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ABSTRACT

This thesis concerns the design of mixers and pumps for microfluidic devices, based on
the actuation and ion-exchange properties of electrochemically active conducting
polymers (ECP). Electrochemical oxidation or reduction of these polymers is
accompanied by ion-exchange with the electrolyte and an associated change of volume.
The thesis proposes that this volume change can be utilised for the purpose of mixing and
pumping, in which the electrochemical cell is formed within a microfluidic structure and
the motion is induced in the electrolyte as a consequence of redox reaction of the

polymer.

The thesis falls into three parts. The first part explores theoretically the propagation of
composition waves along a strip of ECP upon electrochemical stimulation, and the use of
such waves as a means of mixing and pumping. For the theoretical description of the
propagation of composition waves, an efficient solution of the electro-neutral Nernst—
Plank equations in 2-D for electromigration and diffusional transport in the solution is
developed. Under some circumstances, waves reflecting back from the end of the strip are
predicted. We then demonstrate theoretically how such waves, associated as they are with
expansion of the polymer, could be employed to enhance mixing or induce pumping in
microfluidic systems. The anticipated effects of using ECP alone, based on known
volume changes for ECP as a consequence of the redox reaction, seemed quite small.
Therefore, the second part of the thesis explores the idea that, by using an ion sensitive
polyelectrolyte gel as the electrolyte surrounding the ECP, a significant amplification of
motion could be achieved. The hydrogel and ECP are assumed formed as a uniformly
mixed composite. A 1-D model incorporating both diffusion and migration of ions and
accounting for the space- and time-dependent variation in both ionic and electronic
conductivity is set up and solved using the COMSOL multi-physics solver package. The
importance for achieving a significant and long-lasting change in local ionic composition
of the composite of the volume fraction of the two phases, the electronic conductivity
contrast between oxidised and reduced states of the ECP, the ionic mobilities in the
hydrogel and the ion-exchange capacity of the ECP are demonstrated. The final part
presents experimental studies directed at depositing and actuating such ECP based

composites in a miniature electrochemical cell.
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CHAPTER 1: INTRODUCTION

Micro-devices are fast transforming into an important part of biological studies.
Currently, they are used in various biological applications, from pathogen detection to
cell culture and metabolomics. The majority of the micro devices used in biology are the
ones that handle very small amounts of fluids such as samples and reagents. These
microfluidic devices offer a number of advantages over the traditional devices that

perform these functions®:

e High sensitivity and precision with the control, measurement, and manipulation of
small amounts of liquids >°,

e Speed in comparison to the traditional devices * .

e Convenience, as they occupy less space and can be made into portable hand held

devices that consume little power.

A microfluidic system usually contains inlets and outlets to introduce and extract the
samples, micro-channels, and a pumping mechanism for transporting the samples to
different parts of the system. It also contains valves and mixers to direct the flow and
mix different liquids. By integrating these functions into one small system, a
functioning laboratory in a miniature chip can be achieved. In the design of single-use
devices for biomedical measurement, towards which much current effort in the
development of microfluidic systems is directed, mixing is a particularly important
issue’. In such devices, the prototype of which is the home-use pregnancy test or the
rapid assay test for cardiac markers, reagents and labels that were previously dried
into a device must be thoroughly mixed into a small sample in some simple way that
can be implemented within a robust and compact instrument. In the present generation
of tests, the labels are typically dried within a porous pad and a capillary driven flow
of the sample through the pad achieves re-suspension of the labels in the sample. A
degree of mixing then occurs by virtue of the complex flow pattern through the pad.
Poor, slow mixing is one major reason for the limited measurement precision attained
by the current generation of instruments. One of the defining characteristics of
microfluidic devices is that flow is laminar and mixing is by diffusion only. When it

comes to re-suspension of a particulate label in a fluid or mixing of reagents within a



short time, diffusion alone is not an effective mechanism. Furthermore, mixer designs®
that rely on pressure-driven flows across patterned surfaces (e.g.,>"), induce chaotic
motion in suitably designed channels (e.g.,%®), use flow splitting and recombination

(e.g.,*), or use mechanically-induced motion (e.g., ***3

) have significant barriers to
their implementation in a practical form in devices where major design constraints are

reliability, simplicity, low cost, and single use.

These considerations led us to consider the mechanical response of Electrochemically-
active Conducting Polymers (ECP) to an electrochemical stimulus, on which there is a

large literature™*™*’

, as a means for inducing mixing and pumping in a micro-chamber.
Approaches to the construction of actuators and valves utilizing the redox switching
phenomenon of the ECP have been reported*®?°, These have generally involved
multiple fabrication steps, typically of a composite of an elastomer deposited on top
of a porous membrane that supports an electrochemical cell. In contrast, we have
explored the possibilities for mixing and pumping stimulated by direct actuation of

the ECP using the fluid itself as the electrolyte.

There are different means by which solution movement in a micro-chamber might
conceivably be stimulated by actuation of an ECP. The simplest is an expansion and
contraction of polymer deposited in the chamber in the form of pads. An issue with
such a scheme is that the relative expansion is generally small (e.g., on the scale of
10%, although with choice of exchangeable ion, larger strains can be attained?'). From
this limitation, a large polymer thickness would be needed to facilitate significant
movement, which would, in turn, limit the achievable rate of movement. To overcome
these issues, we have explored two different design methods in this thesis, by which

ECP can directly be used to fabricate microfluidic mixers and pumps.

In the first method, we designed a peristaltic mixer and a pump utilising an oxidation
wave phenomenon that is unique to ECP. Peristaltic pumps and mixers do not require
actuators with large expansion and contraction. First, we studied and modelled the
oxidation wave phenomenon in ECP and computationally designed different pump

and mixer configurations to utilise this wave.

In the second method, we explored the possibility of enhancing the expansion and
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contraction of the ECP by preparing composites of it with polyelectrolyte hydrogels.
Polyelectrolyte hydrogels are known for their swelling properties. They swell or
shrink to more that 100% of the original volume upon change of pH or salt
concentration. It has been shown that the stimuli response time of the hydrogels can
be greatly improved by reducing its size in microfluidic channels®?. We formulated a
1D model to compute the salt concentration changes in the ECP-hydrogel composite
upon electrochemical actuation and thereby were able to predict the enhancement in
the actuation that can be achieved for different compositions. ECPs are mechanically
poor and fragile®®. They are insoluble in most solvents, making them difficult to
process. ECP-hydrogel composites, in comparison, have an advantage, as they can be
made more mechanically stable and processable. It has indeed been reported in the
literature, that it is possible to incorporate ECP within other stable polymers and still

retain the electrochemical properties®*?’.

Though the major focus of the thesis is on modeling and designing of ECP-based
actuators for microfluidic devices, in the final part we also discuss some experimental
studies done towards preparing, processing, and characterising ECP-based
composites. We believe these experimental studies will not only help the design of
ECP based microfluidic mixers and pumps, but will also help validate our modelling

results.

1.1 Thesis Objectives

The objectives of the thesis are as follows:

1) Identify the importance of microfluidic devices and discuss existing pumping and
mixing mechanisms.

2) Study the role of ECP as actuators in microfluidic devices.

3) Examine the exisiting methods to prepare ECP-based composites and study their
properties and applications.

4) Understand the phenomenon of oxidation wave in ECP by building a 2-D numerical
model.

5) Computationally design a microfluidic mixer and a pump that utilises the ECP
oxidation wave and find its efficiency to mix or pump electrolytes.

6) Build a 1D numerical model of a ECP hydrogel composite and find the

3



compositional changes of the composite during electrochemical actuation.
7) Explore the methods to prepare and characterise various ECP composites and study
the electrochemical behaviour in a microchannel.

8) Recommend further studies that can be done utilising the results from this thesis.



CHAPTER 2: LITERATURE REVIEW
2.1 Micro-Devices

Modern micro-device have their origins from the field of electronics when the first
integrated circuit (IC) was developed at Texas Instruments in the late 1950s%. The idea
of creating functional devices at micro scale was then discussed by R.P Feynman in his
talk in 1959 #. This idea opened up the fields of microfabrication, micromachining, and
micro devices. A functioning resonant gate transistor was soon developed in 1967%°, and a
decade later, an accelerometer containing a moving loading beam was developed by
Roylance and Angell *!. Reduction in the size of mechanical parts created an increase in
the frequency response and in precision. This invention later led to the creation of
successful commercial devices such as airbag sensors in cars and sensors in modern
electronic equipments. A few years later, a fully functional motor, in the scale of 100
micrometers, was developed at Berkeley*. This development marked the beginning of
the Micro Electro Mechanical Systems (MEMS) or Microsystems field.

Image removed for copyright reasons. The image can be accessed at
http://www.sciencedirect.com/science/article/pii/0250687489871008

Figure 2.1. SEM image of 24 step stepper motor developed by Fan et al at Berkeley®.

The gap between stator and rotor is 2 micrometers. Image is taken from their paper.

Due to its origins from the electronics industry, the initial choice of material for micro
devices was silicon. Silicon has strength and reliability, and can be machined precisely.

Moreover, it can be can be fabricated using the same techniques used by the
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semiconductor industry and can be integrated with the electronics components **. These
properties made it a good choice of material for making micro-devices. But now, a variety
of materials that includes polymers, metals, and ceramics is being used in fabrication.
These other materials have overcome some of the shortcomings of silicon and furthered

the usage of micro-devices in new fields.

In recent years, polymers have been increasingly used for a wide variety of micro-
devices. Silicon, though strong, is brittle **and is problematic in devices that require
flexibility. Polymers, in comparison, are flexible and can be deformed to a greater extent.
In addition, they are cheaper as materials than silicon. Some polymers are also permeable
to air, which is useful for applications in the field of biology. In addition, polymers open
up a variety of new fabrication techniques that are impossible with silicon, such as
moulding, casting, screen printing, and hot embossing. These new techniques are cheaper

and easier than the traditional techniques used to process silicon.

Traditionally, microdevices are made using a method called microfabrication.
Microfabrication is a broad term to describe a set of techniques employed to create
micrometer size range patterns or structures. There are two main categories of
microfabrication methods: surface micromachining and bulk micromachining. Surface
micromachining is the process by which thin films of materials are deposited on the
surface of the substrate and are etched selectively to form structures *°. A sacrificial layer
is often used to create a moving part such as a cantilever or a piston®. In comparison to
surface micromachining, bulk micromachining involves processing or selectively

removing the substrate directly using etching processes to create structures or devices>>'.

Both these methods typically involve techniques such as laser patterning, optical
lithography, material doping, deposition, etching, and bonding. Initially, these methods
enabled the electronic industry to fabricate components such as transistors, resistors, and
capacitors in the scale of micrometers or less. Later the same techniques were adopted to
fabricate microdevices. Optical lithography, or photolithography, is one of the main
processes involved in the process of microfabrication. The process is simple and fast and
involves transferring a material’s required pattern on to a substrate by using a photo
mask®. The minimum feature size of the patterns is limited by the resolution of the mask.
The masks are usually created by etching a chrome plated glass by laser machining.

6



Currently, although photolithography is still widely used, the advent of ultra short pulse
lasers with nanometre range resolutions has allowed researchers to directly create micro
patterns on to substrates without the need for the intermediate step of photolithography.*

40,41

This method is often called mask-less microfabrication™"" making laser machining into

another major microfabrication technique alongside photolithography*>*.

Owing to many advantages of miniaturisation, the field of micro devices has given rise to
many subfields such as Optical-MEMS, RF-MEMS, and Bio-MEMS.

2.2 Microfluidics and its Application in Biology

Microfluidics * is a branch of MEMS that handles very small amount of fluids, using
channels with dimensions of tens to hundreds of micrometers. The early reported micro-
devices that handled liquids were the inkjet printing nozzle arrays in silicon, developed by
researchers at IBM **, and the High Pressure Liquid Chromotography (HPLC) devices
with micro capillaries, developed at Stanford for chemical analysis*®. Though the initial
microfluidic devices were fabricated in silicon, the majority of the current devices use
polymers. Poly (dimethyl siloxane)(PDMS) is one of the mainly used polymers for
research purposes. PDMS is a soft transparent polymer and is generally considered to be
chemically inert. It is nonflammable and nontoxic. It is biocompatible and is also inert to
most of the biological compounds and living cells. PDMS is impermeable to liquids and
can be crosslinked at low temperatures. These properties make it an ideal material to
fabricate microfluidic channels. The process by which PDMS-based microfluidic devices
are fabricated is called soft lithography. The process is explained in detail in chapter 3.
Currently, microfluidic systems are used in wide variety of fields such as in chemistry*,
pharmacy *’, biology * physics *°, and medicine®. Of these, biology and medicine are
two important fields which have great potential. Some of the applications in these fields,

where the current research interests lie, are briefly discussed here.

Laboratory diagnosis, in which a patient’s biological samples are tested for pathogens or
abnormalities, is an important step in medical diagnostics. Currently a majority of these
tests are done manually in instruments that occupy large space, require large expenses,
and take long diagnostics times. Microfluidics has the potential to replace many of these
instruments with a single small chip that is cheaper and faster. In recent years, many such

7



microfluidic devices have been developed. In a recent paper, for example, Chin et al*°
developed a microfluidic chip that can detect HIV and syphilis simultaneously. They used
a simple syringe to create vacuum and draw the fluids into the microfluidic channels.
They successfully demonstrated that their small chip can perform the standard ELSIA
(Enzyme-linked immunosorbent assay) test done in the laboratories to detect protein
based biomarkers. In another recent paper, Ma et al®* developed a microfluidic chip that
can evaluate single immune cells to detect tumour. In yet another study, Devadhasan et
al® discussed the methods for early detection of Alzheimer’s disease using microfluidic

devices.

Image removed for copyright reasons. The image can be accessed at

http://www.nature.com/nature/journal/v442/n7101/abs/nature05064.html

Figure 2.2. Example of an microfluidic disposable diagnostic card developed by T
Edwards et al at University of Washington®? for detection of small molecule analytes in

saliva.

