - (a)? == (ka)® — o (ka)* + o (ka)® +

144 .
Equation 3.54
% (ka)*ek@ (1 (m) )El(;ca)

Where E; (ka) is:

** ka is the ratio of Particle radius to the Debye length of the particle in the solution.
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ooe_t
E,(ka) =f —dt Equation 3.55
Ka

According to equation 3.53, the velocity of colloidal sphere depends on the Debye length,
radius, and zeta potential of the particle, viscosity and relative permittivity of the medium.

Although the Henry function covers wide range of ka values, it assumes that the potential
distribution in the double layer around the charged colloid remains unchanged during
electrophoresis. That is valid for low zeta potential particles. The potential distribution remains
stable and the double layer is spherically symmetrical at low zeta potential (figure 3.3 al). For
particles with high zeta potential, the applied electric field changes the potential distribution
and the geometry of the double layer becomes more asymmetric (figure 3.3 a2). This
polarization of the electric double layer of the particle during electrophoretic migration is the
so called relaxation effect. Therefore Henry function is not valid when relaxation effect occurs.
[18, 19] When the spherical particle is subjected to an electric field, a distortion of the electric
field is produced around the particle parallel to the surface (figure 3.3 b1 and b2). The electric
field strength becomes higher in the region near particle surface. For the particle with thick
double layer as compared with its radius (a < k1), most of the ions in double layer are under

undistorted (original) electric field (figure 3.3 b1). For this case, the Henry function is equal to %

. In this limited case the Henry equation is reduced to the Debye-Huckel one.

_ 28,600y E

3 Equation 3.56

e

if the double layer is very thin (a > k1), the distorted electric field affects most of the ions in
double layer (figure 3.3 b2) .In this case, the output of Henry function is equal to one and the
expression is reduced to the so called Smoluchowski equation. [18, 19]

E,E
V, = TTO(”E Equation 3.57

In this thesis work, it has been used particles with radius bigger than the particle’s Debye
length. Therefore, the electrophoretic mobility which will be used in further chapters is the
Smoluchowski equation [18, 19, 65]:

&€
Ue = TTO(p Equation 3.58
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Figure 3.3: spherical charged colloidal particles subjected to external electric
field E . The dark blue area around the particle represents the electric double
layer. al) A particle with low zeta potential. The electric double layer keeps its
spherically symmetrical shape even under electric field. a2) a particle with high
zeta potential. Under the electric field the electric double layer no longer
remains spherical (Relaxation effect). b1) the particle with thick electric double
layer (a < k~1). Most of the ions in the electric double layer are under non-
distorted (original) electric field. b2) the particle with thin electric double layer
(a > Kk~1). Most of the ions of electric double layer are under distorted electric
field. In bl and b2, the black lines represent the electric field lines which have
not been distorted due to presence of charged particle. Drawn as per references
[18, 19, 65]

Other mobility expressions were achieved In order to have a mobility equation which covers
arbitrary zeta potential. Solving the electrokinetic equations for spherical particle provides
analytic approximations such as the works made by Ohishima, O’Brien- White and Ohishima-
Healy-White. [19, 72]
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3.10. Full electrokinetic equations

Summarizing, in order to analyze the electro-osmotic flow at a surface or the electrophoretic
motion of the particles, the governing equations which cover mass and momentum
conservation, fluid motion, transport of ions (ionic fluids), interaction of charged particle with
an electric field and electric double layer formation should be solved together. Table 3.2 covers
the governing equations which should be solved together with boundary conditions depending
on the system:

Table 3.2 : governing equations for analyzing electrophoretic motion of the colloidal particle

Mathematical form Description
P2y = _ﬁ Poisson's equation (equation 3.2): connecting the
g electric potential to charge distribution in the system

v |nu - D,7n, —%Dlﬁp] — o | Nernst—Planck Equation(equation 3.30):describing ionic

ksT mass transfer
o D;Vn; —ﬁD-le Equation 3.29: connecting velocity vector of bulk fluid
‘ n; kpT " and Velocity vector of species
i=1,23,.N
—VP + uViu—p;Vip = 0 Navier-Stokes  equation(equation  3.44):describing
momentum conservation in the system
Vu=20 Continuity equation (equation 3.32): describing mass
conservation and fluid flow in the system
Viniw;) =0 Continuity equation(equation 3.36): describing mass

conservation and ionic flow in the system

In the particular case of the catalytic systems studied in this work, an additional
governing equation should be added as mentioned previously. That is the
electrochemical current at the interface according to the electrochemical reactions
taken place on the bimetallic structures. That equation plays a crucial role to switch on
the electrokinetic process.
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Introduction

The Research plan and related work flow were briefly described in the chapter 2. In order to
implement the plan, large number of devices were designed, fabricated and subjected to
optical and confocal fluorescence microscopy. This chapter covers the experimental activities
related to device fabrication and characterization.

Primary experiments were performed to understand the fluid pumping mechanism in Au-Pt
devices®. Devices were fabricated with electron beam lithography and electron beam
evaporation and cleaned with typical organic solvents (acetone and isopropanol) prior to
evaluate the device performance. Charged beads, as tracing agents, were used to observe the
interaction of them with fluid flow and electric field self-generated at the devices in hydrogen
peroxide aqueous solutions. Au-Pt devices mounted either in microfluid channels or channel-
less systems, were inspected by optical microscopy. Under these conditions it was not possible
to observe either direction movement of tracking beads or pattern formation.

According to the previous results, it was considered that the devices would require activation
before optical microscopy. Therefore, finding activating agent(s) and activating method(s)
became the first research priority. Since the chemomechanical process is based on a catalysis
process, it was proposed that surface contamination and surface chemistry could cause
devices not to actuate. Consequently, removing surface contamination and modifying its
surface chemistry were possible solutions. Besides taking proper measures to prevent surface
contamination during fabrication, a cleaning method, cleaning process Cs (table 4.3), including
both wet and dry type of cleaning processes, were selected to treat samples before testing.
The cleaning could successfully activate the Au-Pt devices. Meaningful and directional motion
of charged beads and pattern formation around the devices were observed on such pretreated
devices. The charged beads- device interactions were completely reproducible. After finding a
proper activating method, the studies continued on two lines of work:

a. Studying the activated Au-Pt devices
b. Studying origin of the activation

Optical microscopy of activated Au-Pt devices provided the backbone to the research. The
devices were exposed to the low concentration hydrogen peroxide solution in presence of
differently charged tracing beads.

Tracking beads were spherical particles which were positively charged ( P*), negatively
charged ( P7) or quasi-neutral charged ( P°). Interaction between device and differently
charged beads helps to understand spatial variation of fluid flow and electric field around the
device. Au-Pt devices (a platinum disk® (thickness: 50 nm, diameter: 10 um — 100 pm)
deposited on gold surface (thickness: 50 nm, minimum Area: 40,000 pm?)), were fabricated by
procedure F1 (table 4.5). Cleaning process C5; was taking as activating step. In order to avoid
PMMA (polymethymethacrylate) from fabrication, to decrease the fabrication steps and to
increase device fabrication speed, an alternative method based on Stencil lithography,

** Device design : Platinum disks (Thickness: 50 nm , Diameter: 10 um-100 pm) on gold-coated surface
*® In some cases, other geometries like rectangles, squares and triangles were tried.
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procedure F2 (table 4.6), was also applied. Devices fabricated as per either F1 or F2 procedure,
were subjected to process Cs.

Inspection of the device performance but integrated in PDMS (Poly (dimethylsiloxane)) fluidic
channels (a widely used material in microfluidics [1-4]) was also considered. Although
difficulties with fluid flow control were overcome successfully, the experiments were not
successful at all. Mounting the sample on fluidic experiment setup contaminates the sample
and it is not possible to apply the cleaning process again. Therefore, a simple channel-less
experimental setup was selected to perform further experiments.

It is very important to understand the surface modification caused by the cleaning process.
Although the cleaning process C5 removes organic contamination and residual PMMA from
the surface [5-8] , accurate study was required to evaluate its effect on the surface chemistry
and electrochemical behavior of the metallic surfaces. That was accomplished by X-ray
photoelectron spectroscopy and TAFEL plot measurement respectively.

A key element of the research was fluorescence confocal microscopy to evaluate proton
concentration variation around activated Au-Pt devices when exposed to hydrogen peroxide
solution.

Analysis and interpretation of the experimental data leaded to propose a mechanism to
explain micropumping. After proposing a model, some computer simulations were done to
understand more about the micropumping phenomenon.

In order to explore alternative X-Y bi-metallic devices for microfluidic pumping, the
electrochemical properties of copper (Cu), silver (Ag), Ruthenium (Ru) , Rhodium (Rh) and
Nickel (Ni) were studied with TAFEL plot measurements. TAFEL analysis allowed finding the
proper bi-metallic combinations (Pt-Au, Au-Ag, Au-Ru, Au-Rh, Cu-Ag, Cu-Ni, Ni-Cu, Ni-Ru and
Ni-Ag systems) to perform further experiments.

Besides bi-metallic systems, semiconductor-metal structures (p-doped Si/Pt, n-doped Si/Pt)
were fabricated as per procedure F4 (table 4.8) and examined to evaluate their potential for
being used as catalytic micropump in presence of hydrogen peroxide.

4.1 Device fabrication

In this part, the device design, applied techniques (lithography and metal deposition), cleaning
processes and fabrication sequences are described briefly. As illustrated in figure 4.1, General
design of a device for X-Y bi-metallic system was mainly a disk deposited on a substrate made
of element X. The element Y had a thickness of 50 nm and diameters between 10 um and 100
um. Element X had a thickness of 50 nm and a minimum area of 40,000 pm?. In case on the
semiconductor-metal systems, X is the silicon substrate and Y is the metallic layer. Therefore
one step metal deposition meets the requirements.
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A-A Cross section

Material Geometry | Thickness Other information
@ ElementY Disk 50 nm Diameter:10-100 um
@ Element X Square 50 nm Minimum area: 40000 pm?
@ Silicon wafer Square 550 um Minimum area: 1 cm?
@ Chromium Square 6 nm Same as layer made of X
Disk 6 nm Same as layer made of Y

Figure 4.1: device design. Figures were not drawn on scale

4.1.1 Metal deposition

Metal deposition was done with two methods: electron beam evaporation [9-12] and
electroplating [13-15].

4.1.1.a Electron beam evaporation

An electron beam evaporator (AJA Model: ATC ORION 8-E UHV®’) was used to deposit gold
(Au), chromium (Cr), silver (Ag), platinum (Pt), nickel (Ni) and copper (Cu) ** with 8 kV as

*” AJA International, INC Website: http://www.ajaint.com
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accelerating voltage under chamber pressure less than 10~7 Torr. Before depositing any Au,
Ag, Pt, Ni or Cu layer, a 6 nm thick chromium interlayer was deposited to promote adhesion
between coating and the substrate[16,17]. Deposition rate and layer thickness were controlled
with a quartz crystal sensor connected to a thin film controller (INFICON Model: Inficon
XTC/3M)*. Deposition rate was 0.2 +0.1 A. s~ for chromium and 1.2 +0.1 A.s~! for the rest
of the metals.

4.1.1.b Electroplating

Electroplating was selected to deposit ruthenium (Ru) and rhodium (Rh) layers at room
temperature. An Electrochemical workstation Model: CH 660D controlled by CHI software
Ver.10.21, was the electroplating process controller.

As shown in the experimental setup (figure 4.2), sample was set as working electrode and two
other electrodes, a platinum wire as counter electrode and an Ag/AgCl/KCl reference electrode
were used to complete the setup. All electrodes were in contact with an electrolyte droplet.
The setup was used to fabricate 10 um -50 um disks of Ru and Rh on conductive metals (gold
and nickel) as illustrated in fabrication method F3 (table 4.7). The electroplating was
performed on PMMA-coated samples which were pre-patterned in disk shape structures with
e-beam lithography. PMMA layer acts as a protecting mask and restricts interface between
electrolyte and conductive metal surface to the disk openings. Consequently, metal deposition
occurs only on the disk openings. Equation 4.1 and equation 4.2 show the reactions of Ru and
Rh bulk deposition respectively. After running electroplating, the sample was rinsed with
deionized water*, dried with nitrogen gun and subjected to cleaning process C2 (Table 4.3)

Ru3* +3e” - Ru’ Equation 4.1

Rh3* +3e~ —» RK’ Equation 4.2

Regarding the key parameters of electroplating, it was essential to adjust cathodic potential
(Ep) and electroplating time to deposit uniform layers avoiding hydrogen bubble generation
due to reduction of hydrogen ions (cathodic reaction) [18].

%8 For all the elements, consumable materials were in the form of Pellets (diameter: 3 mm length: 6 mm)
with 99.99% purity. Supplier: NEYCO Website: http://www.neyco.fr

¥ INFICON Inc. Website: http://www.inficon.com

0 cH Instruments, Inc. website : www.chinstruments.com

* Specification: 18.2 MQ.cm at 25°C, 4PPB, Purified by Milli-Q Integral water purification system
Merck Millipore Website: http://www.millipore.co
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Figure 4.2: Experimental setup for electroplating. @) Reference electrode @ Platinum
counter electrode(3) Electrolyte droplet on an opening(@ PMMA layer(®) Sample (table 4.7 —
F3.4) (6) contacts to the electrochemical workstation

For each element, the cathodic deposition potential (Ep) against Ag/AgCl/KCl reference
electrode was extracted from cyclic voltammetry [19-21] . Cyclic voltammetry of Ru and Rh
are evaluated in Appendix 4.1 . After finding Ep values for each element, electroplating time
was experimentally determined. Each electroplating process was monitored by performing
chronocoulometry [21,22] which evaluates the evolution of the charge of the deposited
material as a function of time. Cyclic voltammetry and chronocoulometry were done with the
same instrument and experimental setup. The thickness and chemical composition of the
deposited layer were determined with atomic force microscopy and X-ray photoelectron
spectroscopy respectively. Table 4.1 contains the electrolyte and relative pH, cathodic
Potential (Ep) against Ag/AgCl/KCl reference electrode, electroplating time, , thickness,
roughness (R, ) and chemical composition of each deposited layer.
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Table 4.1: Electroplating parameters for Ruthenium, Rhodium and Nickel layer: electrolyte, pH ,
cathodic Potential (Ep) against Ag/AgCl/KCl reference electrode, electroplating time, Electrolyte, layer
thickness, roughness (R,) and chemical composition

Element Electrolyte®? pH | Ep[v] | Time[s] Deposited layer
Thickness[nm] R, [nm] Oxide
percentage
Ru RuCl3.xH,0: 10mM 6 -0.85 120 10145 0.67+0.1 < 5%
KCl:0.50 M
Rh RhCl3.xH,0 : 5mM 6 -0.40 60 8118 0.80+0.2 < 5%
KCl:0.50 M

4.1.2 Lithography
Two lithography techniques, electron beam lithography [23-25]and Stencil lithography [26-
29], were applied during device fabrication.

4.1.2.a Electron beam lithography
Standard electron beam lithography was done with a Raith Pionner **. Samples were spin-
coated with PMMA 950** as described (table 4.2). Lithography was done at 10 kV acceleration

. c . . ,
voltage and with 1306’;—2 exposure dose. Developing solution was a 1:3 mixture of Methyl

isobutyl ketone (MIBK) to Isopropyl alcohol (IPA)*> . Developing process included: immersing the
sample in developing solution bath for 90 seconds, immersing the sample in isopropyl alcohol
bath for 30 seconds and nitrogen drying.

a2 RuCl;.xH,0 (Ruthenium (l11) chloride hydrate, Degree of hydration <1, Ru content: 40.00-49.00%),
RhCl;.xH,0 (Rhodium(lll) chloride hydrate, Rh content 38-40% ), KCl (Potassium chloride, Purity:
>99.0%),

Supplier: Sigma-Aldrich Co. LLC. Website: http://www.sigmaaldrich.com

*3 Raith GmbH Website: http://www.raith.com

. Poly(methyl methacrylate) 950 ( Cs0, Hg), Supplier: MicroChem Corp Website:

http://www.microchem.com

* Methyl isobutyl ketone ( ( CH; ),CHCH,C ), Isopropyl alcohol (( ( CH; ),CHOH ) Supplier: Sigma-
Aldrich Ltd. http://www.sigmaaldrich.com
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Lift-off for samples subjected to metal deposition with either e-beam evaporation or
electroplating, consisted in immersing the samples in acetone *® bath for 30 minutes, followed
by isopropyl alcohol bath for 10 minutes and nitrogen drying.

Table 4.2: Spin coating procedure

No. Activity

PMMA 950 spin coating with a WS-400-BZ-6NPP/LITE spin coater”’
Program: 30 seconds at 1500 rpm*® followed by 30 seconds at 3000
rem

2 | Sample baking with hot plate ** at 150°C for 120 seconds

3 | Repeating activity No.1

4 | Repeating activity No.2

5 | Repeating activity No.1
6 | Sample baking with hot plat at 150°C for 15 minutes

4.1.2.b Stencil lithography

In order to minimize residual contaminants, Stencil lithography was selected to provide a
PMMA-free device fabrication. In this technique, Stencil masks with 30 um and 50 um
diameter openings allowed depositing metallic disks with e-beam evaporation.

4.1.3 Cleaning processes
Table 4.3 shows different sample cleaning processes during fabrication:

*® Acetone (( CH;3),CO ) Supplier: Honeywell Specialty Chemicals Seelze GmbH Website:
http://honeywell.com
47 . . . .

Supplier: Laurell Technologies Corporation Website: http://www.laurell.com
*® rpm : rounds per minute
* Hot plate model: PLACTRONIC -6155100, Supplier: JP SELECTA S.A. Website: http://www.grupo-
selected.com
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Table 4.3: Cleaning processes

No. | Purpose Description

c1 Silicon wafer cleaning 1. Ultrasonic™® acetone bath for 15 minutes

. Ultrasonic isopropyl alcohol bath for 15 minutes
3. Nitrogen Drying

Cc2 General cleaning 1. Acetone bath for 5 minutes

. Isopropyl alcohol for 5 minutes
3. Nitrogen Drying

Cc3 Piranha treatment 1. Piranha solution (1:3 mixture of hydrogen peroxide
and sulfuric acid *!) bath for 30 minutes

2. Rinsing samples with deionized water
3. Ultrasonic isopropyl alcohol bath for 5 minutes
4. Nitrogen Drying

Cc4 Plasma cleaning >

for cleaning and Oxygen flow rate: 50 SCCM*®
activating Au-Pt

Plasma power : 500 W

Time : one minute

device
C5 Piranha and plasma 1. C3 process
treatment 2. C4process

4.1.4 Fabrication sequences

Generally, three fabrication methods were designed, implemented and modified to cover all X-
Y bi-metallic or semiconductor—-metal systems studied in this research. Table 4.4 shows the
method applied for each system. Method F1, F2,F3 and F4 are related to tables 4.5, 4.6, 4.7
and 4.8 which show the major steps of fabrication respectively. Regarding the substrate
material, insulating silicon oxide substrates with 1 um oxide thickness were used for all
devices. For semiconductor- metal systems, n-type and p-type silicon wafers were selected™”.

All samples were cleaned following procedure C1 (table 4.3).

*® Economic Ultrasonic Cleaner - Elmasonic Model: E300H, Ultrasound frequency: 37 kHz, Website:
Laval Lab Inc. http://www.lavallab.com
>! Hydrogen peroxide (H,0,) wt 30% , sulfuric acid (H,S0,) 98% Supplier: Sigma-Aldrich Ltd.

http://www.sigmaaldrich.com

> Tepla 300E Microwave Plasma Etcher Manufacturer: PVA TEPLA AG Website:
http://www.pvateplaamerica.com

>* SCCM : Standard cubic centimeters per minute

>* Specification: Polished prime wafers, n-type (dopant: Arsenic) p-type (dopant: Boron) , Diameter
:100mm, Thickness: 500-550[um] Cemat Silicon S.A. Website: http://www.cematsil.com
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In fabrication step F2.2 ( Table 4.6) and F3.2 (Table 4.7), homemade aluminum stencil
lithography masks were fabricated and applied to restrict the area subjected to metal
deposition with e-beam evaporation.

Table 4.4: fabrication method(s) for X-
Y bi-metallic and n-doped or p-doped

Si/Pt systems

No. system Method(s)

1 Au-Pt F1 /F2
2 Au-Ag F2

3 Au-Rh F3

4 Au-Ru F3

> Cu-Ag F2

6 Cu-Ni 2

7 Ni-Cu F2

8 Ni-Ru F3

9 Ni-Ag F2
10 Pt-Au F1
11 (p-doped Si/Pt, n- F4

doped Si/Pt




Table 4.5:  Fabrication for X-Y bi-metallic device — Method No. F1
Figures were not drawn on scale
Step No. | Activity Schematics illustration of device

after each step

F1.1 Silicon wafer cleaning
Process C1 (table 4.3)
F1.2 Deposition of element X
(Thickness: 50 nm)
F1.3 Patterning with
E-beam lithography
F1.4 Deposition of element Y
(Thickness: 50 nm)
F1.5 Lift-off
F1.6 Sample Cleaning: N/A

Process C2 (Table 4.3)
Process C5 (Table 4.3)

62



63

Table 4.6: Fabrication for X-Y bi-metallic device — Method No. F2

Figures were not drawn on scale

Step Activity Schematics illustration of device after each step
No.
F2.1 Silicon wafer cleaning
Process C1 (table 4.3)
F2.2 Deposition of element X
(Thickness: 50 nm)

F2.3 | Stencil lithography - E-beam deposition

of element Y (Thickness: 50 nm)
F2.4 | Sample cleaning: N/A

A. Process C2 (Table 4.3)
B. Process C5 (Table 4.3) only for Au-Pt
devices
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Table 4.7: Fabrication for X-Y bi-metallic device — Method No. F3

Figures were not drawn on scale

Schematics illustration of device after each step

Step Activity
No.
F3.1 Silicon wafer cleaning
Process C1 (table 4.3)
F3.2 Stencil lithography - electron
beam metal deposition of element
X (Thickness: 50 nm)
F3.4 Patterning with E-beam
lithography for element Y
F3.5 Deposition of element Y with

electroplating

F3.6

Lift-off

F3.7

Sample Cleaning:

Process C2 (Table 4.3)

N/A
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Table 4.8: Fabrication for p-doped Si/Pt, n-doped Si/Pt device — Method

No. F4

Figures were not drawn on scale

Schematics illustration of device after each step

Step | Activity

No.

F4.1 Silicon wafer cleaning
Process C1 (table 4.3)

F4.2

Patterning with E-beam
lithography

F4.4 Deposition of platinum
(Thickness: 50 nm)
F4.5
Lift-off
FA.6 Sample cleaning: N/A

Process C2 (Table 4.3) or Process
C4 (Table 4.3)
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4.2 Characterization

Different characterization methods were selected to evaluate the properties of charged
particles, the fabrication quality and performance of the devices.

4.2.1 Optical microscopy

A BX51M Olympus microscope equipped with a Olympus UC30 digital camera >> and long
working distance objectives (Magnification: 5X, 10X, 20X, 50X and 100X), was used to perform
the experiments. As shown in figure 4.3, a microfluidic Channel-less setup was employed to
study the particle- device interaction. 1 wt % Hydrogen p:roxide solution® including particles
was confined in the space restricted by the silicon wafer, ;pacer (well diameter: 9 mm Depth:
0.12 mm *’) and cover glass ( shape size: 22 mm x22 mm Thickness: 0.15+0.01 mm>® ). After
pouring solution on the device, the wafer was immediately capped with a thin glass cover. The
event was recorded at 5 frames per second rate.

Figure 4.3 : Experimental setup for optical microscopy a) assembled view of the sample b)
exploded view. @Microscope objective @Microscope stage @Cover glass @Spacer

@Sample

Precise measurement of particle velocity provides important data for further calculations.

Movies recorded with the optical microscope, were subjected to image processing in order to
track moving particles. The movie was converted to a batch of image files. Image files were
processed with DiaTrack software® (Ver. 3.03). After processing the raw data, radial velocity of

> Olympus Espafia S.A.U. Website: http://www.olympus.es

*® The solution was prepared in carefully cleaned safe seal microcentrifuge tubes supplier: Bioscience
Inc . Website: http://www.sorbio.com

>’ Life Technologies Corporation Website: http://www.invitrogen.com

>8 Sigma-Aldrich Co. LLC. Website: http://www.sigmaaldrich.com

> Semasopht Websith: http://www. Semasopht.com
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particles toward the device center (disk center) as a function of distance from disk center, was
reported. Appendix 4.2, 4.3 and 4.4 contain details of particle tracking and velocity calculation.

4.2.2 Confocal fluorescence microscopy

A TSC SP5 Leica® confocal microscope, equipped with an AOBS system (Acousto-optical Beam
splitter) and with different wavelength range of laser beam sources was employed to image
spatial concentration of protons. Pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium
salt) which is a water soluble and pH-sensitive fluorescent dye [30-32] , was selected® to
study the samples ( figure 4.4).