Microfluidics is also widely used in the field of systems biology. DNA sequencing rate
has been vastly improved by the use of microfluidic devices®. DNA sequencing requires
parallel capillary channels, which can be fabricated and automated by the use of
microfluidic chips. Polymerase Chain Reaction (PCR) is the process by which DNA can
be amplified. It requires cycling the solution containing the DNA between different
temperature zones. Microfluidic systems are currently used to perform these functions.
Micro heater arrays can be fabricated in the chip along with the microchannels™.
Proteomics®® and metabolomics*® are two other fields of systems biology where
microfluidic systems are currently used. The ease with which a single cell or a protein can

8
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be manipulated or analysed using microchannels is advantageous for using microfluidic
chip for these functions. Microfluidic technology is also used in the field of synthetic

biology®’

Drug discovery is another major area of application for microfluidic devices. Drug
discovery traditionally involves a laborious process of screening thousands of drug
compounds on cells. The use of microfluidic systems in this process has vastly improved
the screening time*’ through an automated screening process that uses micro wells,
microchannels, and electrophoresis for cell sorting and analysis®. It has also significantly
reduced the sample consumption, thereby reducing the cost. These applications

demonstrate the role of microfluidics as an important tool in the field of biology.

It is important to note that fluid flow in micrometer size channels has very different
behaviour from the fluid flow in macro channels. It is common to calculate Reynolds
number to evaluate the type of fluid flow in channels. Reynolds number (Re) is defined as
the ratio of inertial forces to viscous forces
_pvlL

H (2.1)

Re

Where,

p- Density of the fluid

v- Mean velocity of the fluid
L- Characteristic distance

- Viscosity

Smaller sizes are associated with greater viscous forces acting on the fluid. Because of
this association, the fluid flow in the micro channel is predictable and nonchaotic. This
type of flow is called laminar flow, as compared to flow in macro channels where the
flow is turbulent and chaotic. Typically, when the calculated Reynolds number is less
than 2300, the fluid flow is laminar. In microchannels the typical distance scale L is very
small and the velocities of the fluids are in millimetre per second ranges, bringing
Reynolds number down to a very small number, making the flow laminar. One of the
characteristics of laminar flow is that when two or more liquids are introduced in a

channel, they do not mix, except through diffusion. This property has many advantages



and has been exploited in many microfluidic applications like fuel cells >°, electroporation
systems®, and particle sorting ®*. Even though it is useful for many applications, when it
comes to mixing fluids in microchannels, which is important for many bio-diagnostic
applications, laminar flow poses a problem. The mixing of fluids by diffusion only
requires longer times, especially when the diffusion coefficients of the fluids differ
greatly. Thus the microfluidic devices require special components built in them for

mixing fluids.
2.3 Microfluidic Mixers and Pumps

Mixers for microfluidic systems can be classified into two main categories: passive
mixers and active mixers. Passive mixers require no external energy source; they simply
manipulate the flow in such way to aid the mixing of fluids®2. A simple passive micro
mixer is a T-junction mixer, where two different channels with the mixable fluids meet at
a T junction and form a single channel. Because in a microchannel the flow is laminar,
the fluids that meet at the junction do not mix immediately but rather slowly through
diffusion. Thus, the mixer needs a long mixing channel after the junction. Stiles et al®
used a plus junction mixer, where one liquid is pumped in one of the channels while the
other liquid is pumped in two other channels which meet and surround the first liquid at
the junction . Another method of improving the mixing is by creating serpentine channels.
This method reduces the footprint of the mixer while increasing the length of the mixing
channel. Malecha et al** and Kim et al®® designed and fabricated such a mixer. Mixing
can also be increased by creating chaotic advection in the microchannel by fabricating
structures that obstruct the fluid flow. Lin et al® fabricated a mixer with cylindrical
structures along the channel. One example of a complex design is the 3D vortex structure

created by Hsin et al®’

, Which can improve mixing.

Another category of mixers that are used in microfluidic devices are active mixers, where
an external stimulus is applied to enhance the mixing of fluids. The external stimulus can
be applied in many different ways. One approach is to apply pressure perturbations along
the sides of the channel, as done by Niu et al®®. Nyguen et al*® induced mixing by using
Surface Acoustic Waves (SAW) as an external stimulus. Electrokinetic and
electroosmotic forces are two other commonly used external stimuli. Campisi”® et al

fabricated a micromixer where the fluids were displaced by an AC electroosmotic rolling

10



force which created a mixing effect. Chen et al’* designed a mixer that creates chaotic
electric fields that aid in the mixing of fluids. Magnetic stimuli have also been used to
mix fluids in a microfluidic system. Affanni et al’® designed a mixer that uses magneto-
hydrodynamic force to stir fluids in a microchannel. Mixing has also been performed
using thermal disturbances. Francais et al”* fabricated a micromixer by heating the liquid
at certain parts of the channel using heating resistors. This process causes rapid volume

change cycles in the liquid which enhances mixing.

Another method of mixing fluids in channels is by using mechanical actuators in the
channel, which physically stir the fluid. A variety of materials have been used as

actuators. Prettyman et al’

have used the stimulus response swelling and shrinking
property of hydrogels to enhance mixing. They fabricated cylindrical structures of the
hydrogel in the channel and stimulated it by changing the pH of the flowing fluids.

|75 |.76

Himstedt et al™> used a magnetic responsive membrane as an actuator. Ryu et a

fabricated a micro magnetic stirrer that rotates along its axis when magnetic stimulus is

77
I

applied. Similarly, Williams et al’’ have used nafion polymer as an actuator to create

mechanical disturbance at the base of the channel to enhance the mixing.

Another important component of a microfluidic device is the micropump which is
required to manipulate fluids around the micro channel. There are a number of methods to
pump fluids in microchannels. One method uses a mechanical actuator to physically push
or create a pressure that pumps the fluids. Usually a diaphragm and a chamber are
designed with incoming and outgoing valves. When the diaphragm is actuated, the pump
draws in the liquid through the incoming valve and fills the chamber; when the diaphragm
is relaxed back, the chamber is emptied by pumping the fluid through outgoing valve.
Peristaltic pumping is another pumping technique used in microfluidic devices. In this
method a peristaltic wave is generated along the walls of the microchannel which induces
fluid motion. Chao et al”® and Hwang et al”® induced a peristaltic wave by using three
different piezoelectric actuators in line and actuating them one after another. Trenkle et
al®® fabricated three successive diaphragms and wells whereby they actuated one after
another in a peristaltic motion to pump fluids. Numerous other methods that do not
involve mechanical displacement have been reported to pump fluids in microchannels.
They use different actuation methods such as electrophoresis, electronydrodynamics,

electroosmotic, magnetohydrodynamics, and acoustic actuation.
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A number of materials have been used as actuators to induce fluid motion in
microchannels. These materials include piezoelectric materials®, electrochemically active
conducting polymers® (ECP), and hydrogels®. In this thesis, we will focus only on ECPs,
hydrogels, and their composites.

2.4 Electrochemically active Conducting Polymers

Since first reported in 1977, electrochemically active conducting polymer (ECP)
materials have been extensively studied for their chemical, physical, and mechanical
properties. ECP exhibit electrical properties similar to inorganic semiconductors while
retaining the mechanical properties of conventional polymers. The electrical properties of
ECP can be varied significantly by changing the band gap between the valence band and
the conductance band through doping. Unlike in semiconductors, the process of doping in
ECP is relatively easy and can be reversed. In addition to the changes in the electrical
properties during doping, ECP also undergo changes in chemical and mechanical
properties, such as ion exchange capacity, hydrophobicity, and stress and strain. ECPs are
currently used in a wide variety of applications such as electrochemical sensors®,
electronic transistors®, light emitting diodes (LEDs)®, drug delivery devices®’, fuel cell®®

batteries, electro chromic displays®, and as actuators in microdevices.
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Figure 2.3. Chemical structures of few commonly studied ECPs.
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ECP can be synthesised either chemically or electrochemically by oxidative
polymerisation of appropriate monomer units. Different mechanisms have been proposed
to explain the polymerisation process of the ECP. Sadki et al®® wrote a detailed review of
different electrochemical polymerisation mechanisms. Of all the different proposed
mechanisms, the most commonly accepted mechanism, given by Diaz et al™*, is briefly
discussed here. Though most proposed mechanisms are for the electrochemical
polymerisation, Bjorklund et al®* and Rosseinsky et al®® have concluded that chemical
polymerisation follows a similar mechanism. Polymerisation is an oxidative process and
the oxidation is initiated either by applying an oxidative potential (electrochemical
polymerisation) or by adding an oxidising agent (chemical polymerisation) to the
monomer solution. The initial step in the polymerisation process is the creation of the
monomer radical due to the removal of electron by oxidation. The scheme for both

electrochemical and chemical polymerisation of pyrrole is given in Figure 2.4.

a) - o+
W

EOxidaﬁon
H H
) o+
(/ \5 + Fed+ € O + Fe2t
) )
H H

Figure 2.4. Scheme for the initial step of pyrrole polymerisation (a)
Electropolymerisation (b) Chemical polymerisation with Fe®* as oxidant. Schemes

adopted from papers cited in this section.

The monomer radical formed is unstable and it reacts with another monomer radical to
form an intermediate dimer which then undergoes deprotonation to form the stable dimer.
The dimer undergoes further oxidation to form a dimer radical. The dimer radical couples
with another dimer radical or a monomer radical to form an intermediate tetramer or
trimer, which again undergoes deprotonation reaction to stabilize. This sequence of

oxidation, coupling, and deprotonation continues until the final polymer is formed.
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Figure 2.5. Mechanism by which pyrrole oligomers are formed. Scheme adopted from

papers cited in this section.

2.4.1 Electrochemical Polymerisation

Electrochemical polymerisation is usually performed using a three electrode setup which
contains a working, counter, and a reference electrode placed in a solution containing
monomer and an electrolyte. When an oxidative potential is applied between the working
and the counter electrodes, the monomer solution in contact with the working electrode
polymerises on the surface of the electrode and forms a film. This polymerisation process
is more controllable than chemical oxidation and thin films of ECP can be synthesised
using this method. The oxidation potential of the oligomers gradually reduces as the
length of the chain increases. This reduction is evident from the fact that the potential
drops over time during the electrochemical polymerisation®®. During the electrochemical
polymerisation reaction, there is a continuous production of H* ions near the electrode
thus reducing the pH of the solution near the electrode. Though pH of the solution does
not have any influence on the oxidation potential, it influences the reactivity and the
stability of the polymer. Lower pH makes the surface of the deposited polymers smooth
and the polymer less conductive®™. There are also number of other parameters that affect
the morphology of the ECP during electrochemical polymerisation, such as the type of

solvent, electrolyte, and electrodes used, alone with deposition time and deposition
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charge. The final product of the electrochemical polymerisation is a positively charged

polymer, which gets neutralised by bonding with the anions present in the solution.

2.4.2 Chemical Polymerisation

Chemical polymerisation involves adding an oxidant such as ferric chloride (FeCls) or
ammonium persulphate ((NH4).S20s) to the monomer solution. This method is more
useful in synthesising bulk quantities of ECP. The yield of the ECP obtained by this
method depends on different parameters such as the oxidant to monomer ratio, type of

solvent/oxidant, and the reaction time. Bjorklund et al®?

noted that the pH of the solution
partially determines the rate of the polymerisation in chemical polymerisation. The
polymerisation rate increases with decrease in the pH. From this finding, theysuggested
that the ferric ions are better solvated in water when the pH is low and thus are better at

oxidising the pyrrole monomers which are slightly basic.

2.4.3 Mechanical Swelling Mechanism

The ECP obtained from both chemical and electrochemical polymerisation are in the
oxidised state and thus incorporate anions from the solution to balance the charge. The
structure of the final polymerised polypyrrole is given in Figure 2.6. The process of
addition of an anion to the polypyrrole (PPy) backbone is called doping. The doped
polymer is electrically conductive.

Figure 2.6. Polypyyrole in its oxidised state doped with an anion (B").

One of the interesting properties of ECP is the ability to easily switch between oxidised
and reduced states. When an ECP is reduced, to keep the total charge neutral the anion is
expelled from the ECP. If the ECP is doped with a larger anion such as Dodecyl benzene
sulphonate (DBS), the anion gets trapped in the polymer and cannot be expelled. In this
case, a cation from the solution is absorbed to keep the system neutral. The process is
reversible so when the ECP is re-oxidised, it again absorbs an anion or expels the

|95

absorbed cation to keep the system neutral®™. The redox processes are given in Figure 2.7.
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Figure 2.7. The redox processes of the ECP (a) when doped with a small anion (b) doped

with a large anion

Another important property of ECP is that during the process of oxidation and reduction,
they can mechanically swell or shrink. There have been many theories proposed to

explain this property. Pei et al®

in their paper have studied two different ECP: a chloride
doped polypyrrole (PPy-Cl) and a DBS doped polypyrrole (PPy-DBS). They studied the
volume change of the ECP by using the bending beam method. In this method, PPy is
electrochemically grown on a gold-polyethylene thin film. When actuated, the bilayer
immersed in electrolyte solution bends due to the compressive stress caused by the
swelling and shrinking of the ECP. They proposed that the volume change of the ECP is
due to the ion exchange. When the PPy-Cl is reduced, since chloride ion is smaller, PPy
expels the ion and shrinks. When oxidised, the Cl ion is absorbed back into the polymer
and thereby it swells. But when PPy-DBS is reduced, because the DBS ion is larger, it
gets trapped in the PPy chains so the polymer thus absorbs the cation from the
surrounding electrolyte and swells. This mechanism was confirmed through the observed
bending behaviour of the PPy-Cl and PPy-DBS polymers during oxidation and reduction.
Figure 2.8 shows that the bending direction is opposite for PPy-Cl and PPy-DBS upon

oxidation or reduction.
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Image removed for copyright reasons. The graphs can be accessed at
http://pubs.acs.org/doi/abs/10.1021/j100124a041

Figure 2.8. The swelling and shrinking behaviour of the ECP during the oxidation and
reduction for (a) PPy-Cl ECP and (b)PPy-DBS ECP as observed by Pei et al*®. Graphs

reproduced from the publication.