HO O SO,
0 O SO3

Figure 4.4 : Pyranine (8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt) [30-32]

Au-Pt devices were exposed to water solution (without hydrogen peroxide) and 1% hydrogen
peroxide solution in presence of 5 uM of Pyranine®. Samples were excited with 405 nm and
458 nm laser beams as illustrated in Figure 4.5. Emission spectrum was acquired in the
frequency range of 480 nm — 580 nm. Appendix 4.5 contains the details of calibration and data
processing.

% Leica Microsystems GmbH website: http://www.leica-Microsystems.com

61 Primary experiments for selecting proper fluorecence dyes were done. Apart from pyranine, Oregon
green 488, Lyso Sensor DND-160, Rhodamine and SNARF-4F were evaluated. Some of them could not
meet the research requirements of high quality and reliable imaging of proton gradients, other dyes
were rejected because the confocal set-up did not have available the specific excitation lasers.

®2 supplier: Life Technologies Corporation Website: http://www.invitrogen.com


http://www.leica-microsystems.com/
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Figure 4.5 : Experimental setup for Confocal fluorescence microscopy a) assembled view of

the sample b) exploded view . @Microscope objective @Polytetrafluoroethylene (PTFE)
cylinder (it acts as sample holder.) @Sample (device is in front of the objective.) @ Special
liquid container

4.2.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy was selected as quantitative method to analyze chemical
surface composition[33-35].

Sample size was 30 mm X30 mm. A Perkin Elmer PHI 5500 Electron Spectroscopy for Chemical
Analysis (ESCA)® was applied to perform X-ray photoelectron spectroscopy in ultra-high
vacuum chamber ( Pressure : 102 Torr ). The machine had the capability to evaluate the
entire periodic table except hydrogen and helium. The spectrometer was calibrated with
3ds/, peak of the Silver®. Excitation x-ray source was aluminum k, radiation ( hv = 1486.6

eV). Analysis depth was 10 nm. Data analysis was done with Multipak Physical Electronics v8.2B
software ®°.

% perkin Elmer Physical Electronics division Website: www http://www.perkinelmer.com
® Binding energy (BE) of 3d shell state of silver with quantum number j = ;, was 368.3 eV on full

width at half maximum (FWHM) equals to 0.68 eV .
® physical Electronics, Inc Website: http://www. http://www.phi.com
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4.2.4 Atomic force microscopy (AFM)

Atomic force microscopy [36-38] was selected to measure the layer thickness and roughness
(arithmetic average value (R;) [39] ). A Veeco Dimension 3100 °°
controller was used. The microscope was operated in taping mode using silicon tips of 350 Hz
resonance frequency. Table 4.9 shows the roughness of deposited layers.

with a Nanoscope 4

Table 4.9: Roughness (R,) of deposited layers

Element | Au Pt Ag Cu Ni Ru Rh

R, [nm] <1 <1 <1 <1 <1 See table 4.1 | See table 4.1

4.2.5 Zeta potential measurement
A Zetasizer Nano-ZS, Malvern Instruments ®’ with a DTS 1060C cell was employed to measure
zeta potential of the beads base on electrophoretic light scattering [40-42]in 1% H,0, solution.

Regarding gold and platinum surface, different methods were employed. An experimental
setup was designed to measure zeta potential of the gold and platinum surface under the
same conditions (figure 4.6). The water containing positively charged beads ( P*) was added
to the confined space restricted between silicon wafer, spacer and cover glass. The particles
moved over both gold and platinum surface after applying voltage. Sample fabrication and the
data analysis are described in appendix 4.6.

% Veeco surface metrology group. Website: http://www.veeco.com
%7 Malvern Instruments Ltd website: http:// http://www.malvern.com
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Figure 4.6: Experimental setup for tracking the particles under constant electric field a)
assembled view b) exploded view @Microscope objective @Wires to connect gold
contacts to the power supply @Cover glass @Spacer @Sample . Two separate platinum
(brown) and gold (yellow) area are connected to the gold contacts.

4.2.6 TAFEL plot measurement

A electrochemical workstation model: CH 660D controlled by CHI software Ver.10.21 was
used to record the electrochemical current as a function of the potential difference between a
liquid and a metal electrode with scan rate equal to 1 mV.s™!. Figure 4.7 shows the
experimental setup. Samples were silicon wafer coated with the metallic layer of interest.
Metal deposition and cleaning process were done in the same way as what was applied for
device fabrication. Electrolyte was 1 wt% hydrogen peroxide solution.

68 . .
CH Instruments, Inc. website : www.chinstruments.com



Figure 4.7 : Experimental setups for TAFEL plot measurement .(1) Reference electrode @
Platinum counter electrode (3) Electrolyte(4)Contacts to the electrochemical workstation
(5 Polytetrafluoroethylene (PTFE) liquid holder (6) The element deposited on silicon
substrate and subjected to TAFEL test @ Silicon substrate

4.2.7 pH measurement
The different pH solutions used for fluorescence calibrations as well as the ones for zeta
potential measurements were measured with a pH-meter BASICS 20 (Crison Instrument *°).

% CRISON INSTRUMENTS, S.A. website: http://www.crisoninstruments.com
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Introduction

This chapter covers the results of experimental activities and numerical simulations related
with the Au-Pt system. Activation of Au-Pt catalytic micropumps, interaction between the
micropump and charged tracers, evaluation of the spatial variations of the electric field, fluid
flow and proton concentration around the devices are the important parts of experiments.
The complexity of the chemomechanical process makes that a number of parameters involved
in the process are ill-defined or are difficult to quantify. Under this context a powerful tool to
measure independently the concentration of protons generated by the catalytic reaction has
been implemented. That has helped to establish the role of such species in the catalytic
actuation by contrasting the gradient of the concentration of protons against the spatial
variation in the electric field. The experimental findings were complemented with numerical
simulations which have reproduced the experimental data and have contributed to estimate
additional parameters and improve the understanding of the chemomechanical actuation of
catalytic pumps.

5.1 Activation of Au-Pt catalytic micropumps

Activation of Au-Pt devices was the first challenge in this research. Cleaning process Cs
(Chapter 4, table 4.3), which consisted in piranha and plasma treatment, could successfully
overcome it. As mentioned before, without such treatment it could not be possible to see
motion of the colloidal tracers. Figure 5.1.a shows an example of motion of P* tracers without
neither directional motion nor pattern formation around an untreated Au-Pt device at 1 wt%
hydrogen peroxide. After the activating process, Pt tracers moved toward the platinum disk
(figure 5.1.b). Reproducible interaction between differently charged tracers (P°, P~ and P*)
were observed. Motion patterns will be discussed later.

Figure 5.1: Tracking of P* tracers close to a Au-Pt device a) without Cg treatment process.
Tracers moved in random directions. b) Treated device with Cs process. Tracers moved
toward disk center. Gradient colorful lines show the motion path of tracers. Overlap
technique was applied to produce tracks.
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To find the origin of activation, X-ray photoelectron spectroscopy, electrochemical
characterization based on TAFEL plot measurement and confocal fluorescence microscopy
were done. Experimental data show that the cleaning process affected not only surface
chemistry but also the electrochemical behavior of the surface. Below the different
characterization results are described.

5.1.a X-ray photoelectron spectroscopy (XPS)

XPS results of Au and Pt samples, treated and non- treated with C5 cleaning process, showed
changes in surface chemistry of platinum and gold surface after cleaning. XPS curves represent
the number of emitted photoelectrons which reach the detector versus their binding energy
and they can be displayed in a wide scan spectrum up to 1100 eV or in a narrow spectrum
focusing on the signal of the element of interest.
Besides main elements (Pt or Au), the wide range XPS curves depicted the presence of carbon,
oxygen, and low amount of sulfur and nitrogen (not shown here). Physical adsorption from
environment may explain the presence of carbon, nitrogen and sulfur.
Au 4f and Pt 4f peaks are usually used as characteristic peaks for gold and platinum
respectively [1-5]. These characteristic peaks appear in a low photoelectron energy range up to
100 eV. XPS spectra of Au 4f and Pt 4f for treated and non-treated samples are shown in
figure 5.2. In the spectra of non-treated gold and platinum samples (figure 5.2 al and b1l), 4f
peaks appear as a typical doublet (two peaks related to 4fs and 4f~ electron levels’) due to
2 2

spin-orbit splitting [6, 7].

Oxygen plasma treatment (cleaning process Cs) introduced high amount of oxygen on the
surface of samples and produced certain degree of the oxidation on the platinum and gold
surface [1-5]. Cleaning process Cs increased oxygen functionality of gold surface from 3.2+
1.5% to 27+ 1.5%. In the case of platinum, oxygen amount changed from 9.4+ 1.5% to 39.9+
1.5%.

In the XPS spectra of cleaned samples shoulder-like peaks (indicated with arrows in figure 5.2
a2 and b2)emerge at higher binding energies. Distance from these peaks and the
characteristics photoelectron peaks are 1.7 eV for gold and 2.8 eV for platinum. Such signals
correspond to gold and platinum in oxidized states [1-5, 8, 9]. Oxidation states of an element
are always shifted to higher binding energies. It is in agreement with the higher percentage of
oxygen on treated samples. The simple physorption of oxygen from the environment does not
change the oxidation state of Au and Pt and does not introduce shoulders in the doublet peaks
of Au and Pt. The appearance of shoulders at higher binding energies in both doublets
evidences the formation of chemical bonds between the noble metal and oxygen.

It is concluded that surface chemistry of the metals was changed with the treatment.

Another interesting point to highlight is that the Cg treatment is not maintained over time.
XPS results showed that after two days of being subjected to Cg treatment, the samples
recover their XPS profile corresponding to the non-treated samples. That is, the shoulder peak
appearance disappears with time. The same trend was observed with the TAFEL plots.

0 Regarding peak quantum notation, 4fs electron level represents electrons from orbital 4f with
2
following quantum numbers: [=3, s = —% andj=§
Similarly for 4f7 electron level, the quantum numbersarel = 3, s = +§andj = 21
2

Where the [, s and j are orbital momentum, spin momentum and total momentum respectively.
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Therefore the catalytic actuation measurements should be performed during the day to see

the electrohydrodynamic effects.
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Figure 5.2: X-ray photoelectron spectroscopy spectra of al) Au sample without plasma
treatment, a2) Au sample with plasma treatment b1) Pt sample without plasma treatment b2) Pt
sample with plasma treatment, The black arrows in a2 and b2 indicate peaks formed because of
metals in oxidized state. cps is abbreviation of counts per second.
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5.1.b TAFEL plot measurement

As shown with XPS studies, the plasma treatment (Cs cleaning process) changes the surface
chemistry of platinum and gold. Electrochemical characterization based on TAFEL
measurements was the next step of the evaluation.

In this part the TAFEL measurements and the determination of the mixed potential for
platinum and gold electrodes in presence of H,0, (subjected or not to a pretreatment) are
presented.

Extracting the mixed potentials for H,0, for different metals helps to predict the role of the
metal electrodes when they are electrically connected in presence of the redox species. The
Appendix 5.1 provides the fundamentals of the TAFEL curves and also guidelines to extract
useful information such as the mixed potentials The metal which exhibits a more positive
mixed potential would act as cathode whereas the metal with a more negative mixed potential
would act as the anode. On the other side, the higher the difference between mixed
potentials, the higher is the driving force for the catalytic actuation.

Figure 5.3 shows the TAFEL plots for Au and Pt in water only (a) and in presence of the
electroactive species H,0, with the electrodes subjected to the activation treatment. It can be
observed that in presence of only water there is no redox behavior in that potential range. As
soon as hydrogen peroxide is added, the anodic and cathodic branches, typical of the TAFEL
plots, emerge. The mixed potential of Pt (Ep; = 0.39 V) appears at more positive potential
than the one of Au (E,, = 0.25 V). As a result, platinum acts as the cathode and gold as the
anode for hydrogen peroxide decomposition’. This finding is opposite to what has been
reported for the catalytic motion of free suspending Au/Pt nanomotors in which anode role
was ascribed to the platinum side. This difference may originate from the pretreatment
performed to activitate the catalytic pumps [10-13].

However if gold and platinum are not subjected to the treatment, their mixed potentials are
similar. That points out the importance of the metal treatment for switching on the
electrokinetic process. If the mixed potential difference of both electrodes is very small, the
driving force for the catalytic actuation is very weak which explains the lack of colloidal motion
when the pretreatment is not performed in the devices mentioned at the beginning of the
chapter. It is quite probable that the oxygen functionalities at the gold and platinum surfaces
modify the electrochemical response enhancing the thermodynamics of the redox process.

! These results are independent of the way the metals are evaporated. Similar results were obtained
using Joule and electron-beam evaporation.
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Figure 5.3 : TAFEL plots for gold and platinum electrodes in contact with a) water b) 1wt %
hydrogen peroxide solution. The plots were taken at low scan rates 1 mV.s~! to mimic steady
state conditions.
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5.1.c Proton concentration imaging on activated devices

Proton concentration and distribution at the bimetallic pump plays a crucial role to switch on
the electrohydrodynamic process. That explains the need to search appropriate and powerful
tools that can map and quantify this important parameter. Confocal fluorescence microscopy
with pH sensitive dyes has been implemented to image and quantify the proton concentration
on such catalytic pumps. These results represent the first report on proton concentration
imaging at autonomous catalytic devices so far known. The results also provide an additional
approach to verify the redox role of each metal at the catalytic device given the contradictory
results obtained as compared with other research groups [10-13]

As described in 4.2.2 and appendix 4.5, pyranine molecule was selected to image proton
concentration. It exhibits dual excitation. Dual excitation allows ratiometric measurements
which is an ideal method to eliminate possible artifacts such as lack of dye concentration
homogeneity, photobleaching, etc.

Before focusing on the proton imaging measurements with pyranine, some control

experiments were previously addressed.

Since H,0, is an oxidant it was analyzed the effect of hydrogen peroxide solution on the
fluorescence stability of the pyranine. It was found that the fluorescent intensity of the dye is
not altered in presence of 1% H,0,.

It was also checked the response of the micropump in absence of hydrogen peroxide but in
presence of the dye to evaluate background fluorescence from the metallic structure. Figure
5.4 shows the reflectance image of the device (figure 5.4a) together with the fluorescence
response at the two excitation wavelengths in absence of H,0, and at a pH solution of 7. It
can be observed that the fluorescence is nearly uniform over the surface.

(@ (b) (c)

100 pm

Figure 5.4: a) Reflectance image of a Au-Pt device exposed to water (no hydrogen peroxide)
b) related confocal fluorescence at excitation wavelength A = 405 nm c) related confocal
fluorescence at excitation wavelength A = 458 nm . The fluorescence intensity remains quite
homogenous over the surface. The disk radius is 15um. Solution pH was 7.

After that, calibration fuorescence images were acquired to evaluate the change in the
fluorescence signal with the pH at the two different excitation wavelengths and in absence of
hydrogen peroxide. This methodology also helps to corroborate if the dye behaves in the way
that is expected in presence of the device. For accomplising that, different pH solutions in a
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range between 4 and 9 were prepared in presence of the dye.”? Fluorescence images were
collected for both excitation wavelengths at the different pH solutions and processed for
extracting their fluorescence intensity. Figure 5.5 shows the calibration curves at both
wavelengths of excitation as a function of the pH solution in absence of H,0, . It can be
observed two different behaviors.

At the excitation wavelength A; = 405 nm, the fluorescence intensity decreases as the pH
increases (figure 5.5 a), whereas the fluorescence signal increases as the pH increases when
the dye is excited at A, = 458 nm(figure 5.5 a).

The figure 5.5 b presents the ratio of fluorescence intensity at the two exciting wavelengths on
the measured pH range. It can be observed high fluorescence sensitivity between pH 7 and 4,
just in the range which is expected to have the pH gradients under catalytic actuation.

(a) (b)
3 | ® 405 nm SR
} 6.0x 103 é MW 458 nm ; 5 .
‘»
3 4.5x10° ¢ | 20
c Sl 3
= 15 °
S 3.0x 103 ¢ il
g 1.5x 103 t e 5 .
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Figure 5.5: a) Fluorescence intensity as a function of pH for both excitation wavelengths, b)

. .1 . . .
fluorescence signal ratio ( I“ﬁ) as a function of pH, c) fluorescence intensity palette as a
458

function of pH for both wavelengths. The solution was free of hydrogen peroxide. Dye
concentration was 5uM.

72 The solutions at different pHs were prepared using acetate buffer and phosphate buffers for the lower and higher pH solutions
respectively. Solutions were prepared with buffers to make sure that the pH was fixed at the desired value and it was not altered
by any contamination from the air or from the contact with glass materials, etc. For pH solutions between 4 and 6, a buffer
comprised of acetic acid/sodium acetate was used. For pH solutions between 6 and 9, a buffer of phosphate
monobasic/phosphate dibasic was used. In the case of the buffer acetic acid/sodium acetate, the starting pH of the buffer is
around 4.70. HCL or NaOH were used to vary pH to 4, 5 and 6.In the case of the phosphate buffer, the starting pH was 7 . The pH
was adjusted 6 to 9 adding HCIl or NaOH.
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The figure 5.5 ¢ shows the color scale in order to get an idea of the general trends at both
wavelengths. In the ratiometric measurements the important parameter for extracting the pH
is the ratio between the fluorescence signals at both wavelengths. Therefore, the color
palettes of figure 5.5 c are not representative of the actual pH and even more when non-
uniformity in the dye concentration may exist.

After evaluating the behavior of the dye in calibration curves, it was proceeded to measure the
pH gradient in the devices in presence of hydrogen peroxide at the two excitation
wavelengths. The fluorescence images at 405 and 458 nm are depicted in figure 5.6.

To evaluate the pH, the standard calibration equation in terms of the ratio of fluorescence
signals (appendix 4.5), was applied :

R-Ry % Taay) )
Rp—R Ip(ay)

pH = pK, + log ( Equation 5.1

The definition of parameters was mentioned in appendix 4.5.The proton concentration image
shown in figure 5.7 b was obtained from the fluorescence images of Fig. 5.6 a and b and by
applying this equation pixel by pixel.

The figure 5.6 shows the spatial variation of [H*] around a platinum disk (diameter: 50 pm)
deposited on gold substrate. Proton concentration decreases as the distance from disk center
decreases (figure 5.7 c).

Proton concentration gradient remained stable over experiment duration. Consequently, it
implies that the system reached steady state conditions.

The experimental results clearly indicate that the electrochemical reactions undergo proton
production on the gold surface and proton consumption on the platinum disk. Figure 5.7 ¢
shows the proton profile along one radial path for better quantification. It can be observed
that the proton concentration changes in almost one unit of pH.



Figure 5.6: Fluorescence images of a Au-Pt device in presence of 1% H,0, at
excitation wavelength a) A =405 nm b) A =458 nm . Dye concentration in solution
was 5uM. The disk radius is 25um.
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Figure 5.7: a) Reflectance image of the Au-Pt device b) the related proton
concentration image c) The proton concentration as a function of radial distance
from disk center () .Yellow area represents the area on top of the disk. All images
were obtained with a confocal fluorescence microscope. The disk radius was 25
pm.

These results are in agreement with TAFEL measurements. They predicted that gold surface
was acting as anode producing protons and the platinum one as cathode consuming the
protons. Again, the redox role of electrodes is opposite to the previous reports on catalytic
nanomotors. Confocal fluorescence microscopy also confirms that no proton gradient forms
around the Au-Pt device exposed to hydrogen peroxide-free electrolyte (water). Proton
concentration gradient originates from chemical reaction involving hydrogen peroxide. It was
observed that protons homogeneously distributed in the absence of H,0, at both exciting
wavelengths (figure 5.4).

It has also been observed that such pH gradient is not formed if the Au/Pt sample is not
pretreated with C5 process, corroborating again the importance of the activation process to
switch on the catalytic actuation.

5.2 Zeta potential of the surfaces

As previously mentioned the zeta potential of surfaces is a key parameter in electrokinetic
processes. In order to characterize the actuation of the Au-Pt catalytic pump in combination
with charged colloidal tracers or to complement the electrohydrodynamic process with
numerical simulations is important to have an estimation of the zeta potentials of the colloids
and of the Au and Pt surface. The zeta potential of the colloids can be easily obtained by using
an electrophoretic light scattering methodology and the table below shows the zeta potential
values of the charged tracers used in this thesis.
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The values are reported in table 5.1.

Table 5.1 : Size and Zeta potentials ({) values of the colloidal tracers

Tracer Type Size [um] | ¢ [mV]

Positively charged particles (P*) polystyrene spheres functionalized 2 4611
with amidine groups "

Negatively charged particles (P~) silica spheres” 2 -83+1

Quasi-neutral particles (P°) polystyrene spheres’ 2 -12+1

However the estimation of the wall zeta potential of the pumps is not so trivial. The zeta
potential of the pump surface is a very relevant parameter for controlling the fluid flow. In
many cases the fluid velocity can be approached to the electro-osmosis velocity (V,,), in which
a proportional relation of this parameter with the fluid velocity is established.

Ve(r) = Vo Equation 5.2

_ _ &8m
Vi(r) = —ATEr(T) Equation 5.3

{4, (7): zeta potential of the gold substrate

As mentioned, the zeta potential of the pump becomes a very relevant input when performing
electrohydrodynamic simulations to support the experimental data as it is the case of this
thesis work.

One way to estimate the zeta potential of the surface (Au and Pt) has been addressed in
Appendix 4.6. The method is based on tracking the motion on top of gold and platinum surface
(Figure 5.8). Average velocity of tracers on top of the gold (Vp+ 4, ) and platinum (Vp+p, ) were

17 ym.s~Yand 21 pm. s~ ! respectively.

According to appendix 4.6 - equation 7, the difference between P*velocities over 2 different
surfaces is proportional to the difference between relevant zeta potentials.

Ui
&-&E

Caw = Cpe = — (Vpr = Vpt) Equation 5.4

Au Pt

73 Life Technologies Corporation Website: http://www.invitrogen.com
7% Kisker Biotech GmbH & Co. KG Website: http://www.kisker-biotech.com
7> Kisker Biotech GmbH & Co. KG Website: http://www.kisker-biotech.com
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Parameters were described in the appendix 4.6 .When the difference between velocities is not
equal to zero (equation 5. 5), the existence of non-equal zeta potential values imply (equation
5.6).

Vit = Vpr # 0 Equation 5.5
Au Pt
Cau—=Cpe #0 Equation 5.6

Where {4, and {p, are zeta potential of gold and platinum surface respectively.

As per Appendix 4.6 — equation 9, relation between zeta potential of platinum and gold
surface regardless of the applied electric field can be written as follow:

Vp+ Vp+

- A A
(=1~ VP+)'(P+ + Vo e Equation 5.7

I3 I3

Incorporating the V.+ and V,+ values, the equation 5.7 becomes:
Au Pt

(g = 8761 +0.8¢p, [mV] Equation 5.8

The estimation of the surface zeta potential is independent from the applied electric field.
Considering appendix 4.6, the {p; and {4, values were about -37 mV and -21 mV
respectively.

There is an alternative way to estimate zeta potential of the gold substrate , {,,(r), based on
fluid velocity and radial electric field data according to the data of figure 5.22 a and b. If the
fluid velocity is as approached to electrosmotic velocity described in chapter 3, the zeta
potential of the gold surface can be calculated as:

n Ve ()
€ Ex(r)

E,(r): Radial electric field strength at distance r from disk center [V.m™1]

Cau(r) = Equation 5.9

Vf(r): Radial velocity of liquid toward platinum disk center at distance r from the disk center

[m.s™1]

It was obtained that (4, (1) remains nearly constant as a function of the radial distance, with
an average value of -33+ 1.5 mV. This is close to the values considered for the zeta potential of
Au in previous studies [14, 15].
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Figure 5.8: Tracking of P* tracers on top of a) cleaned Pt surface b) cleaned Au surface under
applied electric field. Arrows show direction of electric field and particle velocity. Electric field
strength is approximately 320 V. m™1. Average particle velocity on top of the gold and
platinum are 3.14 + 0.25 and 5.61 + 0.25 um. s ! respectively. Overlap technique was used to
show the particle movement.

5.3 Studying the activated Au-Pt devices

Optical microscopy and tracking of quasi-neutral particles (P°), positively charged (P*) and
negatively charged particles (P~) showed interesting interactions between tracers and treated
devices as described below.

5.3.a Quasi-neutral particles (P")

Quasi-neutral’® particles shows three motion patterns (figure 5.9a). Generally, the particles
move toward the platinum disk center. Calculation of the directionality coefficient (II, ),
defined in appendix 4.4, shows the particles tendency to move toward platinum disk center
which increases as they become closer to the disk (figure 5.10a). Some of the tracers settle on
the gold surface either close or far from platinum disk (figure 5.9 a, pattern A and B). The rest
of them change their movement direction and go far from the surface (figure 5.9a, pattern C).

As an example of motion according to pattern A, Figure 5.11 shows a series of images in which
a particle moves toward the disk center. Once it arrives to the platinum disk border or its
vicinity, the particle sticks to the surface. Similar to pattern A, particles can also move toward
the disk center but settle on the gold surface before arriving to platinum disk (pattern B, figure
5.12).

Regarding the pattern C, particles move toward the disk center but the direction of motion
changes after crossing the platinum - gold border (figure 5.13).They show tendency to move in
the direction which is perpendicular to the surface. They go away far from the surface more
and more until leaving the volume which is under optical inspection.

Although tracking provides information about coordinates of particle at x-y plane, it is not
possible to determine how far particles are from the surface. The motion pattern C provides
valuable information about direction of fluid flow around the platinum disk.

As a general behavior of the quasi-neutral particles ( P* ), the average radial velocity versus
normalized distance to disk center is reported on figure 5.9b. The particles reach a maximum
radial velocity of 3.5+0.25 um. s ™! close to the boarder. Their velocity becomes zero pm. s™*
if they settle on the gold surface.

7% The particles are named quasi-neutral due to their small zeta potential.
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Figure 5.9: a) schematic presentation of quasi-neutral particles (P°) movement for pattern A, B and C
toward platinum disk on an Au-Pt device b) average radial velocity (V,.) of P° tracers versus normalized
distance to disk center at 1 wt% hydrogen peroxide solution. r and R, are the distances of the particle

from the disk center and disk radius respectively .Disk radius (Rg) is 15 um. The RL values are equal to
0

0 and 1 at the platinum disk center and platinum disk border respectively. Yellow area represents the
area above the platinum disk. The graph represents the averaged behavior of 25 particles.
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Figure 5.10: directionality coefficient (Il ) versus normalized distance to platinum disk center
at 1 wt% hydrogen peroxide solution for a) quasi-neutral particles (P°) and b) positively
charged particles (P*). r and R, are the distances of the particle from the disk center and disk

radius respectively. Disk radius (Ry) is 15 pm. The RL values are equal to 0 and 1 at the
0

platinum disk center and platinum disk border respectively. Yellow area represents the area
above the platinum disk.
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Figure 5.11: Quasi-neutral particles (P°) motion toward platinum disk for pattern A.

Au-Pt device was exposed to 1 wt% H,0, solution. The blue arrows indicate the moving tracer.
Disk radius is 15um.

Figure 5.12: Quasi-neutral particles (P°) motion toward platinum disk for pattern B.

Au-Pt device was exposed to 1 wt% H,0, solution. The blue arrows indicate the moving tracer. The
blue dot represents the particle’s settle point. Disk radius is 15um.
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Figure 5.13: Quasi-neutral particles (P°) motion toward platinum disk for pattern C.

Au-Pt device was exposed to 1 wt% H,0, solution. The blue arrows indicate the moving tracer.
Disk radius is 15um.

5.3.b Positively charged particles (P*)

When the Au-Pt device is exposed to 1 % hydrogen peroxide solution containing positively
charged particles (P*), the particles are attracted to the platinum disk center. Figure 5.14.a
illustrates schematically the observed motion patterns at the devices. Pattern A represents
tracers which are very close to the substrate. They move toward platinum disk and settle on
the platinum disk (figure 5.15). As an interesting point, the device attracts not only particles
which are very close to the surface but also those which are far from the surface (figure 5.14 a,
pattern B).

Figure 5.16 shows the attraction of a positively charged particle from a level which is higher
than gold surface. The particle comes closer to the surface and at same time moves toward the
platinum disk.

Further observations showed that the device can attract particles distributed above the disk
even from planes with relatively high z values (figure 5.14 a, pattern C). Figure 5.17 illustrates
the motion for pattern C.

The device is a 40um X 40um platinum square which attracts tracers from different heights
up to 30 um from the substrate surface. Tracking of particles at different heights results in
similar velocity pattern but with different values. As the height from the surface increases, the
velocity decreases (figure 5.17.d).

Regarding velocity profile, figure 5.14 b shows the radial velocity of positively charged tracers
which were close to the surface versus normalized distance to disk center. As they come closer
to the disk, their radial velocity increases. In the vicinity of gold-platinum border, the average
velocity reaches its maximum of 19.4+6.8 um.s~!. When moving particle passes over the
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platinum disk toward disk center, the particle velocity dramatically decreases because the
particles settled on the platinum surface.

Regarding particle directionality toward platinum disk center, II. increases as they become
closer to the disk (figure 5.10b). The directionality follows similar trend as in the case of P° but

. . . T
it reaches maximum values at relatively larger o as compared to the P° tracers
0

Finally the positively charged tracers form a non-ordered colloidal layer on the platinum disk
(Figure 5.18). Incoming tracers move on the platinum surface to find a vacant area to settle
between the attached particles or on top of them.

(b)

3
~510 ¢ o
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Figure 5.14: a) schematic representation of positively charged particles (P*) movement for pattern A,
B and C toward the platinum disk on the Au-Pt device b) average radial velocity (V;.) of P* tracers
versus normalized distance to disk center at 1 wt% hydrogen peroxide solution. r and R, are the
distances of the particle from the disk center and disk radius respectively. Disk radius (Ry) is 15 pum.

The RL values are equal to 0 and 1 at the platinum disk center and platinum disk border respectively.
0

Yellow area represents the area above the platinum disk. The graph represents the averaged data of
10 devices and 78 particles.
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Figure 5.15: motion of positively charged tracers (P*) toward platinum disk for pattern A at 1
wt% hydrogen peroxide solution. The red, blue and green circles mark the moving tracers and
red, blue and green dots indicate the location of those settled particle. Disk radius is 15um.

> 8

10 pm

Figure 5.16: motion of a positively charged tracers (P*) toward platinum disk for pattern B at 1
wt% hydrogen peroxide solution. The blue arrows indicate the moving tracer and blue dots
show the location of settled particle. Disk radius is 15um.
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Figure 5.17: motion of positively charged tracers (P*) toward a 40 um X 40 um platinum square for
pattern C at 1 wt% hydrogen peroxide solution. a) Schematic representation of tracers moving toward the
square from elevations close to the surface (Z=Oum) and from 30 um higher level b). Tracking of P*
tracers at level Z=30 um. c) Tracking of P* tracers at level Z=0 um. d) Average radial velocity (V;.) of P*
tracers versus normalized distance to the square center in a 1 wt% hydrogen peroxide solution at heights
of 0 and 30 um. r and R, are the distances of particle from the disk center and half of side length of the

square respectively. Ry is 20 pm. The RL values are equal to 0 and 1 at the platinum disk center and
0

platinum disk border respectively. Yellow area represents the area above the platinum disk. Overlap
technique was applied to produce tracks.
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Figure 5.18: accumulation of positively charged tracers (P*) on platinum disk when the Au-Pt
device was exposed to 1 wt% H, 0, solution. Disk radius is 15um.
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5.3.c Negatively charged particles (P™)

The interaction between negatively charged particles and Au-Pt exhibits a richness of different
steps which will be deeply described in chapter 6. However in this section the first stage of
interaction of the negative colloids with the Au-Pt system will be briefly described. It has been
found at the first stage of the experiment that negatively charged particles do not move
towards the Pt disk. They remained more than 20 um away from its edge. A band without
particles is formed around the disk due to the repulsion induced by the electric field. Figure
5.19 illustrates such behavior.

Figure 5.19 : Response of negatively charged particles at the first stage of the interaction with
an Au-Pt device a)real image and b)schematic image

5.4 Electric field and fluid flow around Au-Pt devices

Extracting information about the direction and strength of the spontaneous electric field,
velocity and direction of fluid flow from the motion of tracers was the next level of research.

Fluorescence microscopy showed the existence of a proton concentration gradient along the
Au/Pt( figure 5.18 c). As mentioned, a higher concentration of protons was found at the gold
surface and a depletion of protons at the platinum side. That suggests that gold surface acts as
anode decomposing hydrogen peroxide to generate protons whereas platinum acts as the
cathode consuming the protons. That is in line with the results of TAFEL measurements. The
gradient of proton generation during the electrochemical reaction self-generates an electric
field around the device. The electric field which points from the anode (gold) to the cathode



96

(platinum) induces the motion of fluid in the same direction by electro-osmosis. Figure 5.20
illustrates the electric field and fluid flow direction together with proton gradient generation.
The motion of the colloidal tracers can probe the direction and strength of the electric field

and fluid flow. The velocity of the particles has two contributions, one coming from the
electrophoretic force of the particle (V) and the other arisen from the fluid flow (V)

Vo(r) = Veor (r) + Ve (r) Equation 5.10

V.(r): Radial velocity of tracer toward platinum disk center at distance r from the disk center
[m.s™1]

Veor (1): Radial electrophoresis velocity of tracer toward platinum disk center at distance r

from the disk center [m.s 1]

V¢ (r): Radial velocity of liquid toward platinum disk center at distance r from the disk center

[m.s™1]

Considering equation 3.58 for the electrophoresis, equation 5.10 can be re-written as :

€ p .
V.(r) = TEr(r) + V(1) Equation 5.11

E,(r): radial electric field strength at distance r from disk center [V.m™1]

{p: Zeta potential of a kind of tracer [V]

Quasi-neutral particle has low zeta potential. The electric field affects this kind of particles in a
lesser extent than when using positively or negatively charged ones. Although electric field and
fluid flow influence P° tracer motion toward platinum disk, the fluid flow tern is more dominant’’. In
this case, the P° tracers follow more the direction of fluid flow. Therefore the particle motion
according to pattern C (figure 5.9a, pattern C) is a good approximation of solution flow around
the platinum disk (figure 5.20 a).

77 Just recall that the fluid velocity can be approached to the electro-osmosis equation
Vf(T') - _ € {surface (1)

the surface zeta potential is more negative than the one corresponding to the particle, which makes this
term dominate over the electrophoretic term.

E,.(r) and the zeta potential of the surface has a relevant influence. In this case
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Unlike P tracers, the electric field greatly affects the motion of P* tracers. The P*particles
tend to follow electric field lines. In other word, motion pattern of P* could be an estimation
of electric field lines (figure 5.20 a). Considering directionality coefficient (figure 5.10 b) and
high tendency of positively charged tracers to go to the disk center, it can be claimed that the
electric lines cross the disk center (figure 5.20 b). Moreover the negatively charged particles
are also greatly affected by the electric field which makes them form a repulsion band around
the Pt disk during their first stage of interaction with the device. These results suggest a built-
up electric field pointing towards the Pt disk which is in line with TAFEL plot results and the
fluorescence microscopy.

(c) [H*]

(d)

Proton

Proton consumption Proton

generation 1 generation
t [ t

Figure 5.20: schematic illustration of a) electric field (E;-) and fluid flow (V) around the Au-Pt
device b) electric field lines cross the disk center. Gold acts like anode and platinum as
cathode. c) Proton concentration ([H*]) distribution around Au-Pt device d) Proton
generation and consumption on gold and platinum. r is the particle distance from the disk
center.

(b)
------- V(1)
— _::
Veof(r) Vf(r)

Figure 5.21: a) model for describing tracer motion toward platinum disk center due to
presence of electric field and fluid flow. r and R, are the distances of the particle from the
disk center and radius of platinum disk respectively . E,.(r) is the radial electric field strength
and V,.(r) is the radial velocity of tracer toward platinum disk center at distance r from the
disk center. b) Schematically illustration of the relation between total radial velocity ( V,.(r) ),
radial electrophoresis velocity (V.o (7)) and radial velocity of liquid (V¢ (r))of tracer toward
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platinum disk center at distance r from the disk center.

For extracting the electric field strength and fluid flow, it is considered the velocity of P° and
P* tracers according to equation 5.11 and the model of Figure 5.21.
Equation 5.11 can be written for P* (equation 5.12) and P’ (equation 5.13) tracers:

B ) = 2

E.(r) + Ve (r) Equation 5.12

&qpe

v.P o (r)= E.(r) + V(1) Equation 5.13

+
Vrp (r): Radial velocity of P* tracer toward platinum disk center at distance r from the disk

center [m.s™1]

VTP (r): Radial velocity of P° tracer toward platinum disk center at distance r from the disk

center [m.s™1]
{p+: Zeta potential of P*tracer [V]

{p°: Zeta potential of P’ tracer [V]

E,(r) and V¢(r) are extracted from equation 5.12 and 5.13, when VTP+(T) and Vrpo(r) are

available for certain distance r:

N () - P () .
E = Equation 5.14
e =)
Ve(r) = Spr- Vi () = GV (@) Equation 5.15
Cp+ — {p°

Figure 5.22 presents the results of the calculation for V¢ (r) and E,.(r) as a function of . Both
of them decrease as the distance from the disk center increases. The electric field and the fluid
velocity at the edge of the Pt disk are about 280 V.m™! and 6 um. s}, respectively. The
electrostatic potential over the device can be calculated as per equation 3.1 (figure 5.23)
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Figure 5.22: a) Radial velocity of liquid, b) radial electric field strength at distance r from disk
center versus normalized distance to disk center at 1 wt% hydrogen peroxide solution. r and
R, are the distances of the particle from the disk center and disk radius respectively. Disk

radius (Ry) is 15 um. The RL values are equal to 0 and 1 at the platinum disk center and
0

platinum disk border respectively. Yellow area represents the area above the platinum disk.
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Figure 5.23: Radial electric potential at distance r from disk center versus normalized
distance to disk center at 1 wt% hydrogen peroxide solution. r and R are the distances of

particle from the disk center and disk radius respectively. Disk radius (R;) is 15 um. The RL
0

values are equal to 0 and 1 at the platinum disk center and platinum disk border respectively.
Yellow area represents the area above the platinum disk
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5.6 simulations

In order to complement and improve the understanding of the experimental data with the Au-
Pt system finite element simulations were implemented using the Comsol Multiphysics
software’® version 4.4.

The studies were based on solving the coupled governing equations already introduced in
Chapter 3, though they will be briefly revisited below:

A) Poisson equation for electrostatics: iy = — E%
r€0

Where ¢, is the relative permittivity of the medium, &, is the free space permittivity, i is the
electrostatic potential, and pr is the free volumetric charge density.

B) Navier—Stokes equation for fluid motion: —VP +nV?u — prVyP =0
C) Fluid continuity equation: Vu=0

Where u is the fluid velocity, P is the pressure, n is the fluid viscosity, and the fluid is
considered as incompressible.

e

nizj _
S, Vl/)] -0

D) Nernst-Planck equation for mass transport: V [niu —D;Vn; —

Where n; is the number concentration of it" specie, D; is the diffusion coefficient of it"
specie, z; is the valence of the i*" ionic specie including appropriate sign. The relation between
diffusion coefficient of i*" specie and its mobility (y;) is defined through the Nernst—Einstein
equation as D; = u;RT.

E) Electrochemical current at the anode (Gold):  jay = kay. [H,0;]
F) Electrochemical current at the cathode (Platinum): jp; = —kp;. [H,0,]. [HT]?

Where [H,0,] and [H*] represent the concentration of hydrogen peroxide and protons
respectively. k,,, and kp; are the rate constants for the anode and cathode respectively.

Figure 5.24 shows a scheme of the model used for the simulations which corresponds to a
bimetallic micropump with axial symmetry and variable radius for both metallic structures.
Only stationary studies (solutions) were performed corresponding to steady state conditions.
In the simulations, four different charged species were considered: protons, hydroxide ions
and the two ionic species of 1:1 salt. The presence of salt or extra ions was considered to have
a more realistic approach. Very small concentration of ion impurities is unavoidably present in
the system. Such extra ion impurities could come, for instance, from contamination during the
fabrication and measurement of the pumps or from the CO, dissolved in the liquid. The
following boundary conditions were defined for the electrostatic potential:

Yomar = 0 Equation 5.16

8 COMSOL Inc. website: http://www.comsol.com/
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Equation 5.17

Zmax - Upper boundary of the simulation system, typically placed at 60 um above the surface

For the fluid velocity, stick boundary conditions were imposed on the substrate (fluid velocity
is considered as zero.) and slip boundary conditions for elsewhere (the fluid can have non zero

velocity.). For the concentrations of the different species, the bulk values were imposed at the

upper boundary z,,,,. Table 5.2 contains the parameters applied in the numerical analysis.

Table 5.2: Parameters used in the simulations

Parameter Description Value
Proton diffusion coefficient 9.3x 1077 m2s7?!
D+ Hydroxide ions diffusion coefficient 5.3%x 1072 m?.s71
pH pH at the bulk 6.25
Yp: Surface potential of the platinum -0.033V
Yau Surface potential of the gold -0.033V
kpt Constant rate of the platinum 0.01
m’.s71.mol™?
kay Constant rate of the gold 41110710m, 571
[H,0,] H, 0, concentration 0.3M (1% wt)
Ry Radius of the platinum disk 15 um
Rau Radius of gold ring 50 um
[A*] and [B™] | Monovalent ions concentration 1.6 uM

Diffusion coefficient of the additional ionic species

1.0 x 1072 m?.s71

The rate constants for gold and platinum and the concentration of the salt (monovalent ions)

were taken as fitting parameters and the values reported are the ones which achieved the best

agreement between data and simulations. The pH at the bulk was measured and the surface

potential of the metal substrate (considered to be uniform between Au and Pt) was estimated

in 5.4. . The rest of the values were known.
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Figure 5.24: Scheme of the system used for the simulations

5.5.1 Results and Discussion

As per model explained in 5.3, the electric field is self-generated from the electrochemical
decomposition of hydrogen peroxide at the two metallic surfaces. One of metal acts as anode
and the other one performs the role of cathode.

In such process an electric field is self-generated and a proton flow is produced from the anode
to the cathode. That induces the fluid motion. Therefore, the electric field, fluid flow, charge
density, proton flow, proton concentration and pH are the most important electrokinetic
variables in this system. These variables were subjected to the simulation process. The results
are as follow:

5.5.1 a Electric field

Figure 5.25a shows the map of the electric field distribution. The simulation confirms the
experimental findings. The electric field points from the anode (gold surface) towards the
cathode (platinum disk). The electric field becomes intense near the disk edge. Far from the
disk center (55um < r < 65 um), the electric field has a relatively low magnitude and its
direction is approximately perpendicular to the surface. Figures 5.26 and 5.27show the
experimental and simulation data for the radial electric field and electric potential plotted as a
function of the radial distance from the disk center. The simulations can reproduce the electric
potential and both the magnitude and the spatial dependency of the electric field.
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Figure 5.25: Simulation result a) Electric field distribution. The red arrows represent
electric field vectors. b) Fluid velocity map. The white arrows show the velocity
vectors.
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Figure 5.26: Experimental and simulation results of the radial electric field versus radial
distance from the disk center over the Au-Pt device. The black line represents the simulation
result and the blue circles are experimental data. Yellow area represents the area above the
platinum disk.
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Figure 5.27: Experimental and simulation results of the radial electric potential versus radial
distance from the disk center over the Au-Pt device. The black line represents the simulation
result and the blue circles are experimental data. Yellow area represents the area above the
platinum disk.
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5.5.1 b Fluid flow

Regarding the fluid flow, the fluid moves towards the platinum disk (figure 5.25 b). The radial
pumping velocity is maximal near the platinum disk edge. After crossing the platinum-gold
border, the fluid changes its direction of motion to the direction perpendicular to the disk
surface due to fluid continuity. The fluid is pumped upwards near the disk center.

Figure 5.28 shows the good agreement between the experimental and simulation data for the
fluid velocity plotted as a function of the radial distance from the disk center.
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Figure 5.28: Experimental and simulation results of the radial fluid velocity versus radial
distance from the disk center over the Au-Pt device. The black line represents the simulation
result and the blue circles are experimental data. Yellow area represents the area above the
platinum disk.
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5.5.1 ¢ Charge density

The 2D Map of the charge density is demonstrated in figure 5.29 . A net positive charge is
confined inside the double layer which has a thickness of about 200 nm. It can also be
observed that the charge distribution inside the double layer is asymmetric along the radial
distance. More positive charge is accumulated on the anode as compared to the cathode. This
simulation result is in line with the experimental results which show generation of protons at
the anode and proton consumption at the cathode. Figure 5.29 shows clearly that charge
density of fluid above the double layer is equal to zero. It means the fluid is electroneutral. It is
necessary to emphasize that the electric field on the parts with charge density equal to zero, is
not equal to zero.
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Figure 5.29: Simulation result - charge density over the Au-Pt device

5.5.1 d Proton concentration, pH and proton flow

Investigating about proton concentration and proton flow is one of the interesting parts of the
simulations. Figure 30.a shows the top view map of proton concentration over the Au-Pt
device at a distance from the surface equal to 2 um. It shows the existence of higher
concentration of protons on the anode (gold surface) as compared with the cathode (platinum
surface).The simulation result is in agreement with the experimental data obtained from
fluorescence microscopy (figure 5.31).
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Figure 5.30b shows a 2D map of pH of the system as a function of the height between the
surface and 60 . Just close to the metallic surfaces, the pH on the anode (gold surface) is less
than on the cathode (platinum). However, at larger heights from the metallic surface, the pH
tends to the bulk values (pH=6.25). The simulated radial profile of the pH together with the
experimental data shows the nice agreement between them (figure 5.32).
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Figure 5.30: Simulation result a) top view (x-y plane) of proton concentration at z equal to
2 um b) 2D map of pH over the Au-Pt device ¢) 2D map of pH on the range of (r:11-22 um,
z: 0-6 um)
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Figure 5.31: Experimental and simulation results of the proton concentration versus radial
distance from the disk center over the Au-Pt device. The black line represents the simulation
result and the blue circles are experimental data. Yellow area represents the area above the

platinum disk.
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Figure 5.32: Experimental and simulation result of pH versus radial distance from the disk
center over the Au-Pt device. The black line represents the simulation result and the blue
circles are experimental data. Yellow area represents the area above the platinum disk.
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The overlap of the electric field and proton flow is presented on figure 5.33. The protons move
in the same direction as the electric field (from the anode to the cathode). The motion of
protons beyond the electric double layer self-generates an electric field in which the electric
field vectors coincide with the flow of protons. The generation of the electric field of moving
charged species can be related to Ohm “s law [16]:

J

E=2
ke

Equation 5.18
j: The current of the species[4.m™2]

ks: The conductivity of the fluid[kg~!.m™3.s34?]
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Figure 5.33: Simulation result - the electric field distribution (red arrows) and the local flow of
protons (blue arrows)
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5.6 Conclusions

In this chapter the Au-Pt micropump has been characterized to extract quantitative
information of the spatial dependence of the electrokinetic parameters involved in the
catalytic actuation. First of all the importance of the surface treatment to enhance the catalytic
reactions and trigger the electrokinetic process was addressed. Then two complementary
approaches have been used to evaluate the electrokinetic parameters: one based on confocal
fluorescence microscopy with fluorescent pH indicators and the other one based on the
motion of differently charged colloidal tracers.

The first experimental tool allows the 2D imaging and quantification of the proton gradient
generation around the Au-Pt device as a consequence of the electrochemical reactions. This
technique provided information of the redox role of the gold and platinum. It was found a
higher concentration of protons on the gold side and proton concentration depletion at the
platinum surface. That suggests that gold surface acts as the anode producing protons and the
platinum as the cathode consuming the protons which was in line with the predictions of
TAFEL measurements. Thus, the electrochemical reaction can self-generate an electric field
pointing from the gold to the platinum. Quantification of such gradient showed that during
the catalytic process the pH is changed about one unit along the Au/Pt device. The spatial
imaging and quantification of this relevant parameter constitutes the first reported study in
the field of catalytic motors and can be a source of inspiration to address similar experimental
challenges in a wide range of electrochemical systems.

On the other side, differently charged colloidal tracers allowed mapping and quantifying the
spatial distribution of the electric field and fluid flow due to the interaction of their charge with
the self-generated electric field. It has been found that the electric field strength and the fluid
velocity are maximal just at the Au/Pt border. The findings also confirm an electric field
pointing toward the Pt.

The experimental data have been supported with numerical simulations that can reproduce
the experimental results. By comparing the experimental findings to numerical simulations it
was possible to estimate the concentration of extra ions that are unavoidably present in the
catalytic pumps and the constant rates of the electrochemical reactions at the anode and
cathode. The simulations have shown that due to the chemical reaction a net positive charge
was confined inside the double layer with a charge distribution asymmetry along the radial
distance. Such asymmetry can induce an electric field. However the existence of the electric
field can be extended above the electric double layer at distances in which the fluid is
electroneutral. That could be explained as a consequence of the motion of protons from the
anode to cathode beyond the double layer. All these results contribute to build a better
understanding of the chemomechanical actuation of the catalytic pumps
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Chapter 6
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Introduction

One of the potential applications of the self-generated electrohydrodynamic process at
catalytic pumps can be the local patterning formation of hierarchical assembles without the
need of a lithographic mask [1,2]. Nowadays, autonomous dynamic self-assembly represents a
topic of huge research interest. Impressive examples of dynamic self-assembly have been also
shown with catalytic self-propelled nanomotors which represent a rich framework for
understanding microscopic interactions and emergent collective dynamics [3-9].