Gandhi et al®” in their paper have proposed a similar mechanism. They studied two
different polymers: PPy-pTS (polypyrrole -paratoluenesulphonate) and PPy-PVS
(polypyrrole-polyvinylsulphonate). They used a tensile testing method to study the
swelling and shrinking behaviour. They observed that both the polymers swell upon
reduction and shrink upon oxidation. In their experiments they used different kinds of
electrolyte solutions and found that the magnitude of the swelling and shrinking depends
upon the type of cation used in the solvent. In some cases when polymers were reduced,
they swelled first and then shrank over time. This occurrence is due to a process called
salt draining, which occurs when the ECP is reduced, the cation moves into the polymer
to neutralise the doped anion, and the anion forms a salt molecule. Over time, this salt
diffuses out of the polymer and causes it to shrink. This process happens only when both
the cation and the anion are mobile.

Suarez et al*®

have used AFM to study the changes in the morphology of the ECP during
deposition and also during the redox reaction. They prepared PPy-ClO, films

electrochemically and measured the volume change during oxidation and reduction.
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When reduced in NaClO4 solution, the films swelled, but the swelling was not reversible
upon oxidation. They suggested that the prolonged reduction cycle might have altered the
structure of the polymer. The films experienced reversible swelling and shrinking
behaviour when cycled in Na (pTS) solution. This process suggests that the PPy swelling
mechanism is strongly dependent on the type of anion present in the solution.

1° have suggested that the swelling of the polymer is caused not only by the ion

Bay et a
movement but also by the osmotic intake of solvent molecules along with the ions. This
osmotic intake might be one of the reasons for the large swelling behaviour seen in ECP
during oxidation and reduction. In the experiments they obtained the elongation length
measurement along with the EQCM frequency measurement of the polymer during the
oxidation and reduction and they correlated the dimension changes with the mass changes
of the polymer. They also found that the when the concentration of the surrounding
electrolyte was increased, the swelling of the ECP decreased by 30%. This finding
suggests that Donnan potential at the polymer interface reduces when the concentration of

the ions increases, thus reducing the osmotic intake of the surrounding solution.

2.5 ECP-Based Microfluidic Devices

ECPs have been used before as actuators in microfluidics devices. One of the simplest
methods is by utilizing the volume change property of the polymer directly in the
microchannel. Smela et al'® have used this method to construct simple valves. They
electrochemically actuated the ECP in a microchannel causing it to swell or shrink and

thereby closing or opening the channel.
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Image removed for copyright reasons. The image can be accessed at
http://onlinelibrary.wiley.com/doi/10.1002/adma.200390113/abstract

Figure 2.9. A simple microfluidic valve that utilises the volume change property of the

ECP, developed by Smela et al'®. The image is taken from their review paper.

A different method for creating an ECP based actuator is by fabricating an ECP bilayer,
by which an ECP layer is bonded to another material that does not change volume. When
the ECP is oxidised or reduced, the swelling causes a stress on the other material that is
bonded to it. This stress causes a concave bend in the bilayer. When the ECP actuation is
reversed, the material shrinks back to its original size, causing the bi-layer to relax back
to its original position. Smela et al.** fabricated a microactuator that utilises this principle
with a PPy-gold bilayer. Pettersson et al.'®? used this actuator as valves for microfluidics
system. They attached a rigid plate to the bilayer and used it as a hinge to open or close
the microchannel. Casadevall et al.*® fabricated this bilayer actuator to be used as a mixer
in a microfluidic channel. Fang et al®? fabricated a trilayer actuator using a similar
principle, where they sandwich a PVDF layer in between two ECP layers. They oxidised
one layer of ECP while reducing the other. This treatment causes one ECP to swell and
the other ECP to shrink thus causing the actuator to bend. They designed a micropump
using this actuator. Fuchiwaki et al*® created a bi layer with two different ECP (PPy-DBS
and PPy-PPS). One of the polymers is anion driven while the other is cation driven. When
actuated, one of the polymers swells while the other shrinks, causing the actuator to bend.

et a|105-107

They also used it to fabricate a micropump. Alici , In their series of papers,

modelled and optimised the bending behaviour of these multi-layered composites.
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Image removed for copyright reasons. The image can be accessed at
http://www.springerlink.com/content/j5827163t7595625/

Figure 2.10. Actuation mechanism of ECP-gold bi-layer actuator. Here the polymer is
doped with NaDBS salt. When applied voltage the polymer oxidises and expels the Na
ions, thus shrinking and causing a compressive stress. The image is taken from the review

paper by Casadevall et al*®

Other authors have reported the use of the swelling and shrinking property of an ECP to
move a diaphragm that is in contact with a microchannel. The most commonly used

material for the diaphragm is PDMS. Lefevre et al*® fabricated a PPy layer under a very
thin PDMS layer. When the ECP was actuated, it swelled and pushed the PDMS layer to

|109 IllO a.ISO

close the microchannel, thus acting as a valve. Ho Kim et al™ and Wei et a
created similar actuators with a PDMS-PPy diaphragm, but they designed a micropump
using the diaphragm as a piston. Naka et al*** designed a more complicated micropump

which uses the bilayer effect, discussed previously, to move a PDMS based diaphragm.

Along with the volume change property, hydrophobicity of the ECP also changes when it
is oxidised or reduced. Causley et al*** have explored the idea of creating a micropump
using this property of the ECP. Hansen et al**® designed an electro-osmotic micropump

that uses PEDOT as electrodes to cause the ionic imbalance.
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2.6 Electrochemically active Conducting Polymer Composites

Electrochemically active Conducting Polymers (ECPs) are difficult to process and they
have poor mechanical properties. One way to process ECP is by creating a dispersion of

the ECP in a host solution. Haba et al*'*

were able to prepare polyaniline(PANI) films
that have a conductivity of 0.03 S/cm, prepared from aqueous dispersions obtained by a
unique method of aniline polymerization in the presence of DBSA. Jayashree and others
15 have studied a wide range of PANI blends prepared by the method of dispersing

monomers in organic liquid or water and polymerizing it.

Another method for processing ECP is by creating a composite with another stable
polymer that can be processed. By preparing this composite, the mechanical properties of
the ECP can also be improved. There have been previous studies creating processable
ECP composites with other polymers, which have good mechanical strength and also
retain the properties of the ECP. A wide variety of materials have been used as the
supporting materials for the ECP. Ruckenstein and Park''® have used polystyrene as a
binder. They made a composite by adding pyrrole monomer to the porous host
polystyrene and then polymerising the pyrrole inside the polystyrene by adding oxidants
to it. They were able to achieve a very highly conductive composite (0.8 S/cm). Bhat et
al® have used cellophane as a supporting polymer. They polymerised the ECP chemically

by pouring solution containing pyrrole monomer over oxidant soaked cellophane.

ECP composites are widely used as super capacitive materials and electrodes. An et al''’,
used carbon aerogel as an additive. They chemically polymerised the pyrrole monomer in
a solution containing carbon aerogel. The resulting composite contained PPy-coated
carbon aerogel with good super capacitive properties. A similar method was used by Park
et al®. Instead of carbon aerogels, they chemically polymerised the pyrrole on graphite
fibre matrix sheets. The resulting composite not only had a good super-capacitive
property but was also highly conductive. Coffey et al''® have used graphite fibre matrix
sheets as an additive, but instead of chemical polymerisation, they electrochemically grew

the PPy onto the sheet for use of the composite material as an electrode.
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2.6.1 ECP-Hydrogel Composites

Polyelectrolyte gels (hydrogels) are known for their swelling properties. These hydrogels
swell by osmotic intake of water until reaching equilibrium. The osmotic pressure is due
to the Donnan potential created by the free charges in the hydrogel. When water is
replaced by ionic salt solution, the swelling of the polyelectrolyte gel reduces as a result
of the change in the Donnan equilibrium and repulsion of charges in the hydrogel network
120121 ‘This process is reversible. Composites of ECP with hydrogels are a means of
coupling the electrical properties of ECPs with the swelling properties of hydrogels. The
proposed applications that have driven this effort are reviewed later (section 2.6.5). The
most commonly used hydrogels for this purpose have been poly (acrylic acid), poly
(acrylamide), poly (HEMA), and their co polymers. Chitosan, poly (vinyl alcohol), poly
(vinyl pyridine), and poly (vinyl pyrilidone) have also been used in some cases.

ECPs — hydrogel composites can be prepared in several ways. One method involves
mechanically mixing ECP with the monomer or polymer solution of the hydrogels and
cross linking the solution to obtain a composite?”*?2. Sometimes ECP monomer and
hydrogel monomer are mixed together with the cross linker and the initiator/oxidising
agent is added to polymerise both the polymers together.***Another method involves
soaking the hydrogel in a monomer solution of ECP and polymerising the ECP either

124125 or electrochemically?*?. For chemical polymerisation, the ECP

chemically
monomer-loaded hydrogel is soaked in an oxidant, usually ammonium persulphate (APS)
or potassium persulphate (KPS), to get the composite. For electrical polymerisation,

along with the ECP monomer, the hydrogel is loaded with a salt; then a constant potential

or constant current is applied to get the ECP to grow in the hydrogel matrix

2.6.2 Physical Mixing

Wallace et al*’

prepared an extrudable composite by physical mixing of PPy colloids with
PAA and glycerol and cross linking them. The equilibrium water uptake of the composite
was less than that of the pure hydrogel. When the colloid content was increased, the rate
of dehydration decreased. Tao el al*?? synthesised sulphonated polyaniline and
polymerised PAA with it. Their composite was pH sensitive and equilibrium water uptake
of the composite was slightly higher than that of the pure hydrogel. The addition of the
sulphonated polyaniline, a charged polymer, created more free ions in the hydrogel,

increasing the osmotic pressure thus increasing the swelling. The gel was also pH
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sensitive. The swelling decreased 17 times when the pH was reduced from 12 to 1.This
again was because of the interaction of the charged sulphonated polyaniline with the
hydrogel networks. They also found that the composite retained the ECP better in acidic
and neutral solutions. In alkali medium, the ECP chains slowly diffused into the solution.
Aouada et al*?® prepared a composite by polymerising PAAm in a solution containing
PEDOT-PSS. The water uptake of the composite did not significantly change due to the
ECP addition. However, increase in the crosslinking density and PAAm concentration
decreased the water uptake significantly. This decreased water uptake stemmed from the
tighter structure and smaller pore sizes of the formed hydrogel because of the increase in
the cross linking density*?’.

2.6.3 Chemical Polymerisation

Siddhanta et al*?® have prepared two different composites by preparing hydrogels
(PAAmM and PAMPS) with aniline monomer in it and then soaking it in APS. They
observed that, when the hydrogel sample was thicker, the polyaniline was not uniformly
formed in the hydrogel. The outer regions had more polyaniline than the inner core.
However, thinner slabs of hydrogel formed uniform polyaniline. PAMPS —PANI
composite had a higher water uptake capacity than the pure PAMPS. The researchers
suggested that PANI impedes the crosslinking of the hydrogel to a certain extent, causing
the composite to swell more. The swelling of the composites decreased considerably
when the solution was replaced with NaCl solution. Tang et al** also prepared a
composite by chemical polymerisation of aniline soaked in PAA hydrogel. They observed
that the composite swelling was affected by the temperature. When the temperature
increased from 5°C to 45°C, the water intake capacity decreased by around 25%. The
swelling of the hydrogel decreased when the amount of crosslinking agent added to the
mixture was increased. This process again shows that the swelling depends on the

crosslinking density of the hydrogel. Owino et al'®

prepared the composite by soaking
the pyrrole monomer loaded P-HEMA in APS solution, and found that the concentration
of APS plays an important role in the formation of the PANI network in the hydrogel.
When the concentration of the APS was higher, there was over-oxidation of PANI,
turning it black. When the APS concentration was low, the PANI formed rapidly on the
surface of the hydrogel, blocking the diffusion of APS into the hydrogel; hence PANI did

not grow inside the hydrogel.
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2.6.4 Electrochemical Polymerisation

In their series of papers, Wallace et al reported?*2:1%

the preparation and characterisation
of a wide range of ECP- hydrogel composites by electrochemical polymerisation. These
researchers were able to prepare large slabs of composites that were electrochemically
active. They noted that it is difficult to prepare large sized pure ECP slabs because of its
fragile mechanical properties. The water intake property of the hydrogel was not affected
by the ECP network. However, the rate of hydration and dehydration reduced as the ECP
content was increased. The electrochemical property of the composite increased as the
composite was dehydrated. This reaction is attributable to the increased conductivity of
the composite as it dried. The mechanical property of the composite degraded and
oxidation/reduction peaks disappeared when the electro-polymerisation time was
increased. The authors also found that pH played an important role in the homogeneity of
the ECP grown in the hydrogel. During the electrochemical reaction, there was a release
of protons from the ECP, thus decreasing the pH inside the gel. At the same time, the pH
in the solution increased due to the reduction reaction at the counter electrode. The ECP
growth slowed down when it reached the outer edge of the hydrogel because of the higher
pH in the solution. These authors were able to grow uniform ECP in the hydrogel by

maintaining the pH stable at around 6.0.

Brahim and Guiseppi-Elie*** have prepared a PPy-P-HEMA composite through
electrochemical polymerisation. After the composites were prepared they oxidised the
composite for 2 hours with 0.7V potential. They found that the charge consumed by the
hydrogel composite is much higher than the pristine PPy subjected to the same oxidation.
This, they concluded, is due to the capacitive charging of the PPy in the hydrogel matrix.