These out-of equilibrium processes fed by an internal energy have a great potential to create
novel multifunctional or dynamic architectures not possible in other conditions. They could
bring promising applications in many technological fields [6, 9, 10-15] (e.g. nanophotonics,
smart (bio) chemical sensing, catalysis, matter transport and separation, etc,).

Catalytic pumps become ideal systems to trigger guided self-assembly of matter to determined
locations and represent an important alternative to other more traditional methods which use
external energy injection [16-27]. Recently there have been some attempts to guide colloidal
crystallization using similar concepts with galvanic microreactors made of a gold electrode
together with a sacrificial copper electrode [28-30]. The dissolution of copper and the
reduction of oxygen at the gold electrode induce electronic and ionic current at the metal and
electrolyte interface respectively which turn on electrohydrodynamic processes.

In this chapter Au-Pt catalytic pumps immersed in hydrogen peroxide will be used to study
colloidal transport and self-organization far from equilibrium powered by the internal chemical
decomposition of the fuel. The colloids will be guided by the local chemical-driven
electrohydrodynamic forces and by the interaction of the zeta potential of the colloids with
such electrohydrodynamic forces. The patterning process will be followed in real time and will
be evaluated using either negatively or positively charged particles. It will be shown that
negatively charged particles can selectively pattern the gold regions forming a 2D ordered
colloidal crystal starting from the Pt edges. The in-situ colloidal self-assembly bears and
impressive resemblance to Tetris video game [31]. The self-assembly process with negative
particles also comprises unexpected features provided by the local change of the colloidal zeta
potential due to the catalytic reaction.

On the other hand, positively charged particles could build a colloidal pattern on the Pt regions
characterized by a more 3D and not as ordered growth.

6.1 Pattern formation with negatively charged particles

When a Au-Pt device is exposed to 1 % hydrogen peroxide solution containing negatively
charged particles (P~), the tracers are primarily repelled from the platinum disk (figure 6.1) as
discussed in chapter 5. Figure 6.1 shows the electrostatic repulsion areas, repulsive bands,
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around different size platinum disks in presence of high concentration of P~ tracer. There is
no tracer in the repulsive bands. However, the repulsion band is not permanent. Figure 6.2
shows the different stages of the process evolution. After the initial repulsion, silica spheres
(P~ tracers) form two-dimensional close-packed clusters outside of the repulsion band. Then
these clusters together with singlet silica immediately start moving towards the platinum disk
and stop at the edge of the disk. As more clusters arrive at the platinum edge, the dynamics of
2D silica crystallization can be monitored in real time. Real-time monitoring of colloidal self-
assembly at the disk edge is one of most important achievements provided with the applied
experiment set-up

Figure 6.1: Repulsion of P~ tracers from platinum disks of various diameters. Au-Pt device
was exposed to 1 wt% H,0, solution.
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Figure 6.2: clustering, transportation, self-assembly and crystallization of silica particle after initial
repulsion from platinum disks. Au-Pt device was exposed to 1 wt% H,0, solution. Disk radius is 15pum.

6.2 Sequential stages in the patterning process

The colloidal self-assembly of negatively charged particles can be summarized in the following
steps: electrostatic repulsion, clustering formation beyond the repulsive band, cluster
transportation to the Pt disk edge, silica patterning formation at the Pt disk edge (figure 6.3)

Figure 6.3 schematically illustration of time line of the interaction between Au-Pt device and negatively chargec
particles a) electrostatic repulsion and formation of repulsive band, b) clustering formation beyond the repulsive
band, c) cluster and singlet transportation toward the disk, pattern formation on the Pt disk edge, d) growth o
silica crystal at the Pt disk edge. Red dash line represents the area from which the tracers were repulsec
primarily. Black arrows show the direction of motion of particle(s) or clusters.
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6.2.a Electrostatic repulsion

Primary interaction of negatively charged tracers and electric field and fluid flow around Au-Pt
device is electrostatic repulsion of tracers from the platinum disk (figure 6.3.a). Repulsion
generates a free particle region on the Pt disk and on a band around the platinum disk at the
gold side. The electrostatic repulsion also affects particles coming from high z distances above
the platinum disk. When these particles move down closer to the Pt structure, they experience
the electrostatic force that expelled them outside the region where the repulsion band is
formed.

The d. is defined as the width of repulsive band. The initial electrostatic repulsion of the
negatively charged tracers is the expected behavior in presence of hydrogen peroxide.

The model described in 5.3 can explain the behavior of P~ tracers. In contrast to P™ tracers,
the P~ tracers with relatively large negative charge moves in opposite direction of electric field
and fluid flow (figure 6.4). Figure 6.4 illustrates the interaction of differently charged tracers
with Au-Pt device in presence of hydrogen peroxide.

Figure 6.4: Schematically illustration of repulsion of P~ tracers from the platinum disk
and attraction of P*tracers toward the disk at the presence of hydrogen peroxide.
Red dash arrows and blue arrows show the electric field lines and fluid flow
respectively.

In order to estimate the width of the repulsive band it will be used the velocity equation
already introduced in section 5.3 (chapter 5) applied to the negative tracers (equation 6.1).

) = 22

E-(r) + Ve (1) Equation 6.1

VrP_ () represents the repulsion velocity of the negative tracer and can be estimated by using
the electric field and fluid velocity of the Au-Pt system as a function of the radial distance
which were extracted in chapter 5 and the zeta potential of P~ (also listed in such chapter).

For estimating the width of the repulsive band (d.) with equation 6.1, it will be considered
another parameter, ther.. This parameter represents the distance from the disk center at
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which the velocity of a repelled P~ tracer becomes zero. The relation between d, and 7 is as
follows:

e =Ry +d, Equation 6.2
Ry: Radius of platinum disk [m]

Considering the definition ofr,, the particle velocity is zero:

VP (r)=0 Equation 6.3
Considering equation 6.1, equation 6.3 can be written as:

g —_
%Er(rc) + Ve () =0 Equation 6.4

Solving equation 6.4 provides the approximated value of 7, . Figure 6.5 shows the radial
velocity of repelled P~ tracers from the platinum disk versus normalized distance to disk
center at 1 wt% hydrogen peroxide solution. The maximum calculated repulsive velocity is

10.56 £ 0.25 pym.s~! at RL =1.20 (indicated on figure 6.5). The velocity decreases as the traces
0

get away from the disk. It is estimated that the velocity becomes zero at 1:—“ =2.40 £ 0.3 for the
0

disk with 15 um radius. Therefore, the d.. is:

d. =14R, £ 0.3R, Equation 6.5

Or:

d.=21 4+ 45um Equation 6.6
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Figure 6.5: radial velocity (V}.) of repelled P~ tracers from platinum disk
versus normalized distance to disk center at 1 wt% hydrogen peroxide
solution. v and R, are the distances of the particle from the disk
center at which the velocity is zero and disk radius respectively. Disk

radius (Ry) is 15um. The RL values are equal to 0 and 1 at the
0

platinum disk center and platinum disk border respectively.?

The measurements showed the width of the repulsive band for a platinum disk with 15 um
radius in terms of 1. and d. were 34 + 1um, 19 + 1 um respectively. The experimental
results are close to what the model predicts.

It has also been observed that during the initial repulsion the particle tracers are more
concentrated just in the region close to the repulsive band as compared to other areas far
away from the disk which are not under the influence of the electric field and fluid flow.

6.2.b Clustering formation outside the repulsive band
After initial repulsion, the cluster formation occurs. The clustering formation just outside of
the repulsion band could be explained by considering the simultaneous action of different

factors.

These factors are:

1- Generation of protons on the gold surface as described in chapter 5
2- The co-action of two opposite forces: the electrostatic repulsion and the fluid flow
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Figure 6.6: Zeta potential change of silica as a function of the pH. The measurements
were done by preparing different pH solutions in a 1 mM buffer phosphate

The most important and dominant factor seems to be the continuous production of protons on
the gold surface. It was shown in chapter 5 that the proton concentration is higher on the gold
surface than on the Pt side. Therefore negatively charged silica particles on gold side will be
exposed to a higher concentration of protons.

The protons can protonate the negative oxygen moieties of surface groups of the silica
particle. The protonation can decrease the particle surface charge changing its zeta potential.
To understand the zeta potential variation with pH, the zeta potential of the silica particles in
water solution at different pHs were measured. Figure 6.6 shows the variation of the silica zeta
potential as function of pH. When the concentration of hydronium ion increases (in other
words, the pH decreases.), the zeta potential changes to less negative values.

Further experiments were done to observe the behavior of silica particles on the gold surface
at different pHs in absence ofH,0,. It showed that silica particles start clustering at a pH
around 5.5”°. If the pH decreases more the tendency to cluster formation increases (figure
6.7).

(a)

pH=6.6

Figure 6.7: Optical snapshots of the colloidal silica on gold substrate at a) pH=6.6 b) pH=5.5 c) pH=4.5 in absence
of hydrogen peroxide. The silica clustering starts at a pH around 5.5.

”® Indeed the pH at which the clusters start to aggregate is close to the pH values calculated on the gold
surface during the catalytic actuation.
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Screening the surface charge of silica particles promotes interaction among them. The
importance of the proton production in the clustering and motion of the silica particles and the
role of the gold surface for proton production is reflected in figure 6.8. Figure 6.8 shows how
the clustering process is only limited to the gold surface whereas the particles are only
governed by Brownian motion at the silicon side without any cluster formation.

Gold substrate e ‘ Silica

Figure 6.8: The silica clustering only takes place on the gold surface whereas on silicon oxide
only a random particle motion is observed.

The initial electrostatic repulsion of negatively charged silica particles from the platinum disk is
another important factor that can aid in the cluster formation. As mentioned before, initial
electrostatic repulsion of negatively charged particles from the platinum disk forms the
repulsive band with particle density equal to zero. The repelled particles increase the particle
density on a limited area over the repulsive band.

This band is referred as overpressure band in this dissertation. The particle density at
the overpressure band is higher than in the areas far enough from the disk which are not
affected by either the generated electric field or the fluid flow. Regarding the impact of fluid
flow over the repulsive band, the fluid flow can help to bring closer the colloidal tracer since
operates in opposite direction to the electric field and also enhance the protonation of the
silica moieties.

Therefore the contribution of the essential factors described above (pH, fluid flow and initial
electrostatic repulsion) causes clustering on such overpressure band.

6.2.c Cluster transportation to the Pt disk edge

The change of the zeta potential of the silica singlets and clusters can explain the motion of the
particles towards the platinum disk. It decreases the repulsive electrophoretic force and
consequently fluid flow towards the platinum disk can become more dominant. The zeta
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potential of the silica particles at the overpressure band changes from its primary value of
around -80 mV ( {p-) to less negative values ({p-) (equation 6.7).

$p- < p- Equation 6.7

Considering equation 6.1, the radial velocity toward platinum disk for the particles with zeta
potential values (p- and {p- are V. (r) (equation 6.8) and V. *(r) (equation 6.9)
respectively.

_ & (p-
VP ) = f’P E.(r) + Ve (1) Equation 6.8
P~ E(;— .
V() = TET(r) + Ve (r) Equation 6.9

According to equation 6.7, 6.8 and 6.9, the relation between V.* (r) and .X *(r) is:

vE ) <P () Equation 6.10

If the V. (r) is zero at the overpressure band, V.© *(r) has positive value. It means that the
particles with {p- value may move toward the platinum disk. Average radial velocity (V}.) of
silica particles versus normalized distance to disk center at 1 wt% H, 0, during the early stages
of silica transport to the Pt edge is shown in figure 6.9. The velocity of the particles increases
remarkably just close to the edge of platinum disk. Silica particles or clusters stop at the
platinum-gold boarder starting the first stage of silica crystallization. They particles build a
lattice in which the particles tend to form a close-packing structure of equal spheres [1] which
starts expanding towards the gold surface.
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Figure 6.9: Average radial velocity (V) of P~ tracers (silica particles) versus normalized
distance to disk center at 1 wt% hydrogen peroxide solution at the initial step of
crystallization for the device shown in the figure 6.2. v and R, are the distances of the particle

from the disk center and the disk radius respectively. Disk radius (Ry) is 15um. The RL values
0

are equal to 0 and 1 at the platinum disk center and platinum disk border respectively. Yellow
area represents the area above the platinum disk.

The size of the clusters arriving at the platinum disk edge increases with time either by the
incorporation of single particles or by the addition of other clusters during their way toward
the disk.

Figure 6.10 shows the increase of the average size of incoming clusters to the growing silica
crystal with time. However at larger times, the clustering process becomes weaker.
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Figure 6.10: Average cluster size (average number of particles per cluster) arriving at the
platinum edge as a function of time for the device shown in the figure 6.2
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Figure 6.11 shows the percentage of incoming clusters which adjoin the silica crystal at the
platinum edge, as a function of cluster size for the device shown in figure 6.2. In this context,
the cluster size is defined as the number of silica particles forming the cluster prior to the
moment of adjoining to the growing silica ensemble at the disk edge.

The shape of the clusters was characterized. Clusters arranged in a more linear or elongated
fashion than in a rounded one. This feature becomes more obvious in case of strong catalytic
actuation or for concentrated colloidal dispersions. That is because of the operating but
opposite forces (electrostatic force and fluid flow) which make the clustering process take
place in non-equilibrium conditions. Under this situation, aggregation of particles is dictated
by the kinetics leading to such more linear rearrangements, rather than by energetic
considerations that would favour rounded clusters where particles arrange in a more
coordinated fashion. Clustering process in absence of forces is expected to be dominated by
the Brownian motion which helps the particles to find the more stable locations (high
coordinated sites) yielding in this case to more rounded cluster shapes.

Appendix 6.1 contains the configuration of the adjoining clusters related to the figure 6.11. The
concentration of silica particles in the aqueous dispersion is a very important parameter which
affects the cluster size. Larger cluster sizes were observed with higher silica concentrations.
Figure 6.12 demonstrates the effect of particle concentration on the size of the clusters. In
dispersions with high concentration of silica particles (figure 6.12 a), the particles are closer
together. Therefore, larger clusters are formed much faster. In this case, the silica crystal
growth rate is very high (figure 6.13).

At lower concentration of silica particles (figure 6.12 b), the probability of forming clusters with
high number of particles is lower because the particles are more far from each other.
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Figure 6.11: Percentage distribution of clusters arriving at the edge of platinum disk for the
device shown in the figure 6.2. The smaller clusters are more frequent during the very early
stages of the silica crystallization whereas the bigger clusters become important at longer
times.
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Figure 6.12: Formation of clusters on a) high concentration of silica particle (1635 Particle
per 100 um? ) b) low concentration of silica particle (370 Particle per 100 um? )

Figure 6.13: Clustering process and crystal growth when using higher concentrations of silica
particles.
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Although the clusters move to the edge of the platinum disk, the electrostatic repulsion of the
negative particles still exists. It is powerful enough to prevent the particles or clusters from
overcoming the Pt edge and moving more toward the platinum center. Figure 6.14 shows the

repulsion of a silica particle which comes from higher heights when the crystallization is going
on.

Figure 6.14: The repulsion of a silica particle. The silica particle comes from higher heights.




127

Additional interesting phenomena have been captured during the first stages of the self-
assembly such as the fast motion of particles or clusters around the rims of the disk up to find
a neighbor particle or cluster to enhance their stabilization .Figure 6.15 shows an example of
this kind of behavior. The average rotational velocity of the cluster was 1.5 + 0.25 pm.s™?.

Figure 6.15: Rotational motion of a silica cluster around the platinum disk.

The average rotational velocity of cluster : 1.5 + 0.25 pm.s™?!
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The rotational motion can appear as a consequence of the presence of physical barriers at the
disk edge. The physical obstacles are the Pt step and also the already anchored clusters. The
fluid lines can be distorted at those barriers making part of the fluid move at the sides of the
cathode disk. That can push the incoming clusters to move around the disk. Rotational
patterns have been also predicted in non-equilibrium models of self-propelled particles when
interacting with rounded reflective boundaries [32].

6.2.d Silica crystallization

The incoming clusters re-orient themselves upon approaching the disk to fit in a stable location
at the lattice of the growing silica crystal. That is aided by the fluid motion which promotes
torques rotations, bendings or even cluster deformations and also by the Brownian
contributions that helps to find the more coordinated places especially when individual
particles approach the crystal.

Figure 6.16 illustrates the approach of some clusters and how they join and re-orientate to
build a 2D close-packing arrangement around the disk edge. The continuous liquid pumping
can also push up the first rows of silica around the edge of the Pt disk producing a second layer
on top as also seen in figure 6.17.
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Figure 6.16: Growth of silica crystal. The incoming clusters have been colored to easily
observe how they approach the disk region and how they re-orientate to fit in the growing
crystal with close-packing arrangement.
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Figure 6.17: a) Darker zones, as indicated on the silica crystal by black arrows ( just at the rim
of the platinum disk ) represent the second rows of silica particles which were the originally
first ones that were starting the assembly and which then were pushed up by the action of
the fluid pumping. b) Schematic illustration of the second row formation. Blue arrows
represent the fluid flow.
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The cluster transportation and patterning of the silica, which are very obvious at the beginning,
are not steady in time. At long time, the declination of cluster transportation occurs and the
progress of silica crystallization becomes dramatically low. As shown before, production of
protons at the gold surface plays the main role in triggering the electrohydrodynamic process.
The absence of sufficient proton production may be the reason to start the step shown in
figure 6.3d. Passivation of the active gold surface around the platinum disk with particles and
the decrease of hydrogen peroxide concentration in the aqueous dispersion may be two
reasons to explain the end of the proton production and self-limiting crystal growth.

The frame at t=1620 s on figure 6.2 shows how the active part of the gold around the disk edge
is covered by the self-assembly of silica. At this stage, the clustering and transport of silica
beyond such patterned region are turned off and only the Brownian motion of singlet particles
around the colloidal pattern is observed. That self-limits the dimensions of the crystal growth
.Figure 6.18 illustrates the decay of the cluster motion toward the platinum disk with time.

Another characteristic indicative of the importance of the gold surface has been captured
when repeating the experiment in a second round. Fresh plasma pretreated devices exposed
to the chemical fuel gather, in a very reproducible way, the different processes outlined above.
However if previously used devices are immediately exposed again to fresh fuel, the initial
clustering, cluster transportation and silica self-assembly are suppressed. Only the repulsive
band free of silica particles is created around the platinum disk. That is a very reproducible
phenomenon and we believe that is connected with a depression in the proton production at
the gold surface due to contamination. Although the gold surface still generates protons to
trigger the electrokinetic process, its production is not high enough for silica clustering and
transportation to the edge.
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Figure 6.18: Average radial velocity of Silica clusters toward platinum disk as a function of
the time for the device shown in the figure 6.2

6.3 Pattern formation on Pt-Au system

Since negative particles can pattern 2D silica layers on gold regions, it turns out also interesting
to prove if the inversion of the configuration of the device can induce disks of colloidal
patterning. In the case of Pt-Au devices, different diameter gold disks were patterned on a
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platinum surface. A very nice 2D closed packed silica pattern can be observed on the gold
micro-structures as depicted in figure 6.19.

Figure 6.19: Silica patterning on different sized gold disks a) Disk radius is 25um. b) Disk radius
is 15 um.

6.4 Pattern formation with positively charged particles

Positively charged particles move towards the platinum disk governed by the co-action of the
electrophoretic and electro-osmotic forces as also predicted by model described in 5.3. A
pattern of such particles is built at the platinum surface as can be observed in figure 6.20 a-b in
which squared platinum structures were used. Important to stand out is the difference in the
assembly process when using positively or negatively charged particles. As with the first ones a
not so ordered 3D pattern is generated with the second ones an ordered 2D assembly is
achieved.

It was observed that positive particles can come not only from the plane parallel to the Pt
surface but also from vertical distances of more than 10 um away from the surface. In the
latter case, the particles have a downward velocity component in the z-axis which opposes the
direction of the upwards flow of the liquid above the platinum surface. This fact shows the
importance of the electrophoretic term in the process. The in plane radial velocity of the
positive particles was previously reported and its maximum value found at the Pt edge was
about 19.4+6.8 um.s~!. The action of these forces makes the particles stick in a more
irreversible way and randomly at the platinum surface. The strength of the process limits the
Brownian motion at the surface which could help to promote the surface diffusion of the
particles to find the best coordinated site and thus providing more ordered patterns. Rather,
the process favors the formation of unordered 3D particle aggregates. The colloidal patterning
is quite stable on the platinum surface which can be mediated by the Pt surface chemistry.
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Plasma treatment induces oxidized moieties on the platinum surface as demonstrated by XPS
which could promote the sticking properties between the surface and the colloids.
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Figure 6.20: Pattern formation of positively charged particles on the 20 um X 20 um platinum
square structure(s) a) particles covered the structure. b) large number of traces on the
platinum c) the array of 20 um X 20 um platinum squares covered by tracers

Conclusions

Bimetallic catalytic pumps made of Au-Pt are capable to guide colloidal self-assembly at
precise locations without any external energy source. The local self-generated
electrohydrodynamic forces triggered by electrochemical reactions at both metals together
with the nature of the colloidal charge and the surface treatment are the basic ingredients for
tailoring the patterning process. It was possible to achieve guided colloidal patterning using
negatively and positively charged particles. The use of negative particles allowed patterning
the gold surface starting from the Pt edge and forming more 2D ordered colloidal crystal.
Instead, the use of positive particles allowed patterning unordered but stable 3D colloidal
aggregates on the platinum disks. In the case of negatively charged particles it was possible to
monitor in real time many unexpected features during the patterning process: electrostatic
repulsion, silica clustering, silica transport to the Pt edges and the fascinating dynamics of silica
crystallization at the gold surface from the platinum edge. These self-guiding processes may
become a very versatile tool to approach technological important challenges in
nanofabrication. The autonomous accumulation of material to precise locations can have
impact in the design of photonic crystals, smart nanostructured surfaces for sensing or
catalysis, photovoltaics, corrosion protection, self-healing systems among others.
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Introduction

This chapter is devoted to explore alternative X-Y bi-metallic devices for microfluidic pumping.
The motivation is the increasing interest in finding novel materials and strategies for device
fabrication that can meet the requirement of low cost. For instance bimetallic micropump
fabrication based on electroplating methods with materials such as ruthenium or rhodium, or
the use of cheaper coinage materials such as nickel, copper, silver are attractive alternatives.
In some of these cases the timelife of the devices can be a disadvantage as compared to
bimetallic pumps made from more noble constituents. However these alternative materials
can be suitable for applications in which the endurance is not the most crucial parameter. The
chapter makes a general overview of the catalytic actuation of different bimetallic structures
capturing interesting phenomena that need to be analyzed in more detail in further research
which is not covered by this thesis. TAFEL plot measurements are the starting point of this
chapter and have been used to characterize the different electrode materials and also as a tool
to predict potential X-Y metallic couples that can switch electrokinetic processes in presence of
hydrogen peroxide.

7.1. TAFEL plot measurements

Different metals such as Rh, Ru, Ni, Cu and Ag were characterized by the electrochemical
TAFEL technique. Figure 7.1 shows the TAFEL response of the different materials together with
the response of gold electrodes. The measurements were taken in presence of 1% H,0,.

Log (i) /A
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Patential / v

Figure 7.1: TAFEL plot for the different metals explored in this chapter together with the
response of gold electrode. The plot was taken in presence of 1% H,0, with a scan rate of 1
mV.s~1 and vs a Ag/AgCl/KCl reference electrode.
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The important parameter to extract from these plots is the mixed potential of the metal for
the oxidation and reduction of hydrogen peroxide. As mentioned before in this thesis
(appendix 5.1, chapter 5), the mixed potential is a kind of equilibrium potential in which the
net electrochemical reaction is zero. Such value can be extrapolated from the intersection of
the cathodic and anodic branches of the metal. Extracting the mixed potentials for H,0, for
different metals helps to predict the role of the metal electrodes when they are electrically
connected in presence of the redox species. The mixed potential for the different metals were
the following:

Table 7.1 : Mixed potential of the elements

Element Ni Cu Ru Rh Ag Au®

Mixed potential / V 0.305 | 0.407 | 0.430 | 0.440 | 0.459 | 0.305

From these values it was proposed different metal couple combinations for designing new X-Y
micropumps. It is predicted that the metal with higher mixed potential would act as cathode
and the one with lower mixed potential as anode.

7.2 X-Y Bimetallic micropumps

According to the mixed potentials it was proposed the following combinations. Au-Rh, Au-Ru,
Cu-Ag, , Ni-Cu, Ni-Ru, Ni-Ag and Au-Ag devices where the first metal would act as anode and
the second as cathode. The pumps were fabricated according to the methodology explained in
chapter 4.

Under catalytic actuation, the experiments show that there are general interactions between
the tracers and the devices similar to the ones found with Au-Pt system. These interactions
may be affected by other phenomena related with the less noble behavior of the materials.
The first kind of primary interaction is repulsion of tracers from the disk (figure 7.2 a). This
interaction is similar to the initial repulsion of silica particles from platinum disk on the Au-Pt
system (chapter 6).The tracers are repulsed from the disk and a repulsive band is formed. The
other interaction is the attraction of tracers to the disk (figure 7.2 b). It is similar to the
interaction between positively charged tracers and the platinum disk on Au-Pt system (chapter
5). Interaction of each X-Y system and tracers will be described below.

# The mixed potential of Au is a little bit bigger than the obtained in chapter 5. That is because of the
reference electrode.



Figure 7.2: schematically illustration of usual primary interactions between tracers
and an X-Y device a) Repulsion of tracers from the disk. Red dash line represents
the area from which the tracers were repulsed (repulsive band). Particles which
come from higher elevation are repulsed on the way that the red arrows show. b)
Attraction of tracers to the disk. Black arrows show the motion direction toward the
disk. Red arrows are paths of incoming particles from higher elevation. Blue circles
are tracers.
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7.2.1 Au-Ru Devices

Figure 7.3 shows an Au -Ru device fabricated as per procedure F3 (Chapter 4). The procedure
F3 based in electroplating is an alternative fabrication strategy to the electron beam
evaporation or sputtering of ruthenium. Price of ruthenium target for electron beam
evaporation or sputtering is relatively much higher than the solution for ruthenium
electroplating. The procedure F3 provides a reliable, reproducible, low cost and fast fabrication
method which meets the design requirements.

Figure 7.3: a Au-Ru device. A ruthenium disk (diameter: 30 um )was deposited in the middle
of a gold disk (diameter: 400 um ). The gold disk is connected to the main gold contact with a
high length-to width ratio rectangle.

Positively charged tracers are attracted into the Ru disk in presence of 1 wt% H,0, solution
(figure 7.4 a).Tracers move toward the ruthenium disk and settle on it. The average radial
velocity of the tracers increases as they become closer to the disk (figure 7.4 b). The radial
velocity reaches to its maximum near the edge of ruthenium disk. After crossing the ruthenium
-gold border, the velocity of tracers decrease and they find a proper location to settle (figure
7.4 b).
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v

Figure 7.4: a) Tracking of P* tracers around an Au-Ru device, b) average radial velocity

(V) of P* tracers versus normalized distance to disk center in 1 wt% hydrogen peroxide

solution. r and R, are the distances of particle from the disk center and disk radius

respectively. Disk radius (Rg) is 15 pm. The RL values are equal to 0 and 1 at the platinum
0

disk center and platinum disk border respectively. Overlap technique was applied to
produce tracks.

It was observed that these devices in presence of 1% H,0,produced a high density of bubbles
which made very difficult the inspection and evaluation of the catalytic actuation®. This
concentration of H,0, might also oxidize the ruthenium layer with time and deactivate the
device® [1-4]. In order to prevent bubbling, observe the interactions and increase the life

time of the device, % wt% H,0, solution was applied in the case of negatively charged tracers.
As clearly shown in figure 7.5, P~ tracers were repulsed from the Ru disk. Figure 7.6 shows

another interesting example of P~ tracer repulsion from a Ru disk on a limited gold substrate
(130 um x 130 pum square). All the P~ tracers were pushed over the gold - silicon wafer border.

These results suggest an electric field pointing from the gold to the ruthenium in line with the
role of the electrodes predicted by the TAFEL measurements.

However the electrokinetic process decays with time as illustrated with negative tracers in
figure 7.7. The radius of repulsive band gradually reduces and finally the tracers can be on top
of the Ru disk. The disappearance of the repulsion band with time could be associated with an

81 Ruthenium is an efficient catalyst for the non-electrochemical decomposition of H,0, into O, and H,0
in absence of another electrode. The non-electrochemical decomposition of H,0, can be observed in
many elements of the platinum family (W. F. Paxton, P. T. Baker, T. R. Kline, Y. Wang, T. E. Mallouk, and
A. Sen, "Catalytically Induced Electrokinetics for Motors and Micropumps," Journal of the American
Chemical Society, vol. 128, pp. 14881-14888, 2006)

8 |t is known that Ru is less noble than Pt or Rh



142

increase of the oxidation degree of the ruthenium surface in presence of the fuel or a decrease
in the fuel concentration. More research in this aspect is needed.

Figure 7.5: Repulsion of P~ tracers from Ru disk on an Au-Ru device exposed to % wt% H,0,
solution. Dotted circles indicate the repulsed traces. Disk radius is 15 um.
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area.

Figure 7.6: Repulsion of P~ tracers from Ru disk on an Au-Ru device exposed to % wt% H,0,
solution. Disk radius is 15um. The Ru disk was deposited on a 130 pm x 130 um square gold

Figure 7.7: Repulsion of P~ tracers from Ru disk on an Au-Ru device exposed to % wt% H,0, solution. The red dash
line represents the area from which the tracers were repulsed. The radius of the red dash line decreases and finally

becomes zero with time. Disk radius is 15um.
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7.2.2 Ni-Cu Devices

The P~ tracers are repulsed from the Cu disk (figure 7.8 a) and P* tracers attract to the
disk (figure 7.8 b). Although the positively charged tracers move toward the disk, the
maximum radial velocity is less than 2um.s~* (figure 7.9). Again the response of the tracers to
the electrokinetic parameters seems to be in line with the electrochemical reactions predicted
by the TAFEL measurements.

Figure 7.8: a) Repulsion of P~ tracers from Cu disk b) Attraction of P*tracers to the Cu disk
on a Ni-Cu device. The device was exposed to 1 wt% H, 0, solution. Disk radius is 15um.

v

Figure 7.9: a) Tracking of P™ tracers around a Ni-Cu device b) average radial velocity (V) of
P tracers versus normalized distance to disk center at 1 wt% hydrogen peroxide solution.
and R, are the distances of the particle from the disk center and disk radius respectively .Disk

radius (Ry) is 25 um. The RL values are equal to 0 and 1 at the platinum disk center and
0

platinum disk border respectively. Overlap technique was applied to produce tracks.
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7.2.3 Cu-Ni Devices
It is expected that inverting the configuration of the Ni-Cu system does not affect the redox
role of the electrodes and only produces the inversion of the interactions with the tracers.

Indeed, the positively charged tracers were repelled from the Ni disk (figure 7.10 a) and
negatively charged particles attracted into the disk (figure 7.10 b). The average radial velocities
of the P~ tracers increased as the distance to the Ni disk was decreased (figure 7.11). The

velocity was relatively low and not more than 2pm.s™1.

Figure 7.10: a) Repulsion of P* tracers from the Ni disk b) Attraction of P tracers to the Ni
disk on a Cu-Ni device. The device was exposed to 1wt % H, 0, solution. Disk radius is 15um.
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Figure 7.11: a) Tracking of P~ tracers around a Cu-Ni device b) a\7erage radial velocity (V}.) of
P~ tracers versus normalized distance to disk center at 1 wt% hydrogen peroxide solution. r
and R, are the distances of the particle from the disk center and disk radius respectively. Disk

radius (Ry) is 25 um. The RL values are equal to 0 and 1 at the platinum disk center and
0

platinum disk border respectively. Overlap technique was applied to produce tracks.
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7.2.4 Au-Rh Devices

Similar to the case of Au- Ru devices, the procedure F3 based in the Rh electroplating is a
qualified fabrication procedure for Au- Rh devices. Figure 7.12 shows the rhodium disks with
radius equal to 10 um on the gold surface. The gold wires connect the gold squares together in
order to insure the conductivity required to deposit the rhodium layer. Similar to Ru layer, The
Rh layer generates oxygen bubble from decomposition of hydrogen peroxide .Therefore, the

experiments were done with the small disks (radius: 10 um) at iwt% H,0, solution to avoid
bubbling®.

Regarding the interactions, P tracers are attracted into the Rh disk, a fact that was expected
according to the TAFEL predictions for this system (figure 7.13 a). The average radial velocities
of the P* tracers increase as the distance between them and disk center decrease (figure
7.14).

However the interaction of the P~ tracers and Ru disk is different from the usual ones (figure
7.2). The P~ tracers (silica particles) move toward the Rh disk and they form a silica crystal
around the Rh disk instead of settling on the disk (figure 7.13 b). Figure 7.15 shows the growth
of silica crystal. As an interesting feature, the crystal grows in two layers of silica spheres
(figure 7.16). In figure 7.16 a, the border of two silica layers were marked with blue and red
dash lines on top view of the crystal around the disk. Blue and red dash lines are borders of the
first and second silica layer respectively. Silica spheres join the crystal and build the first layer.
Some of the tracers directly settle on top of the first layer and build the second one. Figure
7.16 b illustrates the growth of the layers schematically. Although this behavior resembles in
certain aspects to the one found with Au-Pt systems, further investigations are required to
understand this process.

Figure 7.12: Au-Rh devices fabricated on the silicon wafer. The Disk radius is 10 um for all
circles.

8 Rhodium is another efficient catalyst for the non-electrochemical decomposition of H,0, into O, and
H,0 in absence of another electrode.
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Figure 7.13: a) Attraction of P*tracers to the Rh disk b) Attraction of P~ tracers to the Rh disk
on an Au- Rh device. The device was exposed to the iwt% H, 0, solution. The disk radius was

10um.
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Figure 7.14: a) Tracking of P* tracers around an Au-Rh device b) average radial velocity (V)

. . . 1 . .
of P* tracers versus normalized distance to disk center at " wt% hydrogen peroxide solution.
r and R, are the distances of the particle from the disk center and disk radius respectively
.Disk radius (Rg) is 10 um. The Rlvalues are equal to 0 and 1 at the platinum disk center and

0

platinum disk border respectively. Overlap technique was applied to produce tracks.
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Figure 7.15: Attraction of P~ tracers to the Rh disk. The device was exposed to the %

wt% H, 0, solution. Disk radius was 10um.

Figure 7.16 a) the border of two silica layers around the Rh disk. Blue and red dash lines are
the borders of the first and second silica layer respectively. b) Schematic illustration of silica
crystal growth around the Rh disk. Silica spheres join the crystal and build the first layer.
Some of the tracers directly settle on top of the first layer and build the second one.
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7.2.5 Ni-Ru Devices

Positively charged tracers are attracted into the Ru disk in presence of 1 wt% H,0, solution
(figure 7.17 al and a2) again in line with the TAFEL predictions. P* Tracers move toward the
ruthenium disk and settle on it. The average radial velocity increases as the P* tracers become
closer to the disk (figure 7.18).

Negatively charged tracers are repelled from the ruthenium disk (figure 7.17 b1l and b2). It
was observed that an array of four Ru disks with radius of 15 um can form a relatively large
repulsive area in four-leaf clover shape (figure 7.19). Outside of repulsive bands, clusters form.
Some of the particles located between two disks are trapped between two repulsive bands.

The particle density on this restricted area is very high and the particles form clusters. Similar
to what was discussed with the interaction of silica particles and Au- Pt devices (chapter 6),
initial repulsions from two disks are very important in the local cluster formation.
Gradually, most of the particles and clusters between the disks are pushed out and the
repulsive area becomes larger. After long time, the clusters fall apart into individual particles.

Figure 7.17: al and a2) Attraction of P*tracers to the Ru disk b1 and b2) Repulsion of P~
tracers from Ru disk on a Ni-Ru device. The device was exposed to 1 wt% H, 0, solution. Disk
radius is 15um.
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Figure 7.18: a) Tracking of P* tracers around a Ni-Ru device b) average radial velocity
(V,.) of P* tracers versus normalized distance to disk center at 1 wt% hydrogen
peroxide solution. r and R are the distances of the particle from the disk center and

disk radius respectively .Disk radius (Ry) is 15 um. The Rivalues are equal toOand 1 at
0

the platinum disk center and platinum disk border respectively. Overlap technique was
applied to produce tracks.

Figure 7.19: Formation of a four-leaf clover pattern due to Repulsion of P~ tracers from Ru
disk on a Ni-Ru device. The device was exposed to 1 wt% H,0, solution. Disk radius is 15um.
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7.2.6 Ni-Ag Devices

In the case of Ni-Ag devices, positively charged tracers are attracted into the Ag disk (figure
7.20 a) as expected. The average radial velocity of the P* tracers increases as the distance to
the disk center decreases (figure 7.21). On the other side, negatively charged tracers are
repelled from the silver disk (figure 7.20 b).

Some interesting behaviors of positively charged particles during interaction with Ni-Ag
devices have been captured. Figure 7. 22a illustrates one of them. When the P* tracers arrive
to the Ag disk, they tend to settle on the area of silver disk but far from the disk center. A ring
of Pt tracers is formed on the silver disk. The incoming tracers join into the inner border of
the ring or settle on top of the tracers which form the ring. The tracers which come from
higher elevations move toward the disk center, change their motion direction to join the inner
border of the ring. Even tracers which come from the higher elevation to the disk center, show
this behavior. Figure 7.22 b illustrates this kind of motion schematically.

Another kind of interaction between P* tracers and Ni-Ag device is presented in figure 7.23. In
this case the tracers move toward the silver disk and settle more on the center of the disk. The
other incoming tracers join the settled tracers to start forming an ordered hexagonal
monolayer. Some of the incoming tracers settle on top of the others to start growing a second
layer.

The reason of such behaviors is still not clear and needs more exploration. It could be related
with the appearance of oxidized sites on the silver which could dictate the nucleation of the
colloidal aggregates. In some cases (such as Au-Pt or Si-Pt, Si-Au which will be discussed later),
it has been observed that oxygen functionalities on the metal induced by the plasma
treatment help to immobilize the colloidal tracers on their surfaces. That shows that changes
in the surface chemistry of the materials exert important influence in the nucleation and
growth of adlayers on a surface.

A clear example of silver oxidation with time is shown in figure 7.24. The darker areas or dots
on the silver surface correspond to oxidized sites. In the figure it can be observed that the
oxidation seems to start from the edges of the Pt disk. The pump stops working when the
extent of oxidation is very high (figure 7.24).
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Figure 7.20: a) Attraction of P* tracers to the Ag disk b) Repulsion of P~ tracers from Ag disk
on a Ni-Ag device. The device was exposed to 1 wt% H, 0, solution.
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Figure 7.21: a) Tracking of P* tracers around a Ni-Ag device b) average radial velocity (V) of
P* tracers versus normalized distance to disk center at 1 wt% hydrogen peroxide solution. r
and R, are the distances of the particle from the disk center and disk radius respectively .Disk

radius (Rgy) is 25 um. The RL values are equal to 0 and 1 at the platinum disk center and
0

platinum disk border respectively. Overlap technique was applied to produce tracks.
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(b)

Figure 7.22: a) Attraction of P*tracers to the Ag disk on a Ni-Ag device. Tracer stacking
occurred from of the borders of the disk toward the center. The device was exposed to 1
wt% H, 0, solution. Disk radius is 25um. b) schematically illustration of the particles joining to

the tracer stack on the silver disk

Figure 7.23: a) Attraction of P*tracers to the Ag disk on a Ni-Ag device. Tracer
stacking occurred from the center of the disk. The device was exposed to 1

wt% H, 0, solution. Disk radius is 25um.
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Figure 7.24: oxidation of silver disk on a Ni-Ag device exposed to 1 wt% H,0, solution
including a) Pt tracersb) P~ tracers




155

7.2.7 Cu-Ag

The fabrication of Cu-Ag devices was done by applying stencil lithography. So, there was no
PMMA in the process. The silver disk attracts the P* tracers (figure 7.25 a) and repels the P~
ones (figure 7.25 b) in agreement with TAFEL predictions.

Appearance of darker dots on the silver disk and the copper substrate in the vicinity of the Ag
disk was observed in the devices .Oxidation of silver and copper can explain the formation of
these darker dots on their surfaces [5, 6].

Figure 7.26 shows that the density of black dots increases with passing time. The silver disk
oxidized gradually until the whole disk becomes completely dark. Interesting to see on the
copper side is an emerging band of darker oxidized area around the silver disk with time. This
area delimits the more active corrosion area of copper which could be enhanced by the proton
production in this part [5, 6]

Figure 7.25: a) Attraction of P*tracers to the Ag disk b) Repulsion of P~ tracers from Ag disk
on a Cu-Ag device. The device was exposed to 1 wt% H, 0, solution. Disk radius is 15um.
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Figure 7.26: Repulsion of P~ tracers from Ag disk on a Cu-Ag device. The device was exposed
to 1 wt% H,0, solution. Disk radius is 25um. Oxidation of copper and silver occurs in the
system.

7.2.8 Au-Ag

As mentioned, the Au-Ag system has been a model system to study catalytic micropumps by
previous groups [7-10]. However nothing was mentioned about the stability of these devices.
In order to approach this topic let’s concentrate on the interaction of negatively charged
tracers (silica beads) and the device. When the device is exposed to the 1 wt% H,0, solution
including P~ tracers, the repulsion of the tracers occurs (Figure 7.27). That is in agreement
with previous results and with the TAFEL plots presented in this chapter in which was
predicted that gold would act as anode and silver as cathode. Under this scenario the electric
field is pointing from the gold to the silver repelling the negative tracer from the cathode disk.

Interesting to see is the silica clusters formation just on the gold surface out of the repulsive
band, a feature also shared with the Au-Pt system. However and in contrast to the Au-Pt
device, the clusters do not move toward the silver disk. Although it seems that the interacting
forces and the pH are enough to start clustering, the decrease of the zeta potential of the silica
is not so effective as in the case of the Au-Pt to trigger the transport towards the silver disk.
Let’s recall that in order to start moving the zeta potential of the silica should decrease enough
so that the fluid velocity could dominate over the electrophoretic contribution.
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Figure 7.28 shows the other levels of the interaction. The size of clusters increase with time by
joining the silica particles repulsed from the disk, particles coming from higher elevations or by
adjoining neighbor clusters. During that process the silver disk oxidizes and becomes darker
and darker. When the silver disk is completely oxidized, the electrochemical reaction rates
decay due to the change of the surface chemistry of the electrodes and consequently also the
electrohydrodynamic effects. The repulsion of silica tracers stops. A few silica particles start
moving and settling on the disk. Due to the declination of the electrohydrodynamic forces and
proton production all the clusters formed on the gold surface fall apart to the single beads and
start occupying the repulsive band. Accordingly to all these observations, the lifetime of these
pumps could be much less than ten minutes.

Figure 7.27: Repulsion of P~ tracers from Ag disk and formation of clusters on an Au-Ag
device The device was exposed to 1 wt% H,0, solution. Disk radius is 15um.
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Figure 7.28: Levels of interaction between P~ tracers and Au-Ag device. The device was
exposed to 1 wt% H, 0, solution. Disk radius is 15um.
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Conclusion

A general overview of alternative bimetallic X-Y micropumps was presented. Although some of
the chosen materials are less noble than the Au-Pt system and could degrade with time, these
systems could represent a more low cost alternative in applications which do not demand high
lifetime devices.

TAFEL plots were used to predict potential X-Y systems based on their mixed potential which
helps to assign the redox role of the metals when they are connected. The TAFEL plots could
also provide information of the driving force of these pumps by evaluating the difference
between their mixed potentials. However since the materials are not so noble and could
undergo oxidative degradation, an accurate evaluation of such parameter is not so
straightforward. A summary of the predictions and the results of the experiments are
presented in the table 7.2. Except in the case of the interaction between Au-Rh device and
negatively charged particles, the predictions were correct.

Many interesting phenomena have been captured with these X-Y bimetallic systems which
require further investigation. However the idea was to settle a preliminary basis for future and
detailed studies.

In summary, finding some X-Y systems which have potential to be applied in the micropumps
is an important achievement. Figure 7.29 shows the timeline of bimetallic catalytic micropump
invention . Besides Au- Ag [7] and Au-Pd [11], the rest of the systems (Au-Pt [12], Au-Rh, Au-
Ru, Cu-Ag, Cu-Ni, Ni-Cu, Ni-Ru, Ni-Ag and Pt-Au) were introduced under scope of this
dissertation.

Table 7.2: primary interaction between X-Y device and tracers at presence of hydrogen peroxide.

Prediction as per TAFEL plot Experimental result
X-Y System Interaction with Interaction with

Anode Cathode P tracers P~ tracers P* tracers P~ tracers
Au-Rh Au Rh Attraction Repulsion Attraction Attraction
Au-Ru Au Ru Attraction Repulsion Attraction Repulsion
Cu-Ag Cu Ag Attraction Repulsion Attraction Repulsion
Cu-Ni Ni cu Repulsion Attraction Repulsion Attraction
Ni-Cu Ni Cu Attraction Repulsion Attraction Repulsion
Ni-Ru Ni Ru Attraction Repulsion Attraction Repulsion
Ni-Ag Ni Ag Attraction Repulsion Attraction Repulsion
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Figure 7.29: timeline of bimetallic catalytic micropump invention
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In this chapter the performance of a pump made from a metal in contact with a semiconductor
will be evaluated. It is well known that the junction between a metal and a semiconductor
generates an electric field [1, 2]. Therefore the first part of this chapter will be devoted to
probe if this built-in electric field can trigger electrohydrodynamic processes in presence of
pure water. This kind of semiconductor/metal system can also become a very promising
device for inducing catalytic reactions activated by light which can, in turn, switch on or
amplify the electrohydrodynamic process. Therefore in this part, the semiconductor/metal
pump will be studied in combination with hydrogen peroxide fuel in presence of white light.

8.1 Primary experiments

The first experiments were done with the semiconductor/metal device immersed only in pure
water in presence of either positively charged particles (P*) or quasi-neutral particles (P°).
Before going into the details of the measurements, it is important to briefly recall the device
layout. As mentioned in the experimental part, the semiconductor/metal device was made by
patterning either platinum or gold disks on a doped silicon wafer (p or n). An adhesion layer of
chromium was deposited between the platinum or gold disk and the silicon. That is important
to mention since the electric field is built by the contact between the semiconductor and the
chromium layer rather than with the Pt structure. In this particular case, in which there are no
catalytic reactions taking place on the surface, the Pt structure would not be playing an
important role in the electrodynamic processes.

Before the experiment, the devices were subjected to plasma treatment as per process C,
(Table 4.3). As shown in figure 8.1a, the P* tracers move toward the platinum disk and
stick to the surface. Regarding the velocity profile, figure 8.2 shows the radial velocity
of positively charged tracers versus normalized distance to the disk center. As they
come closer to the disk, their radial velocity increases. In the vicinity of platinum-
silicon border, the average velocity reaches its maximum value of 12+2.5 um.s™ 1.
Regarding the PO tracers, the particles move toward the disk center but the direction of
motion changes after crossing the platinum-silicon border. They move in the direction which
is perpendicular to the surface. They go far away from the surface more and more until leaving
the volume inspected with the microscope. Figure 8.1b shows the tracking of P tracers. The
particles reach a maximum radial velocity of 8.5+1.25 um. s~ ! close to the boarder.

Although no hydrogen peroxide was used in this experiment, interactions between the p-Si —
Pt devices and the tracers were similar to experiments with Au-Pt devices in presence of
hydrogen peroxide. Similar to Au-Pt devices, the model described in 5.3 can be applied to
estimate the fluid velocity and electric field strength. The maximum values of V; and E,. are 8.9

pum.s~tand 80 V.m™! respectively®.

8 Just for recalling chapter 5, the electric field and fluid velocity can be extracted by applying the
following equation for each particle (P* and P°%): V.(r) = ?Er(r) + V¢ (r), in which the first term is the

electrophoretic term of the particle and the second one is the fluid velocity.
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Figure 8.1: Tracking of the tracers on top of a p-Si — Pt device in water medium a) the
P* tracers move toward the platinum disk center and settle on it. b) The P~ tracers
move toward the platinum disk. After crossing the Si-Pt border, they are pushed
upward. The overlap technique was used to show the movement of particles.
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Figure 8.2: Average radial velocity (V}.) of P* and P° tracers versus normalized distance to the
disk center on p-Si — Pt devices in water medium. r and R, are the distances of the particle

from the disk center and disk radius respectively. Disk radius (Rg) is 25um. The RL values are
0

equal to 0 and 1 at the platinum disk center and platinum disk border respectively. Yellow
area represents the area above the platinum disk. Regarding the P* tracers, the graph
represents the averaged data of 4 devices and 20 particles. For P° tracers, the graph obtains
from data of 3 devices and 17 particles.
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Figure 8.2 shows that the difference between velocity profiles of P* and P° tracers is not

dramatic. Generally, the P* tracers move a little bit faster than P° tracers. Considering the
Ve(r)
V(1)
how many percent of the total velocity of those particles was created because of the electro-
osmosis. The calculation shows that the average contribution of the fluid velocity in the
velocity of P* tracers is about 75%. For PP tracers, this contribution is near to 100%. It is
concluded that the electro-osmosis is dominant in the particle motion in water medium. The

model, the fluid velocity to total velocity ratio ( ) for any kind of particle demonstrates

domain of the electro-osmosis is somewhat expected. As mentioned in previous chapter the
fluid velocity can be approached to the electrosmosis equation (Vf(r) = —%Er(r)).