2.6.5 Applications

Controlled drug release. ECP — hydrogel composites have been studied for use
in controlled drug delivery. In these systems, the drug component is often loaded in the
hydrogel and the ECP is used to stimulate the release of the drug molecule. Following this
approach, Li et al.*** have mixed the drug molecule into PVA hydrogel solution when
prepared. The hydrogel was then covalently bonded onto a PPy film. Chansai et al** also

mixed the drug molecule directly in to the PAA solution when preparing it and
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chemically polymerised the hydrogel with ECP. Others®****% have prepared the
composite and later soaked it in the aqueous solutions of the drug molecule to load it. In
all the cases applying electric potential to the composite increased the release of the drug
component. Chasai et al. attributed this behaviour to the electrostatic attraction of the
charged drug towards the electrode. In their study, the diffusion coefficient of the drug
increased from 5 x10cm?s™, in the absence of electric field, to a value of around 7.3 x10°
"ecm?s™, when an electric potential was applied. Another factor that has influenced the
release of drug under electric field is the electrochemical reactions of the ECP and the

hydrogel. Li et al**?

suggested that this reaction may introduce a pH gradient in the
composite which might aid in the release of drug molecule. They also considered the
temperature change, which might occur because of the applied current. Studies have
shown that higher temperature causes hydrogel to swell, causing the release of drug
molecules. Lira et al*** have suggested that when a potential is applied, the ECP oxidise
and swell, occupying more space, thus expelling more drug molecules.
Actuators. ECP hydrogel composites have been used as actuators* 2, In
previous research, the composite prepared were placed in between two electrodes in a salt
solution and subjected to an electric field. The composite was observed to bend towards
the positive electrode. When the polarity of the electrode was switched, the bending
direction switched. The measured bending angle increased with the increase in the
applied voltage. The ranges of applied voltages for the actuation varied from 3 V*** up to

25V in some cases*®’

Image removed for copyright reasons. The image can be accessed at
http://pubs.acs.org/doi/abs/10.1021/cm049921p

Figure 2.11. PPy-hydrogel composite bending behaviour as reported by Moschou et al**.

The composite (1) is placed in between two electrodes (2,3) in 0.15 M NaCl solution.
When a voltage of 3 V was applied for 2 minutes the composite bent from position (A) to

position (B). Image taken from their paper.
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Moschou et a observed the actuation time response to be around 2 minutes and

lowering the applied voltage increased the response time. When the salt concentration

1*%8 observed an

was below 1.5 x 10™*M, the hydrogel stopped responding. Bajpai et a
increase in bending angle when the ECP content (PANI) was increased. Bending angle
also increased when salt concentration of the surrounding electrolyte was increased. Dai

141
|

et al”** demonstrated a similar actuator and found that the mechanical strength of the

hydrogel can be improved from 0.1 MPa to 1.2 MPa by adding PEDOT-PSS to the

| 142

hydrogel network. Yamuchi et a observed a similar increase in mechanical strength

when PAMPS composite was prepared with PPy.

The bending mechanism is attributed to the unequal swelling on each side of the
hydrogel. When electric potential is applied, the free ions in the hydrogel move toward
the electrode, which creates an osmotic pressure that swells the hydrogel on the other

side!®

. When the number of free ions in the solution is increased, osmotic pressure
increases, thus causing more bending when salt concentration is increased. Hydrogel on
its own displays this bending behaviour; however, the presence of the ECP in the
composite increases the bending. Lin et al. attributed this phenomenon to the fact that the
carboxylic acid group in the PAA hydrogel creates a strong hydrogen bond with PAN!I,
thus releasing more H+ and CI- free ions in the composite, increasing the osmotic
pressure. One other factor might be the oxidization of the ECP when electric potential is
applied and thus becomes positive. This oxidization creates repulsion with the positively

charged hydrogel causing the bending™®'.

Han et al*** prepared a PAAC/PVSA —PANI composite by chemical oxidation of aniline
inside the hydrogel network. They studied the actuation behaviour of the composite by
applying voltage directly to the composite placed in a salt solution instead of subjecting it
to an electric field as in previous studies. Here they observed that the composite swells
when subjected to different potentials and the swelling behaviour is linearly related to the
applied potential. When the polarity of the applied potential was switched, the composite
shrank. The swelling and shrinking behaviour is due to a change in the local pH of the
hydrogel, which was due to the oxidation or reduction reaction the ECP. Because the
hydrogel is pH sensitive, it swells or shrinks when positive or negative voltage is applied

to the composite.
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Table 2.1

Summary of ECP — Hydrogel Composites Reviewed in Section 2.6.1

S.No Hydrogel ECP Preparation Maximum Reference
method Conductivity
1 PAA/ PPy Physical 14 e®S/cm Wallace et al*’
Glycerol mixing
2 PAA Sulphonated  Physical - Tao el al***
PANI mixing
3 PAAmM PEDOT- Physical 160 e®S/cm  Aouada et al'*®
PSS mixing
4 PAAM PANI Chemical 1e”S/em Siddhanta et al'*®
polymerisation
5 PAA PANI Chemical 15e°S/cm  Tang et al™®”
polymerisation
6 P-HEMA  PANI Chemical - Owino et al™®
polymerisation
7 PAA PPy Electro- 6 S/cm Wallace et
polymerisation  (Dried state) al*#%!%
8 P-HEMA PPy Electro- - Guilesspi et al®
polymerisation
9 P-HEMA PPy Electro- - Guiseppi- et al™"
polymerisation
10 P (AA- PPy Physical - Moschou et
AAM) mixing al 139140
11 P (AAm) PEDOT- Chemical 2.6e°S/cm Dai et al™
PSS polymerisation
12 P (AAm)/ PANi Chemical - Lin et al™’
P (AMPS) polymerisation
13 P (AMPS) PPy Chemical 2 e*S/em Yamauchi et
polymerisation al'®
14 PVA-g-  PANi Chemical 9.1e“S/cm  Bajpai et al*®
PAA polymerisation

ECP —hydrogel composites have also been used in other applications such as

biosensors™* and neural prosthetics
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discussed in this section is given in table 2.1

2.2 2.7 Thesis Structure

. A summary of the ECP —hydrogel composites

The structure of the thesis to be followed is briefly discussed here. The experimental

setup and methods, used to prepare and characterise various ECP composites, are

discussed in chapter 3. To understand the oxidation wave phenomenon in ECP, a

complete 2D numerical model is formulated and solved in chapter 4. Various designs for
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micromixers and micropumps, utilising the oxidation wave of ECP, are discussed in
chapter 5. A numerical model to compute the compositional changes in ECP — hydrogel
composite during electrochemical actuation is formulated and solved in chapter 6.
Various methods to prepare and characterise ECP composites are discussed in chapter 7.
A conclusion with an overall discussion and future work that can be developed based

upon this work is discussed in chapter 8.
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CHAPTER 3: EXPERIMENTAL METHODS
3.1 PDMS Soft Lithography

We used poly (dimethylsiloxane) (PDMS) to fabricate microfluidic electrochemical
chambers. These microfluidic chambers were used to characterise the Electrochemically
active Conducting Polymer (ECP) composites. Dimethylsiloxane monomer and curing
agent were purchased from Dow Corning Inc. The monomer was then mixed with the
curing agent in the ratio of 10:1. The mixture was degassed in a vacuum desiccator for
one hour. The degassed mixture was poured over a mould and crosslinked at 65°C for one
hour to form the PDMS. This crosslinked PDMS was peeled off the mould and its surface
was modified to hydrophilic surface by exposing it to oxygen plasma. This patterned
PDMS was then adhered to another flat cross linked PDMS to get the desired micro
channel. Because PDMS is a soft elastomer, access holes to the micro channel were
punched straight through its surface. This process of creating microfluidic devices is
called soft lithography and the process is explained in Figure 3.1.

[ P
\L == 1.. Cast PDMS onto mold \l/
E—rpvMs —
2. Cure PDMS
(at 65°C)
\L 3. Peel PDMS off the mold \L
I N
\lf 4. Expose to oxygen plasma \l/
\L \l/ \L J, &— Plasma —_ \I/ \l’ \l’ ¢
[ L ]

N

\ 5. Bond both pieces together

Figure 3.1. PDMS soft lithography process steps.
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A simple machining process was used to create the moulds. In this method, a thin sheet of
PMMA (1mm) is cut into desired channel shape using laser machining. This design was
then bonded to another thicker PMMA slab (5mm) by attaching the pieces together with
clips and heating it to 120°C for one hour. This method is fast and moulds can be

fabricated within few hours. The laser machining method to create moulds is described in
Figure 3.2.

d Y

| ) Laser
|
T é—  PMMA

\l’ v 1. Cut desired shape of PMMA using laser

73
[=————| _ &— PMMA

\ J 2. Bond the cut PNMIMA to another PNIMA

at 120°C

Figure 3.2. (a) Fabrication steps to create PMMA moulds and (b) Fabricated PMMA
mould.
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b .‘ = .
Figure 3.3. PDMS based microfluidic chip with the inlet and outlet. The depth of the
channel was 1 mm.

3.2  Characterisation Techniques

3.2.1 Experimental Setup

In order to study the behaviour of ECP hydrogel composites in the microchannels, the
composites were deposited in the microchannel and were subjected to electrochemical
studies. In experiments done in section 7.4.2, ECPs were grown chemically and
electrochemically inside the hydrogel network deposited in the microchannel. During
these experiments, the composites were analysed using the optical microscope. The setup

is illustrated in Figure 3.4.

PC

Optical microscope

PDMS microfluidic chip

Syringe pump

Potentiostat

Figure 3.4. Setup for electrochemical studies of ECP-hydrogel composite in a micro-
channel.
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3.2.2 Electrochemical Cells

Various electrochemical techniques were used to prepare and characterise the ECP
composites. Two different electrochemical cells were used. One was a standard cell with
glassy carbon working electrode, platinum wire counter electrode and silver/silver
chloride wire reference electrode; the second was a PDMS microfluidic cell with graphite
rods as working and counter electrodes and silver/silver chloride wire as reference
electrode. The Ag/AgCI reference electrode was prepared by soaking silver (Ag) wire in
bleach for 3 hours. Both the electrochemical cells are illustrated in Figure 3.5. Standard
cell is used in all electrochemical studies except for the experiments described in section
7.4.2.

a)
Reference Electrode(RE ounter Electrode(CE)
(Ag/AgCl wire) (Pt wire)
Electrolyte
Composite
Working Electrode (WE)
(Glassy carbon)
b) Counter Electode (CE)
(Graphite rod)
&
Reference ; Composite

Electrode(RE) ' ‘ \
(Ag/AgCl wire) QAN . .05
\ [— Electrolyte

' 500ym

Working Electrode (WE)
(Graphite rod)

Figure 3.5. Electrochemical cells used in the experiments (a) Standard cell and (b)
Microfluidic cell.
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3.2.3 Conductivity Measurement

Conductivity measurements for the ECP composite films were performed using Jandel
RMZ2 four point conductivity meter. The instrument has four equally spaced probes and
passes current between the two outer probes and measures the voltage developed between
the inner probes. From the set current and the measured voltage, the conductivities of the

films were calculated using the following formula (Equation 3.1):

Current(A) 4

Conductivity = - Scm
4.532*Thickness(cm) *Voltage (V) (3.1)

3.2.4 Optical Microscopy

The ECP composites and hydrogels were analysed using Leica MZ 7.5 optical
microscope. Images obtained from the microscope were analysed in the computer to
obtain the volume change data. In some cases, time lapse images were obtained and
compared

3.2.5 Scanning Electron Microscopy
The morphology of the conducing polymer composites was analysed using Philips
XL30S Scanning Electron Microscope. The samples were mounted on aluminium studs

using adhesive graphite tape and sputter coated with platinum.
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CHAPTER 4: MODELLING THE OXIDATION WAVE PROPOGATION IN
ELECTROCHEMICALLY ACTIVE CONDUCTING POLYMERS

4.1 Introduction

To induce fluid motion of the electrolyte in a microfluidic channel using
Electrochemically-active Conducting Polymers (ECP), one interesting idea is to
consider the possible coupling of solution movement to a mechanical wave motion, as
in peristalsis. Such ideas have been explored using piezoelectric or acoustic
actuators™*’1*®_ The effect could be achieved using an ECP either with a suitable set of
pad electrodes, or by induction of a mechanical wave along a single electrode
appropriately connected.

Tezuka and others**®**! first demonstrated composition wave propagation along an
ECP strip. When an anodic potential was applied to a contact attached to one end of a
reduced PPy strip, the oxidation process started from the contact and proceeded along
the polymer, propagating as a wave. The movement of the composition front would be
associated with a moving mechanical wave; as such, this association is of interest
because it would couple with movement of the solution. When the polymer was
reduced, it reduced uniformly.

The key to the behaviour is the variation in electrical conductivity of the polymer,
from low in the reduced state to high in the oxidised state. Warren and Madden*?
simulated the wave front propagation using an empirical variable resistance
transmission line model, in which one arm was the solution, the other was the
polymer, and the two arms were capacitively coupled. The capacitor represented the
ionic charge stored in the polymer when it was electrochemically oxidised. The
general features of the experimental results were reproduced. However, an important
part of their model is the empirically assigned value for the capacitance and resistance
coupling the two arms of the transmission line, so the model’s usefulness is slightly
restricted to explanation of a particular set of experimental results rather than as a

general design tool. Wang et al. *>3>*

recently described a different experiment in
which they constrained the ionic flux into the polymer: a strip of polymer was

uniformly contacted by an electrode but covered with an ion barrier so that ions could
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only enter by the edge.
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Figure 4.1. Geometry and boundary conditions of the system, showing the current in the
polymer and current density across the interface. The concentration boundary conditions
are required for the nonexchanged ion, A, only. The concentration field for ion B is
determined by the assumption of electroneutrality throughout the solution (see text).

A compositional and mechanical wave propagated from the edge to the centre when
the polymer was switched from an insulating to a conducting state. The wave
propagation was simulated**® by solution of the 1-D Nernst-Planck-Poisson equations
to account for both electro-migration and diffusion as contributors to the ionic
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transport into the polymer film. Brumleve and Buc showed the equivalence

between transmission line models and the Nernst-Planck-Poisson equations.

There are two subtle questions relating to whether fluid motion could be induced as a
consequence of an electrochemical actuation of a ECP in a micro-chamber. The first

is: What is the net change in volume of the electrolyte-polymer system occurring as a
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result of the electrochemical reaction? Solvent is incorporated into the polymer to a
degree which depends upon the state of oxidation of the polymer, but solvent has a
different partial molar volume within the polymer to that which it has in the solution.
The second question is: To what degree is the motion of the polymer within the
chamber constrained by transport limitations in the electrolyte? That is, where are the
ions coming from and how quickly? In this chapter, we address the second question,
with a view to optimizing the design of the chamber and the arrangement of the
electrodes. A 1-D model, as used in previous works, cannot be applied. The major
purposes of this work are thus to (a) present a 2-D solution of the Nernst-Planck
transport equations for a complete electrochemical cell formed in a micro-chamber,
(b) study the characteristics of composition waves propagated along an
electrochemically-active conducting polymer electrode in the chamber, and (c)
examine the effect of some aspects of the geometry of the cell on the compositional
response of the electrochemically-active conducting polymer electrode. We then make
the simplifying assumption that solvent is not incorporated into the polymer in order
to explore the best possible mixing and pumping that might be achieved in a
microchamber using these wave propagation effects. Again, we explore some different

configurations.

There are some specific aspects of our treatment that differ from the general literature

in this area'®*®’

and which are applicable to the design problem at hand. We use
boundary conditions based on the fluxes of ions rather than the concentration, and we
assume an ionic electrochemical equilibrium between polymer and solution, using the
Nernst equation to describe the potential difference across the polymer-solution
interface. This boundary condition allows us to study the dependence of the wave
propagation on the potential difference applied to the cell. We use the Scharfetter-
Gummell method*®® for computing the concentration field, since this method, being
flux-based, conserves the mass in the system, and is numerically stable. The
numerical scheme for extending this method to 2-D is given in the later section.
Rather than solve the Poisson equation for the potential, which causes some
significant difficulties associated with different distance scales for the region around
the electrode and the region in the bulk of the solution, we impose electro-neutrality
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and extend the method of Cohen and Cooley™" to 2-D. Also, because our emphasis is

on the design of the electrochemical cell and the limitations that this imposes, for this
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version of our model, like Warren and Madden®®?,, we have assumed that the polymer
electrode is very thin and so have not treated the diffusion-migration problem within
the polymer electrode itself. We establish that the surface wave propagation can be
controlled by altering the solution conductivity, the conductivity contrast between
oxidised and reduced states of the polymer, and the arrangement of the electrodes. We
then explore the fluid flows expected in response to these surface waves and discuss

designs for pumps and mixers to be deposited in microchambers.

4.2 Modelling Oxidation Wave Velocity in Electrochemically active Conducting

Polymers

In this section, we present the principles of the model. The full computational details can
be found in section 4.4. We consider a thin slab of electronically ECP in contact with the
electrolyte solution. When an anodic potential is applied at one end of the polymer slab,
the polymer will be oxidised there, releasing electrons to the external circuit and
exchanging ions with the solution in order to balance the charge. The oxidation of the
polymer increases its electrical conductivity, so that this part acts as a contacting
electrode to the rest of the polymer strip. The process continues until the entire polymer
strip is oxidised. Qualitatively, one can observe that the way in which the polymer
transformation propagates along the strip should depend on the conductivity of the
polymer in the initial state, whether the polymer conductivity increases or decreases in
response to the electrochemical change, and the ion transport in the solution. Under some

conditions, the transformation should occur as a wave front propagating along the strip.

4.2.1 Assumptions

The geometry considered is that of Figure 1. The polymer layer is considered long in
comparison to its thickness and is assumed to be uniform in composition in the z direction
(right angles to its long axis). The electrolyte solution (represented as A*B” has an initial
concentration Cq. For simplicity, all the equations derived here assume that A* and B™ are
the only ions in the solution. The solution of the Nernst-Plank equations for transport,
where both diffusion and electro-migration terms are included, is a difficult problem in a
2-D domain. This will be our focus since we are interested particularly in the effects of
the overall geometry of the electrochemical cell on the observation or otherwise of
propagating waves of composition change. Thus we make two important simplifications
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in the treatment of the polymer part of the problem. First, we assume that the polymer
layer is thin enough, and that the charge transport rate within the polymer is fast enough,
that the layer can be considered uniform in composition in the direction normal to the
polymer-solution interface (the y direction of Figure 4.1). This is an important
assumption. The task of lifting it by considering the transport problem within the polymer
layer itself, coupled to transport in the bulk solution phase, is significant. We consider the
assumption justified because by using it we obtain the upper limit of performance of the
system. The second assumption is that the polymer is in electrochemical equilibrium with
the solution adjacent to it and that only one ion of the electrolyte is exchanged with the

polymer. That is, we express the polymer-solution reaction as follows:
Ppy+B «——(Ppy'B™)+e" 4.2)

where PPy denotes the polymer (e.g., PPy), with degree of oxidation, . Certainly, the
polymer reaction can involve insertion and ejection of either anions or cations or both.
The simplification introduced by equation 4.1 means that everywhere on the polymer-
solution interface the potential difference across the interface is given by the Nernst
equation, relating the local degree of oxidation to the local solution composition and the
polymer-solution interfacial potential difference. There will be effects on the ionic
transport in the solution due to convection in the solution induced by the swelling and
shrinkage of the polymer. The task of incorporating such effects into the model is also

significant and we have not addressed it.

While the negative ion B’ is being absorbed into or ejected from the polymer, in order to
keep the system electrically neutral and balanced, we consider that the same ion B is
injected into or removed from the system at the counter electrode at the same rate as it is
being absorbed or ejected at the polymer working electrode. We do not consider the case
where the counter electrode reaction results in different ions being injected into the
solution. In practice, cells that satisfy this condition could be constructed where the
counter electrode is also an ECP. Later in the thesis, we consider the consequences for

fluid motion when both electrodes are constructed from ECP.

4.2.2 Relationship Between Local Current Density and Electric Potential in the

Polymer
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When the potential at one end of the polymer is changed, current flows into the polymer
from the contact at one end and out across the polymer-solution interface, as a
consequence of which the local degree of oxidation of the polymer, ¢, changes. The
potential gradient in the polymer is dependent on the local current and on the local
conductivity, o, which is itself dependent on the local degree of oxidation. The purpose of
this section is to derive the relationship between potential in the polymer and the degree
of oxidation. Consider a small segment of polymer with width w and thickness Ay, in
contact with electrolyte. When a potential difference is created at the interface the
polymer is oxidised (or reduced), releasing (or taking) electrons from the external circuit.
Balancing this electron flux, there is a flux of negative ions into (or out of) the polymer
(Equation 4.1). The position-dependent rate of oxidation of the polymer is related to the
flux of the ions into the polymer which is related to the local current density across the
polymer-solution interface, isy, :

Iy 0 =M FAya—g

ot (4.2)

where F is the Faraday constant and M is the ion capacity of the polymer film expressed
in moles.m™. Equation 4.2 expresses the assumption of uniformity of composition of the
polymer in the y-direction. Note that the width in the z-direction, w, is assumed
sufficiently large that the problem can be considered as a 2-D one, with variations only
along the x- and y-axes. Similarly there will be a position-dependent current flow Ip along
the length of the polymer, removing the charge consumed by oxidation resulting from the
ion flux into the polymer.

ol
EN (4.3)

The potential gradient in the polymer film is determined by this current Ip:

ot _ (1),
ox  (wayos )" (4.4)

where ¢ is the conductivity of the polymer. The conductivity switches when the state of

oxidation increases through a transition threshold*®°. Warren and Madden®>? proposed an
empirical sigmoidal function model relating the conductivity o, of the polymer to its
fractional oxidation state:

Umax

_ ~ Ohiin
T T e * Oin

(4.5)
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where g7 is the oxidation state at which the transition occurs and W+ is the transition

width. Note that isyo, Ip, ¢p, & and o are all functions of x

4.2.3 Interfacial Potential Difference

Warren and Maddentreated the ion absorption into the polymer as a potential-dependent

capacitance ** — that is, considering the polymer as a matrix carrying one sign of charge

with the ions as the balancing charge on the other side of an internal interface within the

polymer structure. This view is indeed appropriate for an empirical description, but does

not assist in the development of a model where the chemistry of the ion insertion process
is explicitly considered. Therefore we have adopted an approach similar to that of Albery

et al 162,163

who used the idea of a Donnan potential to describe the ionic distribution
between solution and polymer. We propose that we can determine the potential difference
across the polymer-solution interface at any position by the Nernst equation. The
chemical potential, x, of the polymer-ion system in its oxidised and reduced state can be
determined by making an assumption that the charge carriers in the polymers do not
interact, and thinking about the polymer-ion system as an ideal solid solution of ions in
polymer, with the fully reduced and fully oxidised states as the end members. This model
can be extended in a number of standard ways to account for the interactions between the
charges in the system, for ordering of charges, and so forth. With the simple ideal solid-

solution model:

p[Ppy B 1= u°[Ppy B ]+RT In(¢) (4.6)

#{Ppy] = °[Ppy]+RT In(L—¢) @)
Here, R denotes the gas constant and T the Kelvin temperature. Hence we can write the

Nernst equation for the reduction reaction,

b= B L=
£ (4.8)

where ¢p denotes the potential on the polymer side of the interface and ¢s that on the
solution side of the interface at the same position; 4¢4° is a standard potential difference
determined by the Gibbs energy change on insertion of an ion into the polymer and Ag
denotes the activity of the salt in the solution at the interface. Equation 4.8 assumes that

the polymer is throughout its thickness in equilibrium with the solution. We can convert
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this relation in terms of concentration of ion B™ (Cg) by assuming that the activity
coefficient of ions in solution do not vary within our concentration range, i.e.

Ap=gp— s = A¢Ol_g |H[MJ

C’e (4.9)
Where

£g% = {Aqﬁf’ ~Bling, )}

F (4.10)

vg is the activity coefficient, assumed constant, and C° specifies the concentration scale.
Later, we render concentrations dimensionless by scaling them to the bulk concentration
of salt in the solution, before the electrochemical process is started, and set C%Co=1. Note
that this scaling would also change the value of yg and hence of 4™ since the bulk
concentration would not in general be the same as the unit concentration of the scale of

measurement.

4.2.4 lon Flux at the Interface

The rate of change of the degree of oxidation of the polymer is related to Jg o, the flux
(mole/unit area) of negative ions in the solution, perpendicular to the interface, at the
polymer-solution interface. Note that Jg < 0 corresponds to a flow of negative ions into
the polymer (i.e., isyo > 0). The negative ion flux at the interface is the sum of the electro-
migration effect due to the potential gradient and the diffusion effect, which can be
expressed by the Nernst-Planck equation. Hence:

JB,OZMAygt_s:_(DjCB e,

o %

v V-OJ (4.11)

Equation (4.11) relates the change in the degree of oxidation to the ionic concentration

and the electric potential field in the solution near the interface. The positive ion A™ is not

incorporated into the polymer and hence the flux of the A™ ion at the interface is zero:

oC
Jao = _[DA .
oy

+U ACA% J =0
Wl (4.12)

Here Ua, Ug and Da, Dg are the mobility and diffusion coefficients of the positive and

y=0

negative ions respectively. The mobility and the diffusion coefficient are related through

the Nernst-Einstein equation:
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RTU

[ (4.13)

Where z denotes the ionic charge (here, we have assumed z = 1)

4.2.5 lon Flux and Potential Gradient in the Solution
The rates of change of ionic concentrations in the solution are related to the ion fluxes by:
%:—V-Ji =V(D,VC, +U,z,C,V4,) @10
In principle we can solve these equations together with Poisson’s equation for the
potential within the solution. One popular way of handling the difficulty of very different
distance scales for the variations of potential and concentration is to use a spatially
varying grid for the numerical solution of the differential equations. Extended to 2-D such
methods become computationally cumbersome. An approximate method to handle this
situation was developed by Cohen and Cooley™® for the 1-D case. We have adapted their

method to solve our 2-D problem.

First, we take advantage of our assumption that the electrolyte is just one salt, with just
two ions. Since the current in the solution is carried by the ions, the current density vector
anywhere in the solution, is, is proportional to the difference between the fluxes of the
two ions:

I =(Ja—Js)F (4.15)

Second, we treat the steady state: that is, charge does not accumulate anywhere in the
solution so by continuity, the divergence of is vanishes everywhere in the solution:

Viig =V-(J,-J5) =0 (4.16)

The key assumption made by Cohen and Cooley*® is charge neutrality, i.e. the

concentrations of the positive and negative ions remain the same throughout the solution.

Setting Ca = Cg = C, we can also simplify the boundary conditions since all boundaries

are no-flux for species A. Using (4.14) and (4.16), we have
V-(J,-Jg)=V-(D,VC+U ,CVg —

(4.17)
Dy,VC +U,CV¢) =0
which with the Nernst-Einstein equation (4.13) gives
(UA—UB)EV2C+(UA+UB)V-(CV¢S) =0
F (4.18)
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This is the equation that we solve instead of Poisson’s equation, together with the drift-
diffusion equation that results from combining (4.13) and (4.14):

@zuAv-(%vmcwsj

ot (4.19)

Note that the assumption of electro-neutrality does not imply that the right hand side of
Poisson’s equation goes to zero; that is, that Laplace’s equation holds for the potentiall64.
Laplace’s equation is valid only if the mass transfer of the ions does not contribute to the

current flow, which in our case is not true.