Although the electric field is rather low, the zeta potential of the particle (considering in
average the one of silicon) is very high ( {;; = -80 mV), which makes this term dominate over
the electrophoretic terms of the particles.

8.2 Effect of different parameters on the electrohydrodynamic process
After primary experiment, extra experiments were designed and performed to understand the
effect of different parameters (hydrogen peroxide, light intensity, adding salt, silicon substrate
type, replacing the platinum layer with gold layer and plasma treatment) on this
electrohydrodynamic process. From now the variation of the different parameters will be
made in presence of the chemical fuel. The results are as follow:

8.2a Effect of adding hydrogen peroxide

The primary experiments show that the electric field generated at the metal/semiconductor is
rather low and the motion of the particles is mainly driven by electrosmosis provided by the
high zeta potential of the pump walls. . Enhancement of this electrohydrodynamic effect can
be done by inducing catalytic reactions at the metal/semiconductor surface in presence of
hydrogen peroxide. At this point, Pt and Au surfaces become very relevant. Therefore, 1 wt%
hydrogen peroxide dispersions with either positively charged (P*), negatively charged (P~)or
Quasi-neutral particles (P°) were applied to study the plasma treated (Table 4.3, C,) p-Si — Pt
devices. It was observed that the performance of the devices for moving tracers was highly
improved in the presence of hydrogen peroxide. The results are as follow.

A) Positively charged tracers

Similar to previous experiments on 8.1, the P* tracers move toward the platinum disk and
settle on it. Figure 8.3 a shows the tracking of the moving tracers. The radial velocity of P*
tracers toward the disk center increases dramatically. Figure 8.4 shows the effect of adding 1
wt% H,0, into the system. As compared to the experimental results on 8.1 and to the ones of
Au-Pt devices (chapter 5), positively charged tracers acquire relatively high velocities even at
far distances from the platinum disk. The maximum average velocity of 65.418.5 pm. s~ was
possible to achieve near the platinum-silicon boundary. As one of the most interesting
observations in this research, it was observed that positive particles move towards the
platinum disk center at high velocity when illuminated with the white light of the microscope
lamp. The positive particles stick on the platinum surface allowing the colloidal patterning of
the disk. The light becomes an additional tool to selectively control the patterning of the disks.
Figure 8.5 demonstrates the effect of the illumination on the patterning. The figure shows two
close platinum disks patterned on the substrate. The platinum disk on the left side (indicated
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on the figure 8.5) was exposed to the microscope light and was completely covered with P
tracers. Only a few particles settled on the other disk which had not been exposed to the
microscope light (figure 8.5).

It is also very important to mention that no motion of tracers was observed if an insulating
silicon oxide is used instead of p-Si substrate in contact with the metal. That suggests that
transfer of electrons between the semiconductor and the metal is important to make this
pump operative.

Figure 8.3: Tracking of the tracers on top of a p-Si — Pt device in 1 wt% hydrogen
peroxide dispersions a) the P* tracers move toward the platinum disk center and
settle on it. The disk look white due to the accumulation of particles on it b) The P°
tracers move toward the platinum disk. After crossing the Si-Pt border, they are
pushed upward. The overlap technique was used to show the movement of particles.
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Figure 8.4: Effect of increasing 1 wt% hydrogen peroxide on the average radial velocity (V;) of
P tracers versus normalized distance to disk center around p-Si — Pt devices. r and R, are
the distances of the particle from the disk center and disk radius respectively. Disk radius (Rg)
is 25um. The Rr—o values are equal to 0 and 1 at the platinum disk center and platinum disk

border respectively. Yellow area represents the area above the platinum disk. Regarding the
water medium, the graph represents the averaged data of 4 devices and 20 particles. For 1
wt% hydrogen peroxide solution, the graph was obtained from data of 8 devices and 25
particles.
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1 Not exposed to the microscope light =——p

Figure 8.5: Effect of microscope light on patterning of platinum disk with P* tracers on p-Si —
Pt device at 1 wt% hydrogen peroxide dispersions. The disk on the left side was exposed to
the microscope light and completely covered with P* tracers. Only a few particles settled on
the other disk which had not been exposed to the microscope light.

B) Quasi-neutral tracers

The motion of P? tracers is similar to figure 5.9 pattern C. The tracers move toward the disk
and after crossing the platinum-silicon border the fluid flow push them up. Figure 8.3b shows
the tacking of the tracers. The presence of hydrogen peroxide enhances the velocity of P°
tracers (figure 8.6). The velocity of the P? tracer is significantly lower than the P tracers.
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Figure 8.6: Average radial velocity (V}.) of P%and P* tracers versus normalized distance to the
disk center at 1 wt% hydrogen peroxide solution around p-Si — Pt devices. r and R, are the
distances of the particle from the disk center and disk radius respectively. Disk radius (Ry) is

25um. The RL values are equal to 0 and 1 at the platinum disk center and platinum disk
0
border respectively. Yellow area represents the area above the platinum disk. Regarding the

PP tracers, the graph represents the averaged data of 3 devices and 19 particles. For P*tracers,
the graph obtains from data of 8 devices and 25 particles.

Similar to calculations on 8.1, it is possible to extract the fluid velocity and electric field
strength as a function of radial distance from the disk center as per the model mentioned in
5.3. The maximum values of V; and E, are 43 um.s™! and 680 V.m™? respectively. Just as
mentioned above, due to the effect of surface zeta potential of silicon (-80 mV), the fluid
velocity acquires higher values as compared to the Au-Pt devices.

C) Negatively charged tracers
When a p-Si — Pt device is exposed to 1 wt% hydrogen peroxide dispersion including P~ tracers,
the repulsion of the tracers occurs. The P~ tracers move toward the platinum disk but they are

prevented to move further (figure 8.7a). The repulsive band appears and remains stable for long time
(figure 8.7b). The tracers aggregate over the repulsive band.
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Figure 8.7: Interaction of P~ tracers and a p-Si — Pt device at 1 wt% hydrogen peroxide
dispersion a) The P~ tracers move toward the platinum disk and are stopped over the repulsive band
b) The repulsive band remains stable for long time.

The enhancement of the electrohydrodynamic process in presence of hydrogen peroxide
suggests that a mechanism similar to the case of Au-Pt system is taking place.

Everything points out that under illumination the hydrogen peroxide decomposes on the
metal/semiconductor structure. The decomposing reactions produce protons on one side
(probably the silicon side) and cause proton consumption on the platinum side. To understand
more about the mechanism, the effect of light and the presence of salt on the actuation of the
system were studied.

8.2b Effect of light intensity

As mentioned in 8.2 a, the microscope light affects the performance of p-Si — Pt devices at 1
wt% H,0, dispersion. In order to demonstrate the light intensity effect, experiments were
done at two different illumination intensities. A neutral density (ND) filter with ability to
reduce the intensity of all the white wavelengths into the 75 % of the primary intensity (25 %
of transmittance is allowed.), was applied to control the light intensity.

Figure 8.8 shows the effect of the light intensity on the radial velocity of the P* tracers around
the platinum disk on the plasma treated p-Si — Pt devices. The velocity of the tracers decreases
as the light intensity drops.
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Figure 8.8: The effect of light intensity on the average radial velocity (V}.) of P* tracers versus
normalized distance to the disk center at 1 wt% hydrogen peroxide solution around p-Si — Pt
devices. r and R, are the distances of the particle from the disk center and disk radius

respectively. Disk radius (Rg) is 25um. The RL values are equal to 0 and 1 at the platinum disk
0

center and platinum disk border respectively. Yellow area represents the area above the
platinum disk.

8.2c Effect of the salt concentration

In order to study effect of adding salt on the process, potassium chloride®® ( KCI ) was selected
as an additive salt to the 1 wt% hydrogen peroxide dispersion containing P* tracers. Figure 8.9
shows the effect of the salt on the velocity of the tracers. Adding salt to the
metal/semiconductor system in presence of H,0, , remarkably decreases the
electrohydrodynamic effect. It suggests that the electrohydrodynamic process in presence of
H,0, is enhanced by the presence of an electric field generated by the chemical
decomposition of the fuel at the metal/semiconductor interface. The electric field at the
interface is screened with the addition of salts. The finding is compatible with the catalytic
actuation in which the decomposition of H,0, produces charged species which self-generate
an electric field promoting the fluid motion.

# potassium chloride, Purity: 299.0%, Supplier: Sigma-Aldrich Co. LLC.
Website: http://www.sigmaaldrich.com
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Figure 8.9: Effect of potassium chloride concentration on the average radial velocity (V;.) of P*
tracers versus normalized distance to disk center in 1 wt% hydrogen peroxide solution around
p-Si — Pt devices. r and R, are the distances of particle from the disk center and disk radius

respectively. Disk radius (Rg) is 25um. The RL values are equal to 0 and 1 at the platinum disk
0

center and platinum disk border respectively. Yellow area represents the area above the
platinum disk.

8.2d Effect of the silicon substrate type

Experiments were done to study the effect of changing the dopant type of the silicon substrate
on the electrohydrodynamic process. So, n-doped silicon- platinum (n-Si — Pt) devices were
subjected to similar experiments as in the case of p-Si — Pt devices.

The results show that the interaction between the n-Si — Pt device and tracers( P*, P~ or
P%) were similar to what was observed in 8.2a for p-Si— Pt devices. For instance, P* tracers
move toward the platinum disk and settle on it. Figure 8.10 shows the tracking of P* tracers
around an n-Si — Pt device. Figure 8.11 depicts the radial velocity of the P* tracers versus
normalized radial distance for the n-Si — Pt and p-Si — Pt devices. The velocity of tracers on the
p-Si — Pt devices are higher. It is very important to emphasize that the conductivity of the
substrate is a key parameter in this system.
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Figure 8.10: Tracking of the P* tracers on top of a n-Si — Pt device in 1 wt% hydrogen
peroxide dispersions. The tracers move toward the platinum disk center and settle on it. The
Overlap technique was used to show the movement of particles.
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Figure 8.11: Effect of silicon substrate type on the average radial velocity (I}.) of P* tracers
versus normalized distance to the disk center at 1 wt% hydrogen peroxide solution. r and R,
are the distances of particle from the disk center and disk radius respectively. Disk radius (R,)

is 25um. The RL values are equal to 0 and 1 at the platinum disk center and platinum disk
0

border respectively. Yellow area represents the area above the platinum disk.
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8.2d Effect of replacing the platinum layer by gold
Using gold instead of platinum on the device provides opportunity to study the role different
metallic layers on the electrohydrodynamic process.

The p-doped silicon- gold (p-Si — Au) devices were exposed to 1 wt% hydrogen peroxide
dispersions containing either P*, P~ or P° tracers. The p-Si — Au devices show similar
behavior as reported in 8.2a for p-Si — Pt devices.

Figure 8.12 shows the radial velocity of P tracers versus normalized radial distance for p-Si—
Au and p-Si — Pt devices. The velocities of the tracers follow the same trend on both types of
devices.
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Figure 8.12: Effect of changing metallic material on the average radial velocity (V}.) of P*
tracers versus the normalized distance to the disk center at 1 wt% hydrogen peroxide
solution. v and R, are the distances of particle from the disk center and disk radius

respectively. Disk radius (Ry) is 25um. The RL values are equal to 0 and 1 at the platinum disk
0

center and platinum disk border respectively. Yellow area represents the area above the
platinum disk.
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8.2e Effect of the plasma treatment

Until now, the samples were subjected to a plasma treatment (Table 4.3,C,) before the
experiment. It is time to study the role of plasma treatment on the electrohydrodynamic
effect.

The plasma treated and non—treated devices (from both types of n-Si — Pt and p-Si — Pt
devices) were subjected to the experiment. Figure 8.13 and 8.14 show the effect of plasma
treatment on radial velocity of P* tracers around p-Si — Pt and n-Si — Pt devices respectively. In
both cases, the plasma treatment increases the velocity of the tracers. It was found that the
plasma treatment is crucial for the Si — Au systems. No electrohydrodynamic effect was
observed without plasma treatment in these systems.

The plasma treatment also aids to the adhesion and therefore the patterning of the positively
charged particles on Au or Pt disks. Probably the oxygen functionalities generated at the metal
surface favor the stickiness of the positive tracers.
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Figure 8.13: Effect of plasma treatment on the average radial velocity (V) of P* tracers
versus the normalized distance to disk center at 1 wt% hydrogen peroxide solution around p-
Si — Pt devices. r and R, are the distances of the particle from the disk center and disk radius

respectively. Disk radius (Ry) is 25um. The RL values are equal to 0 and 1 at the platinum disk
0

center and platinum disk border respectively. Yellow area represents the area above the
platinum disk.
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Figure 8.14: Effect of plasma treatment on the average radial velocity (V) of P* tracers
versus the normalized distance to disk center at 1 wt% hydrogen peroxide solution around n-
Si — Pt devices. r and R, are the distances of particle from the disk center and disk radius

respectively. Disk radius (Ry) is 25um. The RL values are equal to 0 and 1 at the platinum disk
0

center and platinum disk border respectively. Yellow area represents the area above the
platinum disk.

8.3 Conclusion

Firstly, it has been observed that the built-in electric field at the metal/semiconductor
junction, although weak, is enough to trigger electrohydrodynamic effects in presence of only
pure water. The fluid motion is favored by the high magnitude of the zeta potential of the
pump surface. These findings could have an important impact in the development of
nanomotors which can be operative in more biocompatible fluids.

More fascinating is the fact that electrohydrodynamic effects can be greatly amplified by
adding a chemical fuel which can catalytically decompose on the metal/semiconductor surface
in presence of light. The process can be framed as a photo-catalytic effect enhanced by the
presence of the metal structure. Figure 8.15 schematically presents the primary proposal for
mechanism of photo-activation of the catalytic reactions. During the light absorption by the
doped silicon, electrons are excited from the valence band to the conduction band.
Consequently, holes are created in the valence band. The excited electrons can be transferred
into the metal. The holes generated at the semiconductor can oxidize the H,0, producing
protons whereas the metal counterpart can act as a cathode reducing the hydrogen peroxide.
The transfer of the excited electrons from a semiconductor to a metal (Au or Pt) in contact
with it, is a well known process [3, 4] and has been exploited to increase the efficiency of
photo-catalysis in different applications.
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Our results constitute the proof-of-concept of novel photochemical-electrohydrodynamic
switches which can open new and promising research activities in the field of catalytic
actuators and nanomotors.
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Figure 8.15 : schematic illustration of primary proposal for mechanism of photo-activation of the catalytic
reactions on a doped silicon- platinum device . a) The device is exposed to light. B) Generation of electron
and hole pairs by light absorption at the semiconductor. The electron is excited into the conduction band,
leaving a hole in the valence band. (On semiconductor material) c) The photoelectrons are transferred to
the metallic surface and participate in the reduction of hydrogen peroxide. The holes participate in the
reaction at the silicon surface to oxidize the H,0,. The gray area represents the platinum and the pink
one is doped silicon substrate
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In the previous chapter it was demonstrated that numerical simulations, based on solving the
coupled governing equations involved in the catalytic reactions and the electrohydrodynamic
process, can reproduce the experimental data. By comparing the experimental findings to the
numerical simulations it was possible to estimate different parameters such as the
concentration of ion impurities and the constant rates of the electrochemical reactions at the
anode and cathode.

All that demonstrates that numerical simulations can become a powerful tool to shed light on
the complex chemomechanical actuation of catalytic objects. Given the difficulties of an
analytical approach [1], some research groups have already resorted to numerical methods
trying to understand the involved phenomena [2-5]. Most of these studies have focused on
bimetallic rods or bimetallic Janus particles using different assumptions and simplifications.
However a thorough study of the effect on the catalytic motion of all the parameters taking
part of the coupled processes is still lacking.

Therefore this chapter attempts to make a comprehensive and systematic numerical analysis
of the influence of the different parameters involved in the actuation of catalytic micropumps.
This study can not only provide a better understanding of the whole scenario behind this
process but also important clues of how to design more efficient catalytic actuators.

9.1 Methodology

In order to understand the main parameters controlling and optimizing the performance of
catalytic micropumps, it will be used the same methodology described in the previous chapter.
It will be used the same finite element method to solve the coupled equations governing the
motion of fluid, the electric field, and the transport of charged species taking into
consideration the electrochemical currents represented (Chapter 5.6). The geometry of the
system will be again a bimetallic micropump made of two concentric disks (anode/cathode) of
radius Rj, and Ry (Scheme 5.25, Chapter 5). It will be profited from the axial symmetry to
simplify the calculations using a 2D geometry.

In the simulations, four different charged species will in general be considered: protons,
hydroxide ions and the potential presence of different stoichiometric salts.

The boundary conditions for the electrostatic potential will be again:
(p(Zmax) =0

9z =0) = Qsups

Where @5 is the potential of the surface, and the upper boundary of the simulation, z;,4y,
is placed at 60um above the surface. For the fluid velocity, stick boundary conditions will be
imposed on the substrate and slip elsewhere. For the concentrations of the different species,
the bulk values will be imposed at the upper boundary z,,,-

The typical reference parameters used in the simulations are listed in Table 1 and will be kept
fixed unless otherwise mentioned.
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Table 1. Typical values of the parameters used in the simulations.

Description Values

Proton’s diffusion coefficient 9.310°[m?%™]

OH’s diffusion coefficient 5.310°[m?s™]

Proton concentration in the bulk 5.6 10" [mol/m?] (pH=6.25)
Zeta potential of cathode -0.033V

Zeta potential of anode -0.033V

Rate Keathode 0.1 [m’s™ mol?]

Rate Kanode 8.10"° [m s

H,0, concentration 0.3M (300 mol m?, 1%)
Radius of the cathode disk 15 um

Radius of anode ring 50 um

Concentration of additional monovalent ions in the solution | 5 uM

Diffusion coefficient of the additional ionic species 1.0 10°[m’s™]

9.2 Results and Discussion

The typical results of the simulations were presented in the previous chapter and compared to
the experimental findings. The electric field pointed from the anode towards the cathode disk
and it was especially intense near the disk edge. The radial pumping velocity was also maximal
near the disk edge and the fluid was pumped upwards near the disk center. It was also shown
that the proton concentration was higher on the anode as compared to the cathode. The
simulations also depicted that a net positive charge was confined inside the double layer with
a charge distribution asymmetry along the radial distance. Such charge asymmetry can induce
an electric field not only inside the double layer but also above the double layer at distances in
which the fluid is electroneutral. That could be explained as a consequence of the motion of
protons beyond the double layer which can self-generate an electric field as discussed in
previous section.

In this section the impact of different physico-chemical variables on the most relevant
characteristics of the bimetallic pump such as the electric field, fluid velocity, and local proton
distribution will be evaluated. Special focus will be put on the effects of the surface potential,
salt concentration and their diffusion coefficients, rate constants for anode and cathode, bulk
H,0, concentration, bulk proton concentration and radius of the anode/cathode structures.

9.2a Effect of the substrate surface potential
As mentioned in 3.5, the potential drop of the Stern layer (A ;) becomes very small at low

concentration of salts (micromolar range or below). Under these conditions the surface
potential of the device can be approximated to its zeta potential [13]. Generally, the zeta



181

potentials of metals such as gold and platinum are negative®. Since the motion of the fluid in
catalytic pumps is ultimately related to a self-generated electro-osmotic flow, it becomes very
interesting to evaluate the effect of the surface potential on the chemomechanical actuation.
Experimentally, changes in the surface zeta potential could be reached either by using
different electrode materials, by chemical functionalization of the surface or by polarization.

In numerical analysis, it was assumed that the bimetallic structure has a uniform surface
potential. In other words, the surface potential of cathode ( C) and anode ( A) are equal:

Yo=Yy Equation 9.1

Although the uniformity of the surface potential was considered as an approximation, the zeta
potential can be changed during the evolution of the electrochemical reactions at the surface.
Surface charge and potential are undoubtedly very important to control the fluid pumping as
illustrated by figure 3. Figure a and b show the radial component of the electric field and fluid
velocity at 2 micrometers above the surface for different values of the surface potential in the
range from -0.04V up to 0.04 V. It can be observed that the absolute value of the electric field
gets smaller as the surface potential increases. In fact, the fluid velocity direction can be even
inverted if the substrate potential gets positive values.

¥ For instance, zeta potential of typical gold layers is between -20 mV and -30mV.
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Figure 6.1. Variation of the electric field (a) and fluid velocity (b) with surface potential at a
height of 2 um. For a more realistic approach it was considered the presence of extraionsin a
concentration of 5 uM. Yellow area represents the area on top of the platinum disk
(cathode).

All these findings point out the importance of the surface potential in setting the double layer
and the distribution of charged species in it. The charge distribution in the double layer
ultimately governs the fluid pumping direction in presence of the chemically generated electric
field in a similar way than in a conventional electro-osmosis process. However the charge
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distribution of the double layer in catalytic pumps is not so much intuitive as compared to a
static double layer in which a charged interface accumulates species of opposite charge (oD).
In the present scenario there is also a reaction generating protons which are flowing through
the double layer and contributing with additional charge (or).

In order to gain more knowledge of the double layer charge distribution in presence of an
electrochemical reaction, the charge density at the double layer was evaluated for different
values of the substrate voltage or zeta potential. Figure 2 plots the charge density as a
function of the height above the surface up to a distance of 500 nm from the bimetallic
surface. It can be observed, for both electrodes, that in the case of negative surface potentials
an accumulation of positive charge is produced in the double layer irrespective of the
generation and consumption of protons at the anode and cathode respectively (solid lines
Figure 2 a). Alternatively if the surface potential becomes positive an accumulation of negative
charge is set at both electrodes (dashed curves of Figure 2 a). Figure 2b shows the charge
density in the double layer at the anode and cathode surfaces when the surface potential is
negative (-0.04 V). The figure depicts how the charge asymmetry along the anode and cathode
increases as the height decreases (becoming closer to the surface of the electrodes). As
mentioned before, this charge asymmetry inside the double layer can set up a radial electric
field pointing out from the anode to the cathode and which can trigger the electrokinetic
processes. However the magnitude of such electric field changes with surface potential.
Negative surface potentials keep relatively higher radial charge asymmetry in the double layer
from the proton excess and depletion on the anode and cathode respectively. But at positive
surface potentials the charge asymmetric distribution decreases, weakening the electric field
which still points out from anode to cathode. Moreover at such positive surface potentials
more negative charges will be accumulated at the double layer and become the dominant
carriers to respond to the already weakened electric field. Now these negative carriers would
move towards the positive pole (anode) inverting the fluid pumping as compared to the case
when negative voltages were accumulating more positive species at the double layer. The
results also point out the importance of having a charged surface for inducing the fluid

pumping [3].
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The effect of surface potential on the local proton concentration was also analyzed. Figure 3 a
shows the pH as a function of the radial distance for different values of surface potential. The
change of surface potential has more impact on the proton concentration at the cathode side.
The concentration of protons at the cathode increases as the surface potential becomes more
positive. It suggests that a positive surface potential decreases the electron transfer rate of
the protons at the double layer of the cathode. Consequently fewer protons are consumed
increasing locally their concentration at that side.
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Figure 3. a) Effect of the surface potential on the pH. Fluid velocity normalized by the electric
field (b). Yellow area represents the area on top of the platinum disk (cathode).
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In order to know if the electric field controls the fluid velocity (V¢) in a similar way as an
electro-osmosis process, Vi= £g,0y E/n, the values of V; were normalized with respect to the
electric field E. Such normalization should give a linear dependence. Indeed, figure 3 b shows a
linear behavior which suggests that that the fluid velocity is mainly controlled by the electric
field. Accordingly the analysis will be focused, from now, on the effect of the different physical
variables on the electric field and pH.