We can now relate the gradients of concentration and potential at the interface to the
current density across the interface and thence to the current flowing in the polymer at
any given position. Equation 4.2 relates the change of composition of the polymer to the
current density in the bulk solution at the polymer-solution interface, isy,0. However, we
also have, from 4.12, 4.13, and 4.15:

RT &
F oy

o, ]
Ny (4.20)

The polymer potential ¢, and the polymer current Ip together satisfy Ohm’s law (4.4),

_(UA+UB)C

y=0

iS,y,O = F{_ (UA _UB)
where the conductivity, o, is a function of €, given by (4.5). The difference between ¢,
and ¢s at the polymer interface, Ag, is a function of C and ¢ (4.9), while the rate of change
in oxidation ¢ at a point is proportional to isyo (4.2 and 4.20). For a given set of boundary

conditions, the coupled equations (4.2), (4.3), (4.4), (4.5), (4.9), (4.19) and (4.20)

completely describe the time evolution of the system.

4.3 Numerical Model

The set of equations to be solved is nonlinear and involves partial differential equations in
both spatial and time domains. We assume that the diffusion constants and hence the

ionic mobility of the A” ion and the B ion are the same.

This assumption conveniently decreases the number of parameters that have to be

specified, but could also be removed in order to explore the effects that very different
ionic mobilities might cause. The boundary conditions are shown on Figure 4.1. Here
we consider no-flux boundaries for the concentration on all boundaries. Note that the

no-flux boundary condition applies only for the A™ ions. Our use of the Cohen-Cooley
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method and assumption of electroneutrality allows us to solve for the concentration of
A" assuming no flux on all boundaries, then to set the concentration of B~ equal to that
of A” everywhere, as noted above. The B™ ions will cross into the polymer, and we
assume that there will be an equal flux of B™ ions flowing into the solution from the

counter electrode to keep the system electrically neutral.

In each time step, we first solve for the ion concentration (C) and then for the
potential (¢s) in the solution and the current in the polymer (which implicitly
determines the solution-polymer current at the boundary). The current at the solution
boundary sets the rate of oxidation of the polymer. The rate of oxidation determines
the oxidation state of the polymer at the next time step which in turn determines the
resistivity of polymer, Nernst potential and the solution boundary potential. The new
solution boundary potential changes the potential and concentration distribution in the
solution. The current falls to zero everywhere when the polymer is completely reacted
to the degree of oxidation specified by the applied potential and bulk solution
concentration. The usual method of solution is to compute the fluxes from the
concentrations at each mesh point. However, as noted by Scharfetter and Gummell**®,
this approach can lead to numerical instability when the potential gradient is large and
to an accumulation of numerical errors that lead to nonconservation of mass inside the
computational domain. The Scharfetter-Gummell scheme in contrast applies an
analytical solution for concentrations at the grid points, derived from the fluxes
assuming that at each step the fluxes and potential gradients are constant across each
pair of adjacent points. Mass conservation in the system is guaranteed and the method
IS robust against the accumulation of small numerical errors. We used the Alternating
Direction Implicit (ADI) method to extend the method to 2-D. In order to verify the
correct functioning of the code for the different blocks of the problem, at each stage
artificial model cases were generated for which analytical solutions were found and
compared. Typically, the error due to numerical approximation was found to be in the
range of 0.1% to 0.5%.

4.3.1. Solver Sequence
The nonlinear time-dependent partial differential equations linking the spatial

distributions of potential, ionic concentrations, and polymer oxidation were solved in
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Matlab using finite difference methods. The parameters were solved separately in the

sequence explained in Figure 4.2
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Figure 4.2. Solver sequence used to solve the partial differential equations.

Solution concentration and oxidation state values were stepped through time and all the
other parameters were updated instantaneously. The finite difference schemes used to
solve solution potential, polymer current, and solution concentration are explained in the
following sections. Splitting up the solution of this complex nonlinear system into
separate steps makes the problem tractable, but in some cases the disconnection between
the concentration and potential solvers can lead to ripples that tend to grow. This effect is

readily suppressed with a simple smoothing procedure. Holding the end-point values
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fixed, a sliding-average smoother was applied to each row of the concentration matrix,
not touching the rows near the upper and lower boundaries. There undoubtedly are more

sophisticated iterative solution procedures that will not require this smoothing step.
4.3.2 Scharfetter-Gummel Scheme

In order to solve the convection-diffusion problem for concentration over time with the
finite difference method (Equation 4.14), we used the Scharfetter-Gummel scheme. This
exponential fitting discretization method converges faster than the conventional
equidistance central difference method and it can handle rapid variations of concentration
between two mesh points. This method is derived assuming that the potential gradient is
constant between grid points, and has the virtue of guaranteeing mass conservation. We
first derived this scheme for a positive ion in one dimension and then extended it to 2-D
using the Alternating Direction Implicit method. The drift diffusion equation for the

positive ion in one dimension is given by

C LM, o)

E &' F ox OX

Here C is the concentration of the ion, and ¢ is the voltage potential.
The original dimensions of the system are normalized using the following parameters.

Co = 0.1 (moles L™, the bulk concentration)
Xo = 0.001 (meters , typical width of the system)

Da=Dg=D =2x10"° (m%?, diffusion constant)

X 2
to = DL (s, as unit time)

#o )

(T is absolute room temperature, R is the gas constant and F is Faraday’s
constant)

The nondimensionalised form of the equation is
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c_2 (¢, o
ot ox \ oX OX

This can also be written as

oc_ &

o 4.21
ot OX ( )

Where J = —(§ + C%] is the flux of the positive ion.
OX OX

The x axis is discretized with NX+1 equally spaced points, i=1... NX+1, with spacing Ax.
Consider two points i and i+1, where the concentrations are C; and Ci+1. The flux between

the two grid points is assumed to be constant, Ji+1.

C
i+172 i+1

Figure 4.3. Flux between two grid points.

We assume that the potential gradient between the two grid points is constant, and refer to
itas K

% =-KC—-Ji,4,

OX (4.22)

k=2
OX

oC
Jin, =— —+CK
i+1/2 (éx )

This first order equation can be integrated with an integrating factor, which in our case is
an exponential function.

i 07 = —(§ + CKjeK(”i)
OX

KO o(Ce (=)
Ji+1/2e K( ')=—(—( o )]
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Integrating both sides

Xj+A X +1 —K(x=x)
“K{xex. o(Ce )
_[ Ji+l/2e K( ')dX =— '[ (Tjdx

Xi X

K(C —e™C.y)

Jiaz = (1_e—KAx)
K Ke—KAX
‘]i+1/2 = 1— e R Ci _mcm
Jisz =0C; = fCiy (4.23)
K —KAx
Where ¢ =-——— and ﬁ:Ke—
1-e7%) (1—e™)

Thus we have the flux between the two grid points, given the concentrations at the grid
points and the assumed constant potential gradientk. Now the equation 4.21 can be
converted into finite difference formulation and can be solved numerically as below.
Consider three points: i-1, i, and i+1.

i-1 i-12 i J i+i2 i+1

Figure 4.4. Scharfetter-Gummel 1-D discretization.

The equation % = —‘2—‘] can be written in finite difference form as
X

@_ (‘]i+1/2 _‘Ji—llz)

ot AX

Then substituting equation 4.23 J,,,,, = oC, — pC,, and J, ,,, = aC, , — 5C, we get

oC _ (o€ - BCi —aCiy + C))

ot AX

oC _ (a+p)C - fCiy—aCiy

ot AX
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Here we use the implicit finite difference method for time domain discretization. By
incrementing from the time step n to n+1, we have the following discretization.

Cin+1 _Cin ~
At
_(a+ BC" - pC" —aC " 4 - (@+B)C" - pCiy" —aC.,'
AX AX

2

oty At @+ AC™ - " —aC "
' 2 AX

C"+ ﬁl:_ (@+p)C"-pC.," —eC.y' :I
2 AX

At n+1
1+ —(@+p)IC ——
( 2AX (o ﬂ)j ' 2AX 2AX

At n At n At n
(1= e pylen + A o+ Ao,
( e ﬂ)j. A penas Mac,

(4.24)

KefKAX

This equation is the finite difference formulation, where a = w
-e

K
1-e™) "7 @
and K = g—¢ . Note that K, «, and g are computed for each grid interval. The ion flux is

X
specified at each boundary, Jx=o and Jx=1. We need to derive a special form of the equation
for these points. At the left boundary x =0

| &
[ I -

Flux{ F) C, J C,

Figure 4.5. Flux boundary aty = 0.
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oc, A

ot OX
oC, _ (F-Jy,)
ot AX

oG, _ (F-aC, +/C,)

ot AX

Using the implicit finite difference method for time domain discretization

(F—aC,"™ +pC,"") | | (F-aC," +5C,")
Cln+1 _Cln ~ AX AX

At 2

Cln+1 _ Cln
At

_ (F _aC1n+l +ﬂczn+l) _ (F _acln _ﬁczn)
AX AX

2

Cln+1 _ Cln
At

At n+ n+. n n
E(_F"'O‘Cl 1_:BC2 l_|:+0‘C1 _ﬁcz)

n+ At At n+1
c"l-a—|+p—C,"" =
! ( 2ij ’BZAX ?

At Yoo oAt . At
l+a—|C"-f—C,"-=F (4.25
( azmj ! ﬁZAx 2 AX (4.25)

This gives us the finite difference formulation for the left boundary.

At the right boundary x=1
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Flux{ F}

L 2

C e Jhx172 C

Figure 4.6. Flux Boundary at x=1.

8CNX _ _Q

ot OX

aCNX _ (‘] NX-1/2 — F)

ot AX

a(:NX _ (aCNX—l _ﬁCNX B F)

ot AX

Using the implicit finite difference method for time domain discretization

n+1 n
CNX _CNX

At

_ (aCNX—1n+1 _ﬂCanﬂ -F) _ (Cyxs' —Cw" —F)
AX AX

2

n+1 n
CNX _CNX

At

At n+: n+. n n
E(F _aCNX—l ' +ﬁCNX ' +F _aCNX—l +:BCNX )

At j+ At nil

C n+l 1_ A o—
X ( ﬂZAx 2Ax T

At n At o At
1+ e " —ac, T+ 2 F
( ﬂZij W 2Ax. VT AX

(4.26)
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At each time step, the set of linear equations given by 4.24, 4.25, and 4.26 can be solved
for the concentrations at the NX+1 grid points, given the potential ¢ as a function of x and
the concentrations at the previous time step. The way we solve for P and C together is
discussed below in the description of the method used for the 2-D case.

4.3.3 Alternating Direction Implicit Method

Now we can extend this 1-D finite difference method to two dimensions in x and y
directions using alternate direction implicit method. Alternating Direction Implicit (ADI)

method uses two half step time intervals in order to progress one time step. The time

interval is divided into two. During the first half step, from time tto t + % only x
direction values are integrated while the y direction values are held fixed. During the
second half of the time step (i.e., from t + % tot + At) the y direction values are updated

using the previous results as base values, while the x direction values are held fixed.
Figure 4.7 is the 5 point (C; j, Ci.y, j, Ci+1j, Cij-1, Cij+1) stencil representation of the system
in a two dimensional domain. The fluxes in the system can be represented using the
Scharfetter-Gummel method explained above. Using the equation 4.23 we can derive the

fluxes at the points Ji.1i2 , Ji+1/2j, Jij+1r2, Jij-1/2.

In the x direction the flux depends on the potential gradient along the x direction given by

0
K, =—¢ and in y direction it depends on the potential gradient along the y direction

OX
given by K, _o¢ . Thus the a and g in the equation 4.23 for x direction are given by
x = xy an and for y direction are given by a, = —————
(1 eKA ) By = —eK 3 y g y (1_eKyAy)
K eKyAy
ﬂy = (1 e yAy)

Thus the fluxes are given by

Ji—1/2,j = x Il] /Bx i,j
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J i+1/2,] = axCi,j - ﬂxCiJrl,j

‘]i,j—llz = ayci,j—l _ﬂyCi,j

‘]i,j+1/2 = ayci,j _:Byci,m
i, jet
J
i,j+12
L Joo. c...
r:i.14j J i172,j ij i+i2,j i+1,j
J
i,j-12
y
L.
i

Figure 4.7. 2-D Stencil for alternating direction implicit method.

oC, .
We know that at” =-V-J,. This equation is solved implicitly from time n to time

n+1. First, the time step is divided into two as n to n+1/2 and n+1/2 to n+1. During the

first half of the time step,

n+l/2 n+l/2
Ji—1/2,j _\]i+1/2’j N I a2 — I "2
C- .n+1/2 _Ci J.n AX Ay

At 2

(4.27)

only the x direction values are integrated over the time while the y direction values are

held as same in the previous time step. Over the next half of the time step we use the

results from the previous calculation and integrate the system over time only in the y

direction while holding the x direction values same. Thus we get the integrated final

values in both the directions for the time n+1.
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n+1 n+1
Jiiarz  —Jijan N I =32
C- _n+1 —C- _n+1/2 Ay AX

At 2

(4.28)

The boundaries are treated same as the 1D method. The stencil for the lower boundary is
given in the Figure 4.8. Here we have a specified flux F instead of J;;.,. The derivation for
the lower boundary with the specified flux F is given below in the equations 4.29 and

4.30. Similarly we can derive finite difference equations for all the other three boundaries.

L
i jo1
J_,
Lj*172
C, J C J
i1.] 112, ij o2 €t
y 4 T Flux F
-I—P X
[

Figure 4.8. Lower boundary.

+1/2 +1/2
‘]i—l/2,jn _‘]i+1/2,jn n F—Jni,j+l/2
C- .n+l/2 _Ci J.n AX Ay

g - 4.29
At 2 @29

F _‘]i,j+1/2n+l IV =32
+
C- .n+1 —C- _n+1/2 Ay AX

S R 4.30
At 2 (439

The two systems of linear equations that result from the finite difference formulation, one

for each half time step, are solved in the usual way. In our current application we solve
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for the concentration of the positive ion (A), for which the boundary conditions are zero
flux on all the boundaries. As discussed before, the concentration of the negative ion B

equals the concentration of A everywhere.

4.3.4 Calculating Solution Potential and Polymer Current from Concentration and
lon Flux

Potential in the solution and the polymer current can be calculated from the solution
concentration and ion flux at the interface using the following equations (equations 4.2,
4.3,4.11, 4.18).

(UA_UB)E 2

V-(CV¢.)=— v:C
(CVs) (U,+U,) F
(4.31)
ol
(4.32)
] oe
s ., =MFAy—
0 ot (4.33)
JBo:MAy(Zt_g:(DBaaCyB _UBCB% }
y=0 y=0 (4.34)

From equations 4.12, 4.13, and 4.14, we arrive at the equation 4.15: defining polymer

current in terms of the ion flux at the interface.

_u,c,

Fw
2/ J (4.35)

We have solved equation 4.11 and 4.15 together to find I,and ¢s We use the finite

ae [
oX oy

y=0
difference method with the matrix formulation described as in figure 7.

5=~y =097 - 222

(4.36)
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We solve for the polymer currents I, (k) at the same time as solving for the solution
potential, by including in our linear system equations that combine equation 4.16 with
Ohm’s law to relate the polymer currents to the solution potential values at the boundary.
In place of the usual stencil, for ¢ (k, 1) equation 4.15 is used to provide a linear equation
linking the 1, values to the solution potential (a three-point formula is used to estimate the
gradient of ¢ at the boundary). Updating of oxidation ¢ at each time step is performed

using a simple explicit discretization of equation 4.13.

r ) i) '
| | I !
! : | |
402  den 4,682 442 . (n,2)
""""""" I Solution
g Aen 460 g, i) &, n,1)
ig1 is2 i3 isq isn
Interface
Agy  Adp Ae@  A4W) Agin)
am | o o@ | Il cin)
VO J. AN J. AN J. ______ Polymer
lpey  1p@  1p@) Iptt) lpy

Figure 4.9. Matrix formulation for solving polymer current (I,) and solution potential

(s).

4.4 Results and Discussion

Figure 4.10. shows the results of typical simulations. The current across the polymer-
solution interface had a maximum at the moving boundary of the zone where the polymer
was being transformed from its reduced (low conductivity) to its oxidised (high
conductivity) state. The moving front was also associated with strong gradients of
potential and concentration in the solution (Figure 4.11). The total current flowing into
the polymer for different cases is displayed in Fig 4.10. Immediately following the
application of a potential high enough to essentially completely transform the polymer
from its initial, reduced, low-conductivity state to its final, oxidised, high-conductivity
state, the current increased rapidly then more slowly, then rose to a plateau and remained

almost constant until the oxidation wave front had reached the end of the strip.
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Figure. 4.10. Effects of conductivity and cell thickness on the oxidation wave
propagation . (a) and (b) show the effect of altering the minimum polymer conductivity
with h= 1mm (@) omin = 1.49x10° S m™ (b) omin = 1.4 Sm™. (c) and (d) show the

variation of oxidation wave profile with geometry.
14.9S m™ *Other conditions L = 1cm, omax

=1.4x10

gc) h =1mm; (d) h=2mm. when omi, =
Sm?, er=05, Wr=0.03, Co=

0.01mol liter, Ua= Ug = 7.75x10°® m*s*V thickness 4y = 1um, applied potential =
0.25V, 4¢™ = 0.115V
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The current then decayed slowly as the polymer completed oxidation to the final state
along the whole length of the strip. In contrast, no wave appears on reduction, from the
high-conductivity to the low-conductivity state. The strip reduced uniformly (Fig. 4.12).
The final stage of reduction was very slow and at the end of the simulation run time some
30% of the strip remained un-transformed. The essential details of the experimental

observations presented by Tezuka et al*****° have been captured by the simulation

Time=21.272s

a) Solution potential (V)

b) Solution concentration (Moles/liter)

Figure 4.11. Variation of concentration and potential fields during the simulation.
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Figure 4.12 Reduction of the fully oxidised film: step from 0t0 -0.25 V. (6min =14 Sm™
h=1mm, L, omax,ér, Wr, Co, Ua Ug as of Figure 4.10).

4.4.1 Variation of Oxidation Wave with Conductivity Change

There are two parameters that define the behaviour of oxidation wave propagation: the
conductivity of the polymer in the low-conductivity state, omin, and solution conductivity.
The minimum, omin, and maximum, omax conductivity of the polymer largely define the
shape of the moving front. When oy is sufficiently increased the oxidation wave ceases
to exist and the oxidation state of the polymer increases uniformly over the length of the
polymer. The same effect is found when the concentration of the solution species and
consequently the conductivity of the solution is decreased. Hence the conductivity of the
solution and the conductivity of the polymer in the reduced state (omin) together determine
whether the oxidation proceeds as a wave along the polymer.

These parameters also affect the time it takes for the polymer to get completely oxidised.
When the minimum conductivity of the polymer is reduced, the rate at which the polymer

oxidises increases but when the concentration of the electrolyte is decreased, the rate at
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which the wave propagates decreases. The concentration of the electrolyte also affected
the total current flowing into the polymer: The higher the concentration, the higher the
current into the polymer. As noted above, the wave also became less well-defined. These
effects are illustrated in Figure 4.10 and Figure 4.13.

a:l 25 T T T T T T T
Concentration
Lr —— 0.015Molesfliter
Gl — — 0.01Molesfliter
a A A e 0.005 Malesfliter
it 15F 7
:
[ ]
= 10 b
= .
H
5 \ .
\ .
l
D L 1 1 1
0 M 20 30 40 5 60 70 80
b) Time (=)
1 T T T
Dof Concentration )
— - —-0.002 Molesfliter {104 8s)
L ------ 0.005 Molesfliter (33.4s) T
2 ool o — — 0.01 Molesfliter {14.9s)
s = —— 0.015 Molesfiter (9.9s)
E DEF :
2
= 05t
o
£ 04
X
5 03
o)
02F
0.1
1]

=

Distance from the electrode {mm)

Figure 4.13. Variation of total current (a) and oxidation wave shape (b) with the
electrolyte concentration. The wave shape is shown at a time such that the wave had
passed approximately halfway along the strip. (omin = 14 S m™, h=1mm, L, 6max , &1, Wr,
Ua, Ug and applied potential as for Figure 4.9).
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When the initial polymer conductivity is high, then the wave accelerates as it progresses
along the strip. With decreasing initial polymer conductivity, the wave velocity is
significantly lower, the acceleration becomes less marked and the wave velocity becomes
relatively constant. This effect is illustrated in Figure 4.14

08

07} Omin ) / |
—— 1.49 Sfm
- — — 0.0149 S/m

05} P

Velocity (mm/s)

Distance from the electrode (mm)

Figure 4.14. Variation of the velocity along the length of the polymer with different
initial conductivities.

Change in the minimum polymer conductivity changed the shape of the oxidation wave
profile and because of that the velocity of the progressing wave also changed. When the
initial polymer conductivity is high, the wave accelerates as it progresses along the strip.
With decreasing initial polymer conductivity, the wave velocity is significantly lower, the
acceleration becomes less marked, and the wave velocity becomes relatively constant, as
shown in Figure 4.16. The velocity of the oxidation wave was linearly influenced by the
applied voltage. When we increased the applied voltage the oxidation process was faster
and the wave velocity increased, but the velocity was inversely proportional to the ion

capacity and thickness of the film. These effects are illustrated in Figure 4.17.
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Figure 4.15 . Variation of wave velocity with (a) applied potential and (b) the product of
ion capacity of the film time its thickness. Minimum polymer conductivity is 0.149S/m
(Other conditions as in Figure 4.10).

4.4.2 Variation of Oxidation Wave Propagation with Cell Geometry

The effects of electromigration ensure that the wave propagation is dependent on the
cell geometry, specifically, the thickness of the electrolyte layer between the working
and counter electrodes and the length and position of the counter electrode within the
cell. Figure 4.10 illustrates the effect of changing the cell thickness. When the
distance between polymer and counter electrode is increased, the electric field in the
solution is decreased so the rate of the oxidation is reduced and the wave propagates
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more slowly. Figure 4.16 illustrates the effect of changing the counter electrode
geometry. When the counter electrode was 50% of the length of the polymer (Figure
4.16a), the oxidation wave proceeded slowly until the oxidised zone came directly
underneath the counter electrode. When the composition change reached directly
underneath the counter electrode, the wave velocity increased very rapidly; full
oxidation was achieved underneath the counter electrode. A reflected wave,
completing the oxidation, then moved back towards the contact point on the polymer.
If the counter electrode was made small (just 10% of the entire length of the polymer
for the case illustrated in Figure 4.16b), the phenomenon of a reflected wave was
more pronounced. The oxidation wave moved very slowly and with a pronounced
gradient of composition until it reached the location of the counter electrode at the end
of the strip. The wave then reversed and moved backwards slower than it proceeded
forward. However, full oxidation of the film was not achieved. Instead, the reverse
oxidation wave proceeded only half the way back along the strip before the whole

oxidation process slowed down.
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Figure 4.16. Variation of oxidation wave profile with size and position of counter
electrode (omin =14 S m™ , h=1mm, omax , &1, Co W1, Ua Ug and applied potential as for
Fig.4.10)
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4.4.3 Model comparison with experimental data:

In this section we compare the oxidation wave profile obtained through simulations

0 In their experimental setup, an

with the Tezuka et al experimental data
electrochemically grown polypyrrole film (6mm x 1mm) was placed on an insulating
glass plate with a stainless steel electrode clamped at the edge. It was then oxidised in
an electrochemical cell (1cm x 1cm quartz cell) with a counter electrode (platinum
plate) and a reference electrode (Saturated calomel electrode) as shown in figure
4.17a. The oxidation state of the polymer film was determined by measuring its

absorbance over time.

Image removed for copyright reasons. The image can be accessed at
http://www.journalarchive.jst.qo.jp/english/jnlabstract en.php?cdjournal=bcsj1926&cdvo
I=64&noissue=7 &startpage=2045

Figure 4.17. a) Experimental setup used in Tezuka et al experiment**® b) Oxidation wave

profile observed in the experiment by measuring the conducting polymer film absorbance
along the distance of the film over time. Figures taken from their experimental paper™>°

In order to make the comparison, the length of the polymer film in the model was
modified to 5mm to fit the experimental setup. The simulations were performed and the
oxidation wave propagation was plotted against the experimental data as shown in figure
4.18. The results show that the simulated wave propagation follows the experimental
data, although the wave velocity was somewhat higher in the experiment that in the
simulation. After the wave has passed half way through the polymer, the experimental

wave propagation slower and the wave shape becomes flatter.
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Figure 4.18. Simulated oxidation wave profile plotted against the experimental data. The
grey dotted line showing the experimental data from Tezuka et al**® and blue lines
showing the simulated data for a similar length of polymer film. (omin = 14.9 Sm™ ,Co=
0.01mol liter* applied potential =0.2V, lon capacity = 0.8 mol liter?, L= 5mm, h=2mm,
Omax » &1, Wr, 4y, Ua, and Ug as for Fig.4.10)

The discrepancies observed in the simulation data as compared to the experiment might
be due to several factors listed below

1. The geometry of the system plays an important role in determining oxidation wave
profile. Specifically, the position of the counter electrode and its size determine the
current flow and the oxidation wave profile. The experimental study used a three
electrode system with reference electrode defining the potential boundary and counter
electrode defining the concentration boundary; our model, however, is based on a two
electrode system as it is difficult to model concentration and potential boundaries
separately. In the experimental setup, the counter electrode extends from the start (the
electrical contact point) of the polymer film to a position a short distance down the film.
As the simulations presented earlier show (section 4.4.3), the wave propagates slower,
and oxidation goes only slowly to final completion, in the region of the polymer film that

is not directly underneath the counter electrode.

2. The Nernst equation defining the potential difference between solution potential and
polymer potential in the model assumes electrochemical equilibrium at the boundary. This

assumption leads to faster kinetics as compared to the experiment.

65



3. The polymer in the model is assumed to have a uniform composition across its

thickness which might not be true in the case of the experiment.

4.6 Conclusions

A propagating wave of deformation of an ECP can be launched along a polymer strip as a
consequence of the electrochemical reaction. The shape of the wavefront and its velocity
depend upon the relative conductivities of the electrolyte and of the polymer in its
oxidised and reduced states. A key element determining the wave propagation is the
proportion of the ionic flux in the solution near the interface that is carried by
electromigration rather than diffusion, giving an interesting dependence on the cell

geometry.
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CHAPTER 5: COMPUTATIONAL DESIGN OF MIXERS AND PUMPS BASED
ON ELECTROCHEMICALLY ACTIVE CONDUCTING POLYMER
OXIDATION WAVE

5.1 Introduction

In chapter 4, we studied the propagation of expansion waves of an electrochemically
active conducting polymer (ECP), deposited on one side of a channel. In this chapter, we
study the fluid motion stimulated as a result of an expansion wave, moving along one or
both sides of a channel. Chapter 4 simulation results showed that the expansion front
could be approximated as a sigmoidal wave moving a constant velocity. Therefore, in
this chapter, the sigmoidal form has been assumed and the pumping rate induced by
motion has been explored for different amplitude and steepness of the wave front. We
also explored different conceptual designs for pumps utilising these expansion waves.

5.2 Design of a Micro-Pump

Figure 5.1 illustrates some different conceptual configurations for a micro-pump
utilising the oxidation wave property discussed in the previous sections. In each of
these configurations, volume is not conserved in the channel, thus causing a fluid
motion through the channel. We first analysed the simplest case, shown in Figure
5.1a, in which we assume a chloride electrolyte and the polymer is faced by a counter
electrode such as Ag/AgCl which can act as an ion source/sink without change of
dimension . Rather than use the exact wave shape derived from the previous analysis,
we simplified the problem by approximating the wave front as a sigmoid function,
which allowed us to explore the effect of the wave amplitude and wave front slope on
the pumping rate. We used the finite element method to solve the Navier-Stokes
Equation to predict the fluid velocity in the microchannel. The model was created
using the Comsol multiphysics finite element solver. All the boundaries were
considered as no slip boundaries except for the inlet and outlet. The inlet and outlet
were set as open boundaries with zero stress. The boundaries that define the polymer
swelling were made into a moving mesh boundary. Here we have set the polymer
swelling to move with a defined velocity of 150um/s. This velocity is a reasonable
expected average velocity for the front, given expected values for polymer and
solution conductivity, as indicated in Figure 4.10.d. The polymer wave velocity for
different parameter values is illustrated in Figure 4.15 .