Effect of the salt or other extra ions: concentration, diffusion coefficients and charge
As mentioned in previous chapter, it is impossible that catalytic devices can perform their
actuation in a fluid completely free of ionic species. Thus considering the presence of extra
ions in a form of a salt is quite a realistic approach. Fig. 4 a shows the values of the electric
field as a function of the radial distance for different concentrations of a monovalent salt. The
presence of extra ions or small amounts of salt affect dramatically the electric field. It has
found that the electric field decreases by a factor of 14 as the salt concentration is increased
by three orders of magnitude. A better inspection of the electric field decrease with the salt
concentration is depicted in Fig. 4b. That is an expected behaviour due to the typical screening
effects. The decay of the electric field can be correlated with the electric field expression which
relates the current of ionic species (j) and the fluid conductivity (k),

E =— J Equation 9.2
kB_T(‘uHJ'[HJr] + pon-[OH™] + (ua+ + pp-)[AB])

[AB]: Concentration of the AB salt [m ™3]
[H*]: Concentration of the protons [m™3]

{1+ Mobility of the protons ms-1V-1 [m2V ~1s71]
{i,+ : Mobility of the A™ ions [m?V ~1s71]

[z~ : Mobility of the B~ ions [m?V ~1s™1]

kg : Boltzmann constant [1.3806 X 10723 JK™1]
T: Temperature [K]

e: Magnitude of the elementary charge on an electron [1.602% 1071° C]

As the fluid conductivity of the fluid increases with the addition of salt, the electric field
decreases. Eq. 9.2 can be rewritten in the expression below and used for fitting the data of the
simulation

1
F=— Equation 9.3
o 7 DAD] quation
Where a and b are:
e +
a=——Wy+[H']) Equation 9.4

jkgT



_ e
 jkgT

(Ua+ +up-) &

Equation 9.5
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The dashed red line of Fig. 4b corresponds to the fitting of the electric field decay with eq. xx.
It can be observed the good qualitative agreement between the numerical findings and the

fitting according to eq. 9.3.
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Figure 4. Effect of a monovalent salt concentration on the electric field. b) shows a more
detailed behavior of the effect of the monovalent salt. The red line is the fitting of the
simulated data to the expression of the electric field as a function of the medium
conductivity. Yellow area represents the area on top of the platinum disk (cathode).
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On the other side the addition of salt does not have a very important impact on the pH. Figure
5 shows that the local concentration of protons remains essentially unchanged, only decreases
0.14 units of pH at the anodic part and increases 0.11 units at the cathode one.
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Figure 5. Effect of the salt concentration in the pH. Yellow area represents the area on top of
the platinum disk (cathode).

The valence of the extra ions or salts represents another parameter to take into consideration
when analyzing the effect of salts. Figure 6 shows the variation of the electric field as a
function of the radial coordinate for different multivalent salts. The charge of one of the ions
(the positive one) is kept constant in a value of 1 and the other one is changed from 1 to 4 (1:1,
1:2; 1:3 and 1:4). As expected, the higher the charge in the salts, the lower is the electric field
due to screening effects. Charges of 4 almost annihilate the electric field. The electric field
decay with increasing charges can also be described by eq. 9.2. The red dashed line in Figure 6
b corresponds to the fitting of the data with an expression similar to eq. 9.3.
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Figure 6. a) Effect of the salt charge on the elecficfield. b) shows a more detailed behavior of
the effect of the salt charge. The red line is the fitting of the simulated data to the expression
of the electric field as a function of the medium conductivity. Yellow area represents the area
on top of the platinum disk (cathode).

More interestingly the charge has no effect on the local proton concentration. Figure 7 shows

that the pH distribution as a function of the radial distance remains essentially unaltered as the

ion valence is varied.
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Figure 7. Effect of the salt valence on the pH. Yellow area represents the area on top of the
platinum disk (cathode).

Another parameter worthy to evaluate is the diffusion coefficient of the salt or extra ionic
species in the fluid. Figure 8 shows the change of the electric field and pH as a function of the
radial coordinate for different values of diffusion coefficients. The electric field is almost not
affected for diffusion coefficients from around 5.10™° m?%s™ to 1.10® m?s™, which are in the
range of the typical values for common salts. However lower, diffusion coefficients (typical for
big size ionic species, such as proteins, DNA fragments, etc.) exert important changes in the
electric field. In the figure it can be observed how the electric field not only decreases at such
low values of the diffusion coefficient but also its spatial distribution profile is also altered. On
the other side the diffusion coefficient have no effect on the proton distribution at the anode
and cathode side.
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Figure 8. Effect of the diffusion coefficient of the salts on the electric field (a) and the pH (b).
Yellow area represents the area on top of the platinum disk (cathode).

Effect of the rate constants of the anode and cathode

In this section it will be evaluated the effect of the rate constants of the anode and cathode on the
electrokinetic parameters. The change of the rate constants can be thought as changes in the
material constituting the micropump. Figure 9 a and ¢ show the variation of the electric field and
local proton concentration when the rate constant of the anode is varied by three orders of
magnitude. The electric field increases as the anodic reaction rate becomes larger. For instance, the
increase of three orders of magnitude in the anodic constant rate makes the electric field increase
50 times. It is also remarkable the wide variation on the pH either at the anodic or at the cathodic
side when the anodic rate constant is varied. That is not surprising since the anode constant rate
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plays a crucial role in the generation of proton species. Figure 9 b and ¢ depict in more detail the
variation of the electric field and pH. Both parameters tend to a plateau at very high anodic rate
constants. This behavior can be understood by considering that the reaction rates on the anode
and cathode are related by electroneutrality reasons and that changing kanoge is like varying the
anode material while keeping the same cathode. One can have the best anode material but if the
cathode is not able to consume all the products of the anode (limiting rate), the anode production
will adjust to the limiting cathode. Under this case a saturation in the electrochemical reaction of
the anode is achieved which can explain the saturation in the proton production and consumption
and in the electric field.

In contrast to the dramatic effects that produce the change in the electrode kinetics of the anode
on the electrokinetic parameters, the variation of the cathode rate constant only affects in a lesser
extent. The increase of 3 orders of magnitude in the cathode rate constant only makes the electric
field increase in a factor of 2 at very low rate constants and reaches a plateau at higher rate
constant values (Figure 10 a and b). Such behavior can be explained following the same argument
than before. At low rate constants of the cathode, the electrochemical reaction is controlled by the
cathode but at higher rate constants the control is determined by the anode. With respect to the
proton concentration, the concentration of protons keeps almost unchangeable on the anodic
region (Figure 10 c). However a pH change of almost one unit is produced on the cathode side. The
proton depletion on the cathode is increased with increasing cathode rate constants up to reach a
plateau ( at very high constant rates), in a similar way as in the case of the anode rate (Figure 10d).
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the platinum disk (cathode).
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Effect of the hydrogen peroxide and the bulk proton concentration

Hydrogen peroxide greatly affects the electric field and proton concentration since its
concentration influences the rate of the electrochemical reaction at the anode and cathode?.
Figure 11 b and c shows that effect. The electric field and fluid velocity can increase over 20
times their values when the hydrogen peroxide concentration is changed by three orders of
magnitude. However such increase is not linear in the whole range. For instance at higher
hydrogen peroxide concentrations the parameters change in a smaller extent reaching a
saturation. That is an agreement with the theoretical findings of Seifert et al. [5] and the
experimental data. An interpretation of this saturation has been given in the framework of a
Michaelis-Menten like surface kinetics [5].

On the other side the increase of H202 increases the local proton concentration at both
metals shifting the pH towards lower values at both sides but being more dramatic on the
anode which is indeed the source of proton generation. The pH can decrease up to one unit
when increasing H202.

The initial concentration of protons at the bulk also impacts on the electrokinetic parameters.
The electric field increases as the bulk concentration of protons increase (Fig. 12 a). The proton
concentration at the bulk can specially affect the electrochemical reaction rate of the cathode
since it depends on the concentration of protons (note 2). The increase of the electric field
with the decrease of bulk pH could be related with an increment of the electrochemical
reaction rate at the cathode. On the other hand the pH range is shifted towards lower values
as the bulk pH is decreased but keeping almost the same pH change between anode and
cathode (Fig. 12 b).

8 Just to recall, the electrochemical current associated with the hydrogen peroxide

decomposition at the anode can be expressed as Janode = Kanode [H20,] and at the cathode as
Jeathode= kcathode [HZOZ] [H+]2
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Effect of the geometry: size of the cathode and anode

The typical design of the micropump presented in this thesis is a smaller metal disk with the
role of cathode which is patterned on a bigger radius disk acting as anode. For design
purposes, it turns out very interesting to follow the impact of the electrode sizes on the
electrokinetic parameters. Firstly it will be addressed the impact of changing the radius of the
cathodic disk and then the effect of changing the size of the anode.

Indeed the size of the anode and cathode affects directly the reaction rates at both electrodes.
Figure 13 shows the effect of the cathode disk size on the electric field. The electric field is not
so much affected by the size of the cathode disk when its radius is changed from 10 to 50 um
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while keeping the anode radius at a constant value of 50 um. However it can affect the
electrochemical reaction at the cathode. Figure 13 ¢ and b show how the consumption of
protons increases on the cathode as the radius of the disk becomes bigger, producing a larger
change in the pH from anode to cathode. The proton concentration remains almost the same
at the anode side.
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Figure 13. Effect of cathode disk size on the electric field (a)and on the proton production at
the anode and cathode (b and c). For better visualization the multiple plots of the electric
field and pH as a function of the radial distance were normalized with respect to the disk size.
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The radius of the anode affects the electrokinetic parameters up to a certain value. Figures 14
a, b and c show the effect of varying the anode radius on the electric field and on the local
concentration of protons. In these simulations the radius of the cathode disk was maintained
at 15 um and the anode radius was changed from 10 to 100 um. Only remarkable changes in
the electrokinetic parameters can be observed if the anode radius is below 50 um. The electric
field decreases almost three times when decreasing the radius from 50 um up to 10 um. The
diminution of the area of the anode decreases the electrochemical reactions which are
responsible to switch on the electrokinetic processes. The decrease of proton generation at
the anode is reflected in the pH distribution. An increase of the pH is observed at both metallic
sites.

Conclusions

In this part, a systematic analysis of the influence of the different parameters involved in the
chemomechanical actuation has been performed. This theoretical approach can help to
acquire a better understanding of the micropumps and to provide clues for optimizing the
devices. The evaluated parameters were the surface potential, the salt concentration, charge
and ion diffusion coefficients, the electrochemical rate constants at the anode and cathode,
the hydrogen peroxide concentration, the bulk pH and the side of anode and cathode. The
focus has been put on the changes that these parameters can exert on the electric field and
local proton concentration. The behavior of the fluid flow has been only highlighted when
analyzing the effect of surface potential. The fluid velocity was omitted in the rest of the
analysis because it was shown that it is mainly controlled by the electric field and changes
accordingly with the electric field.

The surface potential is a very important ingredient to switch on the electrokinetic
phenomenon. It greatly affects the electric field, fluid velocity and pH. The surface charge is
crucial to build up the double layer and to control the charge asymmetry along the anode
andcathode which finally exerts a crucial role in the electrohydrodynamic process.

The salt concentration and the charge of its ions dramatically affect the electric field and the
fluid flow due to screening effects. However they do not affect the local proton concentration
at the anode and cathode. The diffusion coefficients of the ionic species play a minor role in
the electric field and do not modify the local pH.

The variables involved in the electrochemical reactions, especially the rate constants at the
anode and hydrogen peroxide, remarkably alter the electric field profile and the local proton
concentration. Interestingly the rate constant of the cathode only presents a more secondary
role.
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The bulk pH can modify the electric field and the proton distribution in a more moderate way.
Finally, the anode and cathode sizes exert a minor role on the electrokinetic process. The
electric field and pH at the anode are insensitive to the cathode disk size, being the pH at the
cathode more sensitive to the size changes. In the case of the anode, only small anode sizes
have impact on the electrokinetic variables.
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Chapter 10
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Conclusions

This thesis has been able to successfully address all the goals that were set at the beginning of
the work. A more comprehensive scenario of the physico-chemical processes behind the
catalytic actuation in bimetallic pumps has been accomplished by complementing
experimental and theoretical tools. In turn, these achievements have motivated the search of
novel micropump devices based on alternative bimetallic structures or metal/semiconductor
structures. Many promising findings encourage the continuity of the research widening the
scope of this field to novel pumps with strong implications in the field of chemically driven
actuators or nanomotors. Finally it has been possible to probe one of the potential
applications of this kind of systems that could have important impact in many technological
fields. Below a more detailed description of the conclusions in straightforward relation with
the objectives will be covered.

Recalling what mentioned in chapter 2, four major goals were defined in the scope of this
research. So, the achievements can be summarized and categorized under four main parts.

These parts are

. Understanding the physical details of the chemochemical mechanism behind
bimetallic catalytic micropump using as a model system Au-Pt in hydrogen
peroxide solution.

As expected, a complicated electrohydrodynamic process is in charge of the
performance of bimetallic catalytic micropump. Many chemical and physical
parameters are involved in the fluid pumping. The surface chemistry plays a key
role in Au-Pt system. The surface plasma treatment oxidizes and modifies the
electrochemical properties of the gold and platinum which enhances the hydrogen
peroxide electrochemical reactions on the metal. It has been proved that the
catalytic reactions take place on platinum and gold acting as cathode and anode
respectively. The gold surface produces proton that are consumed at the platinum
side. The redox role of the metals was predicted by Tafel measurements and
confirmed by Confocal fluorescence Microscopy. The latter technique allows the
2D imaging and quantification of the proton gradient generation around the Au-Pt
device as a consequence of the electrochemical reactions. It was found a higher
concentration of protons on the gold side and a proton concentration depletion at
the platinum surface. Thus, the electrochemical reaction can self-generate an
electric field pointing from the gold to the platinum. Quantification of such
gradient showed that the pH is changed about one unit along the Au/Pt device
during the process. The spatial imaging and quantification of this relevant
parameter constitutes the first reported study in the field of catalytic motors

Observing the interaction between differently charged tracers and the devices
provided valuable information about the spatial distribution and quantification of
the electric field and fluid velocity around the devices.

It has been found that the electric field strength and the fluid velocity are maximal
just at the Au/Pt border. The findings also confirm an electric field pointing toward
the Pt and a fluid flow in the same direction.
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Implementation of simulations based on finite elements to support experimental
data.

The simulation results of the fluid flow, electric field, proton concentration and
proton flow were in agreement with experimental results.

The simulations have also shown that due to the chemical reaction a net positive
charge was confined inside the double layer with a charge distribution asymmetry
along the radial distance. Such asymmetry can induce an electric field. It was also
observed the existence of electric field above the electric double layer at distances
in which the fluid is electroneutral. That could be explained as a consequence of
the motion of protons from the anode to cathode beyond the double layer.

Besides reproducing experiment results, the numerical analysis provided
information about the effect of some physical and chemical parameters which
affect the efficiency of the electrohydrodynamic processes. It was performed a
systematic analysis of the influence of the surface potential, the salt
concentration, charge and ion diffusion coefficients, the electrochemical rate
constants at the anode and cathode, the hydrogen peroxide concentration, the
bulk pH and the size of anode and cathode.

It was found that the electric field and fluid velocity are greatly affected by the salt
concentration and charge, the surface potential and the parameters involved in
the production of protons such as the constant rate of the anode and the
hydrogen peroxide concentration. Other variables that could alter these
parameters, but in a more moderate way, were the diffusion coefficient of extra
ionic species and the initial pH value at the bulk.

The proton distribution was dictated mainly by the electrochemical reaction
(especially the anodic rate constant of the peroxide decomposition and the
peroxide concentration). Interestingly, the rate constant of the cathode only
presented a more secondary role. Finally, it was found that the anode and cathode
sizes exerted a minor role on the electrokinetic process. This study helped not only
to have a better understanding of the whole scenario behind this process but also
provided important clues of how to design more efficient catalytic actuators.

Proposing alternative catalytic micropumps based on other bimetallic (X-Y) or
semiconductor/metallic structures.
TAFEL measurements represent a reliable tool to predict the behavior of bimetallic

X-Y devices. Many different bimetallic structures were fabricated on the basis of
Tafel predictions: Au-Rh, Au-Ru, Cu-Ag, Cu-Ni, Ni-Cu, Ni-Ru and Ni-Ag devices.
Although some of the chosen materials were less noble than the Au-Pt system and
could degrade with time, they can represent a lower cost alternative in
applications which do not require extended lifetimes. These pumps show
interesting interactions with differently charged tracers which require further
investigation

Regarding semiconductor- metal systems, these novel systems provide the highest
achieved fluid velocity among the studied systems. The catalytic actuation of these
devices is triggered by the photo-activation of the catalytic reactions. Light
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absorption produces hole/electron pairs at the semiconductor. The holes oxidize
the chemical fuel whereas the photoexcited electrons are transferred to the metal
favoring the cathodic reduction of the fuel on the metal surface. These
semiconductor/metal devices can become promising candidates of a new
generation of catalytic micropumps or swimmers.

V. Studying the self-generated electrohydrodynamic process to guide colloidal self —
assembly as a potential application of these devices.
A Au-Pt catalytic pump was used to demonstrate guided colloidal self-assembly as
a potential application of these active devices. The local self-generated
electrohydrodynamic forces triggered by the electrochemical reactions at both
metals together with the nature of the colloidal charge and the surface treatment
are the basic ingredients for tailoring the patterning process. The use of negative
particles allowed patterning the gold surface starting from the Pt edge and forming
a more 2D ordered colloidal crystal. Instead, the use of positive particles allowed
patterning unordered but stable 3D colloidal aggregates on the platinum disks. In
the case of negatively charged particles it was possible to monitor in real time
many unexpected features during the patterning process: electrostatic repulsion,
silica clustering, silica transport to the Pt edges and the fascinating dynamics of
silica crystallization at the gold surface from the platinum edge. These self-guiding
processes may become a very versatile tool to approach technological important
challenges in nanofabrication. The autonomous accumulation of material to
precise locations can have impact in the design of photonic crystals, smart
nanostructured surfaces for sensing or catalysis, photovoltaics, corrosion
protection, self-healing systems among others.

Outlook

One of the challenges of catalytic actuation either in pumps or micro/nanoswimmers is to
improve their efficiency. Although there is still a long way to compete with the high efficient
biological machinery, the exploration of new materials, layouts and fuels are important issues
that should continue being addressed in the future in order to increase efficiency and also
compatibility with different fluid environments. This research work has achieved the proof-of-
concept of novel photochemical-electrohydrodynamic switches which have demonstrated to
greatly amplify the electrohydrodynamic effects. We believe there is a lot of room for
exploration and explotation of this kind of systems which can open new and promising
research activities in the field of catalytic actuators and nanomotors.

This thesis has also demonstrated the deposition of material in an autonomous fashion at pre-
defined locations and with control of the aggregate structure. That is another important aspect
that can be exploited in future research driven by the high impact that could bring in many
technological areas such as nanophotonics , smart (bio)chemical sensing , catalysis , matter
transport and separation, corrosion protection or adaptive(self-healing) systems.
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Finally, and more importantly from the fundamental point of view, these catalytic pumps,
which can be rationalized as immobilized potential swimmers, can become a very useful and
practical model system for the design or first exploration of novel self-propelled nanomotors.
With this kind of system new effective experimental methods could be more easily
implemented and control to comprehend and spatially quantify the parameters involved in the
complex process of actuation, a task which is not so easy to accomplish in free-suspending
nanomotors. Moreover these pumps could also help to understand many interesting
phenomena related with hydrodynamic interactions such as collective dynamics, complex self-
organization, or the emergence of large-scale coherent structures. These are topics that are
having a strong growing interest nowadays and whose understanding could greatly benefit
from the experimental techniques and results of this thesis.
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Appendix 4.1 : Ru and Rh voltammograms

Cyclic voltammetry is a powerful electrochemical characterization technique which is widely
used for acquiring information of the electrochemical reactions taken place in a system and for
assessing kinetics information of the electron transfer process. It provides a fast way to locate
redox potentials of electroactive species. In this thesis, this technique was used to determine
the cathodic potential (E},) against Ag/AgCl/KCl reference electrode for Ru and Rh deposition
[1-4]. Experimental setup and electrolytes were described in 4.1.1b.

Cycle voltammetry is based on applying a potential cycle (figure 1.a) between a working
electrode and a reference electrode. Applied potential generates current which passes through
the electrolyte between counter electrode and working electrode. The response is an |-V curve
(figure 1.b), the so called voltammogram. The applied potential is linear. The instrument
applies an increasing voltage from E; to E, with a constant voltage sweep rate and afterwards
it is reversed to E; with the same rate. The voltage range can be selected to cover the
oxidation and reduction reactions that may occur in the electrochemical system under study.
The redox signals generally appear in a peaked shaped form (depending on the dimensions of
the electrodes). According to the European convention, the potential at which a positive peak
current appears when applied positive voltages corresponds to the anodic or oxidation
potential (Ep,) of the species and the potential at which negative peak current comes up
when more negative voltages are applied is the cathodic (Ep) or reduction potential (Figure
1.b) [5-9]. As mentioned above the technique was used to determine the cathodic waves
corresponding to the electrochemical reduction of the Rh and Ru as shown in figure 2.

—
Q
S

(b)

Applied potential
L
Current

v

Time

EPC Epa

Potential
Figure 1: schematic illustration of a) applied potential cycle between E; and E,, b) a

voltammogram indicating the cathodic (Epc) and anodic (Ep,,) potentials and their
corresponding cathodic (I,¢) and anodic (I,,) currents

The Ru deposition is taken place in three cathodic waves. The first two reduction waves at Ep¢
of 0.29 V and 0.03 V correspond to the deposition of thin Ru adlayers whereas the one at Ep
of -0.68 V corresponds to the massive or bulk deposition of Ru. In the case of Rh deposition it
was only possible to capture one deposition peak at Ep. of -0.32 V. The fact that some metals
can be deposited in different steps is quite common for some metals and depends on the
binding interaction between the substrate and the metal to be deposited.
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After having identified the cathodic potentials, the electrodeposition process is taken place by
using chronocoulometry and applying a potential more negative than the cathodic peak
potential (-0.85 V and -0.4 V for ruthenium and rhodium respectively).
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Figure 2: Voltammograms for Ru (a) and Rh (b) deposition taken at a scan rate of 100
mV.s?(-1).
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Appendix 4.2: Measuring particle velocity toward disk center as a
function of radial distance

As an important part of quantitative evaluation of particle behavior, the measurement of the
particle velocity toward the disk center as a function of radial distance provides important data
for further calculations. The data processing method is briefly described in this appendix. After
recording a movie in which the directional motion of particles is observed, the movie is
converted to a batch of image files. Image files are analyzed with a tracking software.
Extracted raw data are subjected to calculation.

Assume that motion of k particles (P4, P2, Ps, ... Pi_1, Pi, Piy1, ... Pr—1, Px) were observed and
recorded. To track the particles, DiaTrack software ®*(Ver 3.03) is used. Proper input for the
tracking software is the batch of BMP or JPEG files extracted from the movie with iWisoft
Free Video Convert software ® (Version:1.2 Build 091127). When motion of particle P; is
detected between numbers f; p, and fcpi,pi , the output of tracking software is a 3 X cp, matrix

(Ap;) containing coordinates of particles for each frame between f; p, and f,, p;:
13

Api
X X ) .
xl.Pi xZ.Pi x3,Pi xn—l,Pi xn,Pi xn+1,Pi CPi_l’Pl CPi’Pl Equation 1
= |\Y1ip; Y2,p; Y3p; " Yn-1p; Ynpr; Yn+ip; - yCPl-—pPi ycPl-'Pi

fip,  fapy fap; v fa-ipp fape faenp fcpi_l,pi fcpi,pi

Where x, p, and 1y, p, are cartesian coordinates of particle P; when it is tracked at frame
number f, p, . Coordinates are in pixel values. cp, and n are positive integer number. Ap,

content is illustrated in Figure 1.

For particle P; observed at frame number f;, p,, the distance from disk center ( 7, ) is:

Tp, = m*\/(xn,m = %0)? + Vnp, — Yo)? Equation 2

Where m* is a coefficient which shows actual length equal to one pixel. Its unit is micrometer
per pixel. (X,p,¥,p) and (x,Y,) are cartesian coordinates of particle and disk center
respectively. Data in matrix Ap, is subjected to the radial distance calculation (Equation 2).

Therefore new set of datain a 2 X cp, matrix ( Bp, ) is achieved:

Tl.Pi TZ,Pi T3,pl. rn_llpi T‘n,pi T'n+1,pi ...GCi_l,Pi GCi,Pi Equati0n3

Bp. =
Pi fl,Pi fZ,Pi f3,Pi fn—l,Pi fn,Pi fn+1,Pi '"pri_l,Pi pri,Pi

8 Semasopht Website: http://www.semasopht.com
% iWisoft Website: http://www.easy-video-converter.com
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G (0,0)

‘ [xl,Pi' 371,Pi: fl,Pi]

[xn—l,Pil yn—l,Pitfn—l,Pi] .
o [xz,Pi' Yo, fZ,Pi]

[le,Pil yTl,Pil le,Pi] .

[xn+ 1,Pp Yn+1,Pp fn+1,Pi] .

.
. I:xCpl._l,Pil yCPi—l'Pi'fCPi—l'Pi]

[xCPirPi’ yCPl-rPi’ fCPirPi

Platinum disk Gold Substrate

Figure 1: Tracking of particle P; moving toward a platinum disk

When particle P; moves from radial distance 1, p, at frame number f,, p, to radial distance
Tns1,p; at frame number f,., p, , particle velocity at distance 7, , from disk center is
estimated as follows:

™p; — Tnt1p; .
- 7 Equation 4

Venp, = k*
T fr+1,p; — fup;

Where k* is the movie recording rate (frames per second). Appendix 4.2 shows how the above
equation is obtained . After processing data stored in Bp, by Equation 4, a 2 X (¢p, — 1)

matrix ( Dp, ) emerges:

D
Py
e, Tapy Tap; 0 Ta-ip; Tap; Tatap; 0 TepiaPi o TepioaPy Equation 5

Vr,l,PL- Vr,Z,Pi Vr,S,Pi Vr,n—l,Pi Vr,n,Pi Vr,n+1,Pi Vr,cPi_z,Pi Vr,cPi_l,Pi

Figure 2 shows the schematically result of data processing
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Figure 2: Radial velocity of particle P; for different radial distances from platinum disk center

As illustrated in Figure 2, the radial velocity of any particle can be calculated as a function of
the radial distance. To compare and evaluate the velocities of the different particles, the
average velocities of particle P; at specific distance ranges from disk center are calculated and
reported. So, it is necessary to define specific distance ranges (Ty,T5,T53, ..., Ts). As shown in
Figure 3, the distance range T; is the distance between i and T which are the radial
distances from disk center. Ly, Ly,Ls,... Li_1,Lj,Lj41.,... L_1and L; are the radial distances
from middle the point of distance ranges Ty,T;, T3,..Ti—1,Tj, Tjy1..,Ts—1 and Ty
respectively. Ais a positive constant and d is the distance of an arbitrary point from disk
center. Equations 6, 7 and 8 show the relations between L;,L;_4, A and d for consecutive

distance ranges Tj andT;_;:

V Li: 0<3A<I; Equation 6

Vd:deT;, Vd:Li—A<d<Lj+A Equation 7

L] S 7} , Lj—l S 7}'_1 , VLJ, Lj—l: L] - Lj_1:

A Equation 8
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Figure 3:  Illustration of the distance ranges Tj_4, Tj and T;_4

For particle P;, the matrix Dp, (Equation 5) is processed to calculate the average velocity

(V,p. (L ) for the distance range Tj around a point at the radial distance L; . As it is shown in

Appendix 4.3, the velocity can be calculated as follows:

poj EEMTCES TR TS P
S e [ -z )

Equation 9

T,Pi(L]') =

Where | | is symbol of floor function. After applying Equation 9 to matrix Dp, (Equation 5),

the resultis a 2 X s matrix (Ep, ):

L1 Lz L3 Ls—l Ls
Epr. = 1| 5 — — — — Equation 10
P Vepan Verwn Ve Vepits—)  Vrpis) K

Figure 4 illustrates the result (Equation 10). Red dots represent positions with radial distance
values equal to L4, L,, Ls,... and Lg. The distance between two consecutive red dots is equal
to 2A.
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Figure 4: Radial velocity of particle P; at specific radial distances Lq, Ly, Ls,... Li_4,L;
Ljyq.... Ls_1and Lg from platinum disk center

The radial velocity of the particle as a function of certain distances from the disk center is
available now.

This method can be applied individually to calculate the velocity as a function of distance for all
particles Py, P, P3, ... Pi_1, P;, Piy1, ... Pr_1 andPy.

Matrixes Ep,, Ep,, Epg,..., Ep,_, and Ep are achieved for particles

k
Py, Py, Ps,..., P,_1 and Py respectively. To report the experimental results, the average of the
particle velocities at each distance range is calculated. Average velocity of particles at radial

distance Ljis:

7o ()" () renea() T ren(t) e naa () T P (8) T rP)  pguation 11
Lj k

If Equation 11 is applied for the radial distance L, L,, Ls,... and Ly, the final resultisa 2 X s
matrix (G):
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G Ll L2 L3 Ls 1 Ls
== * — * — * — % — % E . 12
VTL1 VTLZ VTL3 VTLS_1 VTLS quation

Matrix G can be obtained from matrices Ep,, Ep,, Ep,,..., Ep,_ and Ep,:

.(Ep,+Ep,+Ep,+.... Ep,_,+Ep,) Equation 13

D

1]
S X
T l= O

Assuming that m similar and independent experiments were conducted, matrices
G1,G4,G3, ...,Gp_q and G, are the results of these experiments. To merge the results and
report the final radial velocity of particle for certain radial distances, the 2 X s matrix (F) is
calculated as follows:

~
]|
o 3|»

(G +Gy+G3+ ...+ Gy g +Gp) Equation 14

3 o

Matrix F is the final result. If it is required to normalize Ly, L,,L5,... and L, values by dividing
them to the disk radius ( Ry), matrix F is modified to meet the requirement:

1

F* | Rom 0 Equation 15
= (G +G+G3+ o+ Gpq +Gp)

3|
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Appendix 4.3: Derivation of Appendix 4.2-Equation 9

As a first step to derive Appendix 4.2-Equation 9, function F(x) is defined as follows:

Feo = L2 (- 1] 12) Equation 1

Where | | is Symbol of floor function 20 . a and b are positive numbers which satisfy Equations 3
and 4:

0<a<b Equation 3
b < 2a Equation 4

Function F(x) becomeszero when x = b or x < a. Otherwise it is equal to 1:

x<a 0
F(x)=4a<x<bh 1
x>h 0 Equation 5

Assuming that matrix V' (Equation 6) contains velocities of a particle at different radial
distances.

V_[rl 2 T3 v Tz-1 TZ] Equation 6
Vi Vo V3o Voer Vg

Vi, Vo, Vs, ..., V,_1 and 1, are the velocities of the particle at the radial distances 1y, 13, 13, ...
,T,—1 and 1, respectively. The average velocity (V) of the particle when it moves in radial
distance between a and b (Equation 7), is calculated by Equation 8:

a<r<bh Equation 7
z

PNEORA |

~ Equation 8

More information: Stuart Tanton, James, Encyclopedia of Mathematics (Science Encyclopedia), 2005
Print. ISBN:0816051240 P.198
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ZZ: F(ra)
d=1

Function F(x) acts like a filter and any out of range data is omitted from the calculation.
Considering Equation 8 as a fraction, the denominator provides the number of points at which
the radial distance of the particle satisfies the Equation 7. The numerator is the sum of the
particle velocities corresponding to the radial distances which meet the requirement
mentioned in Equation 7. As a key part, equation 8 is simply applied to derive Appendix 3.2-
Equation 9. If matrix Dp, (Appendix 3.2 - Equation 5) of particle P; is subjected to average

velocity ( V v Pi(L; )) calculation for distance range T; (illustrated in Appendix 3.1- Figure 3),

& e s (- ) o
2 e s (s )

the velocity is:

Equation 8

VT‘,Pi(Lj) =
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Appendix 3.4: Calculation of particle radial velocity

This appendix shows how to calculate the radial velocity of a particle toward specific point O
(Figure 1.a) which in this case is the platinum disk center. It is assumed that a particle moves
from point A at frame number f; to point B at frame number f;, ;. If cylindrical coordinates
are set to solve the problem, O is considered as the origin. Coordinates of points A, Band O are
(r3,0;, 0), (1741, Bi+1, 0) and (0,0,0) respectively (Figure 1.a). Particle velocity (17) can be written
as a combination of unit vectors ( #and 8 ):

V= V.7 + Vg0 Equation 1

V. and Vy are the velocities in the direction of # and 8 respectively (Figure 1.b). For a moving
object, it is possible to express the velocity vector as a function of the radial distance (r) and
the derivative of the coordinates with respect to time (+ and 6 )°*[1]:

V=rf+1r00 Equation 2

Considering the particle displacement illustrated in figure 1.a, the velocity (Equation 2) can be
estimated as follows:

VzEf‘+rE9 Equation 3
At is the time which takes for a particle to move from A to B between two framesf; and f;,4
fir1 i ,
A =222 2 Equation 4
kK k K

Where k is the movie recording rate (frames per second). Incorporating equation 4 and
coordinates of points A and B in equation 3, the velocity can be written as follows :

o Tigq — T3 01— 0; -~
Vakt—Lpthrn—2—19 Equation 5
far—fi fier— f
Comparing equations 1 and 5, V,. can be obtained:
Tit1 — T
Vo~ k.——— Equation 6
" T fur— fi i

If particle moves toward the disk, ;- has a negative value. After rearranging the indexes, , the
following equation is applied:

7' 7'L+1 E tion 7
uation
S 1

=
4

The directionality coefficient (I, ) shown in equation 8 is defined to evaluate particle
movement. It is a dimensionless coefficient between 0 and 1. Directionality coefficient shows

! Reference: Kleppner, D.; Kolenkow, R. J., An Introduction to Mechanics. Cambridge
University Press: 2010.
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how much a moving particle tends to move toward disk center. It is the ratio of |I7;|(Iength of

particle velocity vector projection on -7 ) to |I7| (length of particle velocity vector).

=

I, = Equation 8

<!

a Z=0

B(ri41,6i+1,0)

Pﬂi’
. /// - A(T';e'f 0)
rl+1,/ b
I T
Platinum disk
b Z=0

Platinum disk —

Figure 1: a) Movement of particle from point A to point B, b) Arrangement of velocity and unit
vectors in cylindrical coordinate system

[1] D. Kleppner and R. J. Kolenkow, An Introduction to Mechanics: Cambridge University
Press, 2010.
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Appendix 3.5 Fluorescence confocal microscopy- Calculation

Pyranine (trisodium 8-hydroxypyrene-1,3,6-trisulfonate) was the fluorescence molecule
selected for the experiments. When a fluorescence molecule like pyranine, absorbs photons
with specific wavelength(s), the light brings it into the electronic excited-state. After passing
lifetime of excited-state, de-excitation occurs with photon emission, it is so called,
photoluminescence. The phenol group of this molecule undergoes reversible
protonation/deprotonation (equation 1) depending on the pH of the environment which
makes its absorption and emission spectra change with the pH. The absorption spectra of the
deprotonated pyranine (Ar — O~) and protonated one (Ar — OH) exhibit maximum signals at
about 405 and 456 nm respectively (figure 1 a).[1-5]

HO O SO, 0 O SO,
(L) +m0=—=[1 ] +no’
O O Equation 1
(XS SO3 0 SO3

Ar —OH + H,0 === Ar — 0~ + H;0%

The pK, of this molecule is around 7. Therefore at pHs above pK, the basic form of the
molecule ((Ar — 0~) dominates over the protonated one and inversely when the pH is
below pK,,. Figure 1a shows the absorption spectra shift with pH. At pH=6 a more intense peak
is located at about 405 nm which corresponds to the protonated form of the molecule
whereas at about 456 nm the smaller peak corresponds to its conjugated base. At pH=8, a big
absorption peak of the basic form appears at around 456 nm whereas the protonated species
displays a very weak signal at 405 nm. Although in the excitation spectra of pyranine one can
observe the absorption of both species the protonated and deprotonated ones, the emission
spectra is only sensitive to the basic form of pyranine whose emission wavelength is located
between 510-516 nm (figure 1 b). That is because a photo-induced proton transfer takes place
during the lifetime of the excited molecule. The excitation enhances the acidic character of the
OH group favoring the deprotonated form of the molecule (the pK, of pyranine in the excited
state is much lower than pK, of 7 in the ground state). Thus, the emitting form is always the
basic form since the acidic form is followed by such excited-state deprotonation. [6]

For reliable fluorescence sensing and quantification it is very recommendable to use
ratiometric measurements which are applicable when fluorescent probes exhibit dual
excitation or dual emission. Since pyranine presents dual excitation it becomes an ideal
molecule for pH sensing under ratiometric measurements. Ratiometric measurements are
based on the ratio of fluorescence signals intensities.

This methodology eliminates possible artifacts making the fluorescence measurements
independent from dye concentration, dye destruction or photobleaching, intensity fluctuation
of light source, instrument sensitivity, etc.

For imaging and quantification of pH of the samples the following protocol was used. First of
all the excitation and emission conditions were adjusted by using pH solutions of extreme
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values (in this case pH of 4 and 9) in presence of the bimetallic device. The molecule was
excited at 405 and 458 nm and the emission was collected from 480 to 580 nm. Then, a series
of pH solutions between pH 4 and 9 were tested in presence of device in order to get a pH
calibration curve and be sure that the fluorescent dye acts in a reliable way in presence of the
samples when varying the pH. The fluorescence signal at both excited wavelengths was
collected as shown in chapter 5. At 405 nm the fluorescence intensity decreases as the pH
increases, whereas the fluorescence signal increases as the pH increases when the dye is
excited at 458 nm. Then the fluorescence signal was collected for the sample in presence of
the chemical fuel (hydrogen peroxide).

The pH of the samples was extracted by applying equation 2, the standard calibration equation
in terms of the ratio of the fluorescence signals

R-Ra ., lagy) .
H=pK, +1| —= X —==
p pK, +log ( Ro—R > Tnim Equation 2
Where R, R, and Ry are defined as follow (equation 3,4 and 5) [6]:
R = e Equation 3
Iy
_ La (A1) Equation 4
A7
A(22)
R. = 13(21) Equation 5
p = —2=
Is 3,

pK, : Acid dissociation constant on the ground state

I(3,): Fluorescence intensity at excitation wavelength 4, = 405 nm

I(3,): Fluorescence intensity at excitation wavelength 4, = 458 nm

Ia(a,): Fluorescence intensity of extreme acidic solution at excitation wavelength 4,
Ia(a,): Fluorescence intensity of extreme acidic solution at excitation wavelength 4,
Ig(a,): Fluorescence intensity of extreme basic solution at excitation wavelength 4,
Ig(a,): Fluorescence intensity of extreme basic solution at excitation wavelength 4,

As mentioned, basic and acidic extremes were at pH=9 and pH=4 respectively. For all
measurements, fluorescence intensity was normalized with respect to the area and expressed
in arbitrary units.

The pH image was achieved by applying eq. 2 to every pixel of the fluorescence images that
were acquired. Proton concentration image was obtained by applying equation 6 [7]:

[H+] = 10~PH Equation 6
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Derivation of equation 2%

Equation 2 is obtained from the Henderson-Hasselbach equation (equation 7) which is used for
calculating pH in presence of the acid form (protonated species, A) and the basic one
(deprotonated species, B) of molecules or buffer solutions.[6]

pH = pK, +log ( %) Equation 7

At a given wavelength where both acidic form (A) and basic form (B) absorb or emit, the
absorbance or the fluorescence intensity (I) are given by

I = a[A] + b[B] Equation 8

a and b are the molar absorption coefficients (at the excitation wavelength) and the
fluorescence quantum yields of A and B, respectively.
When the indicator is only in the acidic form or only in the basic form, the values of | are:

I, = acy Equation 9

I, = bcy Equation 10

Where ¢ is the total concentration of the dye indicator such that

co = [A] + [B] Equation 11

Combination of the preceding relations yields

1B _ 1=l

4]~ Ig-I Equation 12

The Henderson-Hasselbach equation (Equation 7) can be written as

pH =pK, + log (;—f} Equation 13

%2 Reproduced with written permission from John Wiley and Sons Inc. website: www.wiley.com
Source: Bernard Valeur, Mario Nuno Berberan-Santos, Molecular Fluorescence: Principles and
Applications, 2nd Edition ISBN: 3527650024 Chapter 10 - Appendix A

License Number: 3276440441565 License Date :Nov 26, 2013
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Equation 13 corresponds to the situation when absorbance or fluorescence intensity is
measured at a given wavelength. When there are dual-wavelength measurements (at A; and
\,), the absorbance or fluorescence intensities can be written in a form analogous to equation
8,

Ia,y = a1[A] + bq[B] Equation 14

I,y = az[A] + b,[B] Equation 15

As mentioned before in this case one can do ratiometric measurements consisting in
monitoring the ratio of intensities I(A;)/I(A;) which can be expressed as

_ aq[A]l+b4(B]

= @, [Al+b,15] Equation 16

When the indicator is only in the acidic form or only in the basic form, the values of R are,
respectively

_ 4 .
Ry = @ Equation 17
b, .
Rp = b, Equation 18

Taking account of equation 11, equation 12 can be replaced by

[B] _ a; R-Ry

[A] ~ b, Rg-R Equation 19
2 B—

Hence

pH = pK, + log (2;—}_22) +log(z—z) Equation 20

The ratio a,/b, represents the ratio of the absorbances or fluorescent intensities of the acidic
form alone and the basic form alone at the wavelength A, yielding directly to equation 2 used
for extracting the pH with pyranine.
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Figure 1: schematic illustration of the a) absorption and b) emission spectra of Pyranine. The
molecule exhibits dual excitation at 405 and 456 nm whereas the emission takes place at a
wavelength between 510 and 516 nm. Fig. 1a also shows the excitation shift with pH.
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Appendix 4.6 Surface zeta potential measurement

An experiment was designed to measure zeta potential of metallic (Au or Pt) surfaces. When a
positively charged particle close to the metallic surface, is subjected to the external electric
field (figure 1), the particle starts moving in the direction of external electric field. The motion
of the particle can be explained by considering the electrophoresis and electro-osmosis
processes (Chapter 3). Therefore particle velocity is:

Ver =V, +V,, Equation 1

Vp+: Velocity of positively charged particle [m.s™1]
V., Fraction of total particle velocity caused by electrophoresis [m.s™1]
V,,: Fraction of total particle velocity caused by electro-osmosis [m.s 1]

Considering 3.58 and 3.46, equation 1 is re-written as follow:

& &g &r&p
E.(p+ —
-Sp

Vpr = E.¢; Equation 2
& : Dielectric constant of the medium

&o : Free space permittivity ( 8.854 x 10712 [F.m™1])

71 : Dynamic viscosity [Pa.s]

E : Electric field strength [V.m™1]

{p+: Zeta potential of positively charged particle [mV]

{, : Zeta potential of metallic surface [mV]

Figure 2 shows the experimental setup for tracking the particle motion over gold and platinum
patterns under same constant electric field. The sample (figure 2.b) included gold-coated
surface, platinum-coated surface and two gold contacts to apply the electric field. Stencil
lithography and e-beam evaporation were used to deposit Au and Pt patterns. The sample was
cleaned following cleaning process C5 (table 3.3). It was exposed to aqueous solution
containing positively charged particles (2 um polystyrene spheres functionalized with amidine
groups *, {p+ = 46 + 1 mV) and subjected to external electric field (E).

Considering equation 2, the velocities of particles over platinum and gold surface (figure 1) are:

»supplier: Life Technologies Corporation Website: http://www.invitrogen.com
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&r&p 0
Vot = ——FE.{p+ ———E. {4 Equation 3
m n
Er&p 0
VE = 7;7 E.(p+ — E. Cpe Equation 4
Pt

VE : Velocity of positively charged particle over gold surface [m.s™1]

Au

V.+ : Velocity of positively charged particle over platinum surface [m.s 1]

Pt

{4, : Zeta potential of gold surface [V]

{p; : Zeta potential of platinum surface [V]

According equations 3and 4, {,,, and {p, are :

U

Cau = Cp+ e eoF % Equation 5
Cpe = Cp+ — ﬁ z;_;r Equation 6

Considering equations 5 and 6, the difference between the particle velocities over gold and
platinum is proportional to difference between the gold and platinum surface zeta potentials:
Ui

Caw — Cpe = — e eoF (V% - V%) Equation 7

Strength of external electric field is simply calculated as follow:

E=— Equation 8

V: The potential difference between two gold contacts [V]

x: Distance between two gold contacts [m]

By considering equations 3 and 4, other relation between {4, and {p, is:
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Vor = Vpr). $pt = Vit Qe — Vot Oy Equation 9
Au Pt Au Pt
E
D — Gold
V. v, [ | P.Iz?\tmum
a T Silicon
~Q <O
I

Figure 1: Motion of positively charged particles over gold and platinum surface under external
electric field (parameters were described in the text.)

Figure 2: Experimental setup for tracking the particles under constant electric field a)
assembled view, b) exploded view @Microscope objective @Wires to connect gold
contacts to the power supply @Cover glass @Spacer @Sample . Two separate platinum
(brown) and gold (yellow) areas are connected to the gold contacts.
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Appendix 5.1 : A guideline to TAFEL plots

TAFEL plots are very useful curves to characterize the kinetics of an electrochemical reaction
and have been very useful to evaluate corrosion rates, the passivity of electrodes, etc. The
curves represent the log of the electrochemical current as a function of the electrode potential
and are taken at steady state conditions (or with low scan rates). The TAFEL representation
exhibits an almost V shaped characteristic (Figure 1). In general there are an anodic branch
(electrochemical current at more positive voltages) which represents the oxidation behavior of
an electrochemical species at the electrode and a cathodic branch (electrochemical current at
more negative voltages) corresponding to the reduction of the electroactive species. The
important segments in the TAFEL plots are the linear ones (dashed lines) in which the TAFEL
equation is satisfied®. The extrapolation of both segments intercepts in log i, (the exchange
current) and E., (the equilibrium potential). The exchange current is the current at
equilibrium (absence of net electrochemical reaction), which means that the anodic and
cathodic reaction progress at the same rates. Thus, the TAFEL curves allow evaluating the
charge transfer coefficient o (see note below) and i, , the latter being related with the charge
transfer resistance (R.r) of the reaction process (equation 1). Both are very important
parameters to evaluate the electrode kinetics.

= — Equation 1
lo = F.Rer quation

Anodic branch
A— AT +e”

Logi/A

—> (Eeq ) lOg lO)

>
Potential /V

Figure 1: Typical TAFEL plot indicating the cathodic and anodic current, exchange current and
equilibrium potential.

** TAFEL equation E — E,,, = (%)lni0 - (%)lni , Where E,, is the equilibrium potential of the

electroactive species, « is the so-called charge transfer coefficient, i, is the exchange current, Ris the
universal gas constant, T is the temperature and Fis the Faraday constant.
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Apart from such valuable kinetic information, TAFEL plots can provide additional clues. For
instance it is possible to predict the role of the electrodes when facing electroactive species
which is the case in this work. For illustration one can consider the typical reactions taking
place on a metal electrode M1.

Anodic reaction : H,0, » 0, + 2H* + 2e~ Equation 2

Cathodic reaction : H,0, + 2H*+ 2e~ - 2H,0 Equation 3

Just notice that the reaction taking place at the cathode is not exactly the backward reaction at
the anode. Such detail makes that the equilibrium potential cannot be called like that. In this
case is named mixed potential. A mixed potential is also a kind of equilibrium potential in
which the net electrochemical reaction is also zero but the anodic and cathodic current are not
the forward and backward reaction of an electroactive species (figure 2a).

The measurement of the mixed potentials in presence of the electroactive H,0, with
different metals can help to predict which metal would act as anode or cathode when both
metals are connected. Figure 2b illustrates such situation. It shows the TAFEL plot for the redox
reaction of H,0, in metal 1 (M1) and metal 2 (M2). The metal which exhibits a higher mixed
potential for the reaction will act as cathode (M2) and the one which lower mixed potential
will act as anode (M1). For verifying that, one can just concentrate on the region that the
TAFEL branches of the different metals are mixed (region enclosed by the circle). In this region
a kind of TAFEL plot is also formed with the mixed electrochemical branches coming from the
different metal electrodes. The intersection of both branches provides the bimetallic potential
and the current that would result if the metals were connected electrically. The
electrochemical current at more negative potentials from such intersection is related with the
cathodic branch of M2 and at more positive voltages of such point the electrochemical current
is related to the anodic branch of M1. Accordingly it indicates that M1 would favor the anodic
reaction of H,0, (anode) and M2 the cathodic one (cathode) when short-circuited. Moreover
the higher is the difference of the mixed potential difference between both metals, the higher
is the current at the intersection of both metals and consequently increased driving force for
the electrochemical reaction and catalytic pumping are expected.
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Figure 2: a) TAFEL plot for H, 0, redox reactions at metal 1 indicating the mixed potential. b)
TAFEL plots for H, 0, for two metals. The illustration shows the mixing of redox branches of
the two metals. The metal which exhibits a more positive mixed potential acts as cathode
whereas the one that has more negative mixed potential acts as anode. The intersection of
the cathodic of M2 and anodic branch of M1 provides the potential and the current that
would have the system when both metals are electrically connected.
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Appendix 6.1 configuration of adjoining clusters

Table 1 contains the information about configuration of adjoining clusters to the device shown
in the figure 6.2.

Table 1: configuration of adjoining clusters
size | Observed configuration(s) Percentage (%)
1 ’ 38.16
2 “ 13.74
3 “ 11.45
B K
1 I I ’ 1.52
8 *
9 w l H 1.52
10 II 1.52
11 @ 1.52




Table 1: continue

size | Observed configuration(s) Percentage (%)
12 r )
2.29
) & F s *’"
15 & a 1.52
16 i 1 1.52
27 0.76
28 0.76
33 0.76
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Table 1: continue

size

Observed configuration(s)

Percentage (%)

37

0.76
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