67



Ag/AgCl

N . (a)
g
+
+ o - Ag/AgCl
P1 4—<__m____|_:-- s |
Cl (b)
P1 — D
*; [ wreveseamvesssvesa |
+ Ag/AgCl
P2 T ——
- V
cl- ¢ Na*i (c)
+
;-—
P2 — A
cl- | Na’i (d)
P1 | S
+

Figure 5.1. Possible configurations for a micropump based on the wave propagation
phenomenon in ECP: (a) A nonpolymer counter-electrode without volume change
supplies the ions for insertion into the polymer. Ag/AgCl is an example and NaCl as the
electrolyte; (b) The same ECP (labelled P1) is on both faces of the channel and the
counter-electrode is further along the channel. The performance is limited because of the
appearance of a reflected wave, as shown in Figure 5.1. (c) Two different polymers facing
one another constitute the electrodes; One (P1) swells on oxidation, by anion insertion
and the other (P2) swells on reduction, by cation insertion. Since the conductivity
decreases on reduction, P2 swells uniformly. In this configuration, the electrode contact
for P2 extends the full length of the polymer; (d) This configuration differs from (c) only
in that the contact to P2 is at one end of the polymer, opposite to that on P1. The current
flow and wave propagation in this case is complex, as discussed in the text.

We fixed the channel width and height at 30um, and calculated the pumping rate by
integrating the total amount of material passing across the outlet and the inlet
boundaries during the passage of the wave and then subtracting these and dividing by
the wave passage time. The detailed results for the configuration illustrated in Figure
5.1 (a) are shown in Figure 5.2. The fluid velocity was maximum for a wave front-
slope of 45°. The flow rate increased slightly more than linearly with the wave

amplitude. If the wave amplitude (10pum) was 30% of the channel height, then the net
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flow rate obtained with a front-slope of 45°, 30pL s, was approximately 67% of the
total volume displaced by the polymer expansion (45pL s™), falling to 14pL s™ (62%
of the volume displaced) for a wave amplitude (5um) that was 17% of the chamber
height. Practically achievable swelling for electrochemically- actuated ECPs are in
the range 10-30% of the polymer thickness®®*. A maximum practically obtainable
polymer thickness for rapid actuation is likely to be 10um, implying practically

achievable wave amplitudes in the range 1-3um.

From these findings, the achievable pumping rates for this configuration seemed
rather small, so we considered some alternative concepts. An obvious extension is
illustrated in Figure 5.1 (b), where the polymer is deposited on both faces of the
channel and the counter electrode is established further along the channel. The
pumping rate should be twice that for the single-sided configuration. However, as we
showed in Figure 4.16, if polymer oxidation were to proceed to completion, a
reflected wave would develop, reversing the flow. The maximum expansion of the
polymer is thus limited and this configuration does not give an advantage. It is well-
established that the expansion characteristics of ECP can be altered by choice of the
anions used to dope the material during synthesis. Small anions are exchangeable so
the oxidation process proceeds by anion exchange, giving swelling on oxidation, as
we have assumed (Equation 4.1). However, if the polymer is prepared with a large
anionic dopant (e.g.,dodecylbenzenesulfonate (DBS) ), the electrochemical cycling

166,167

proceeds by cation exchange , in which case the film swells on reduction and

shrinks on oxidation:

(Ppy-B -A")«——(Ppy'B )+ A" +e~ (5.1)

The possibility of using two differently doped polymers with one expanding on
oxidation and one expanding on reduction leads to the possible configurations
illustrated in Figures 5.1(c) and (d). The distinction between these is in the electrical
connection. In Figure 5.1 (c), the polymer designed to swell on reduction is provided
with an electrical connection that extends its whole length. Thus, as the oxidation
wave proceeds on the bottom face, the top face would be uniformly swelling. The

resultant progressive constriction of the channel would enhance somewhat the
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pumping rate. A polymer that swells on reduction will also be decreasing in
conductivity as it swells. Thus, with connection at the inlet side of the pump, such a
material would swell uniformly on reduction and contract in a wave on oxidation. In
a channel, facing a polymer that swells on oxidation, as illustrated in Figure 5.1(d),
the behaviour is not expected to be so simple. As we showed in Figure 4.9, the
current associated with the oxidation wave proceeding along the bottom face of the

channel would be significantly larger at the leading edge of the wave.
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Figure 5.2. Simulation results showing (a) velocity field of the fluid, (b) the variation in
flow rate with amount of polymer swelling with wave front-slope 45°, and (c) the
variation in flow rate with tangent of the slope angle at the midpoint of the polymer wave
front with polymer expansion of 10um.

In a configuration, such as the one illustrated in Figure 5.1(d), the polymer on the top

surface of the channel, being reduced would be developing a significant electrical
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resistance. The top electrode would not be an equipotential plane.

5
¥10 m

b)

Figure.5.3. Simulation of micropump behavior with ECP swelling on both faces of
the channel. The wave propagates the length of the channel in 1s. (a) Velocity field.
(b) Dependence of pumping rate on expansion with front-slope 45° and on front-slope
with expansion 5um.

Thus, the current distribution on the reducing polymer would not be uniform. The
effect would be to induce a wave on the top surface of the channel, in step with that
on the bottom surface. This is a complicated problem to model and we have not

attempted it. Again, we would expect a somewhat increased pumping rate over that
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obtainable with the simple configuration of Figure 5.1(a) at most approximately
doubled for a given polymer expansion. In support of this assertion, we also present a
flow simulation for the case of identical waves passing along both the top and bottom
surface of the channel. With each polymer expanding just 5um, the flow was
increased to 35pL s, 77% of the displaced volume. The pump is not particularly
efficient, but the predicted performance seems both useful and practically achievable
in a very simple device. The simulated velocity field during the oxidation for this
configuration is given in Figure 5.3(a). The results also showed that the pumping rate
was linearly proportional to the slope of the wave and the amount of polymer

swelling, as illustrated in Figure 5.3(b).

5.3. Design of a Micro-Mixer

In the configuration treated in the theoretical description of wave motion, the
assumption was made that the counter electrode was a uniform source of ions to
balance the ion flux into the active polymer. A suitable ion source would, of course,
be a layer of the same type of ECP. If the electrical connections to both electrodes
were on the same end of the channel, then with one sign of potential difference, a
wave would propagate along one face whilst the opposite face contracted uniformly.
If the sign of the potential difference were then to be inverted, a wave would
propagate on the second face whilst the first contracted uniformly.Volume is
conserved in this configuration so there will be negligible amount of fluid that will be
transported out of the chamber. There will, however, be a circulating convective flux
established in the chamber with a component of velocity perpendicular to the chamber
walls that sweeps through the chamber with the wave. An expected effect is then an

enhancement of diffusive mixing of fluids in the chamber
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Figure.5.4. Mixing effect in a microchannel having the same type of ECP on both faces.
(a) Concentration field and diffusive flux with a wave passing along the bottom face and
the top face contracting uniformly. (b) Variation of the diffusive flux across the centre of
the channel - the cross point in (a) - with the amount of swelling of the polymer
(expressed as a percentage of channel thickness).

To explore this mixing effect, we modelled the mixing chamber as a microchannel
filled with two different concentrations of liquids: 0.01moles/litre in the upper half of
the microchannel and 0.1 moles/ litre on the lower half of the microchannel. The
mixing of the two different concentrations can be quantified using the diffusive flux at
the mid-plane of the chamber, the initial position of the boundary between the two
fluids. There are two effects acting to move material towards the centre of the
channel as the wave passes. The first is the simple displacement of solution by the

wave. The second is the effect of the wave-induced convective motion of the fluid.
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The effect of transport of material towards the centre of the channel is to increase the

concentration gradient and hence the diffusive flux. To quantify the effect, we

calculated the diffusive flux across the midplane of the channel at a position halfway

along the channel. As in section 5.2, a sigmoidal wave shape was used, and the wave

passed through the channel in 1s. Figure 5.4 illustrates the results. A significant

enhancement of diffusive flux could be obtained.
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Figure 5.5 illustrates that higher the slope of the advancing oxidation wave, higher the
diffusive flux and hence higher the mixing. Figure 5.6 shows the standard deviation of
the concentration over multiple cycles of oxidation wave and that complete mixing
could be achieved with just 3 cycles and is faster than the normal diffusive mixing.
From the simulations, we can conclude that a micropump and a micromixer with
useful performance can be designed that utilise the oxidation wave phenomenon of the
ECPs.
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CHAPTER 6: MODELLING ELECTOCHEMICALLY ACTIVE
CONDUCTING POLYMER -HYDROGEL COMPOSITES

6.1 Introduction

Polyelectrolyte hydrogels are crosslinked polymeric materials known for their swelling
properties. These hydrogels swell by osmotic intake of water until reaching equilibrium.
The osmotic pressure is due to the Donnan potential created by the free charges in the
hydrogel. When water is replaced by ionic salt solution, the swelling of the
polyelectrolyte gel reduces as a result of the change in the Donnan equilibrium and
repulsion of charges in the hydrogel network 22, This process is reversible; therefore,
if one could remove the ions in the salt solution surrounding the hydrogel, the swelling

could increase.

Electrochemically-active conducting polymer (ECP) undergoes a reversible redox
reaction during which the charge of the polymer backbone undergoes change. This
reaction can be brought about either chemically or electrochemically. During
electrochemical actuation, when appropriate potential is applied to the ECP in an
electrolyte, the polymer is oxidised or reduced by taking in or releasing electrons to an
external circuit. Balancing this electron flux, there is a flux of negative ions into (or out
of) the polymer. By this action, the ions can either be pumped into or absorbed from the
electrolyte actively by controlling the potential applied to the polymer, thereby changing
the ion concentration in the electrolyte surrounding the polymer. Thus, in theory, we can
use polyelectrolyte gel as the electrolyte surrounding the ECP and thereby control its
swelling by pumping in or out the ions upon electrically switching the redox state of the
ECP. In the present chapter, the possibility of causing a significant swelling or
contraction of a hydrogel as a consequence of the change in local salt concentration that
should accompany the change of redox state of an ECP formed into a composite with the
hydrogel is explored. An interpenetrating network of ECP and hydrogel is assumed such
that the detailed structure of the composite can be ignored, and the composite can be
treated as a uniform medium having properties of ionic and electronic conductivity that
vary with position and time. The change in local ionic composition consequent upon the
redox switch is calculated and compared with the change required to give a significant

expansion or contraction based on the known response of hydrogels.
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6.2 Mathematical Modelling

The electrochemical reaction at the ECP — electrolyte interface is assumed given by
Equation (6.1).

Ppy+B «——Ppy' B +e" (6.1)

The negative ions from the electrolyte move into the polymer to balance the positive
charge created by the removal of electrons. The reverse reaction happens when an
opposite potential is applied. Consider an ECP polyelectrolyte gel composite in which
there is an interconnected network of both the polymers. The hydrogel acts as an
electrolyte carrying the negative ions required for the reaction. In order to achieve the
swelling and shrinking of the hydrogel, ions have to be removed or added by the reaction
of the ECP. Two important properties that we have to consider, for this composite to act
as an actuator, are the amount of swelling/shrinking that can achieved and the rate at

which it can be achieved.

Hydrogel  ECp

r

Electrochemical
actuation

«—>

Figure 6.1. Proposed actuation mechanism for the ECP-hydrogel composite.

To understand the behaviour and determine the critical parameters, in this section, we
have modelled the polyelectrolyte gel — ECP composite in order to assess its
electrochemical behaviour. First we have created a 1-D mathematical model to quantify
the concentration changes and the rate at which the change can be achieved with
composites having different properties.
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The rate at which the ECP will absorb or expel salt will depend on how fast the polymer
reaction takes place in the composite. The polymer reaction rate is the rate at which the
oxidation of the polymer takes place, represented by Equation 6.2, where M is the ion
capacity of the polymer. (' represents the volume fraction of the hydrogel in the

composite.

R=(M)1-0)%
ot (6.2)
The concentration change in the ECP-hydrogel composite will not only depend on the
reaction rate of the ECP but will also depend on the diffusion and migration of the salt in
the hydrogel resulting from the concentration gradient and the applied potential gradient.
The potential gradient will also change as a result of the concentration change in the
hydrogel and the salt solution surrounding the composite. Because of the ECP reaction,
there will be a change in its oxidation state and its conductivity, which in turn will affect
the potential gradient and concentration. In order to understand this complicated system
we have created a 1-D model with two phases: phase 1 with ECP- hydrogel composite
and phase 2 with the salt solution. The parameters that have to be considered in phase 1
will be the salt concentration in the hydrogel (Cs1), the oxidation state of the ECP (),
potential in the hydrogel (¢s1), and potential in the ECP (¢ The parameters in the salt

solution will be concentration of the solution (Cs,) and solution potential (¢s,).

The concentration of ions in hydrogel is determined by three factors. The first is the
diffusion of the ions due to the concentration gradients in the hydrogel. The second is by
the electro-migration of the ions due to the potential gradient due to applied potential. The
third is by the uptake of ions by the polymer due to the polymer reaction. Thus, the
concentration change in the hydrogel is given by diffusion-electromigration-reaction
Equation (6.3)

¢, (x, 1)

OX

oe(x,1)
ot
(6.3)

UBl_' _—+C51(X’t)

oCqu(x,1) 0 ( RT oC(x,t)
ot ox \F OX

j—l\/l(l—é”)

Ug; is the mobility constant of the ions in the hydrogel.
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Figure 6.2. Parameters and boundary conditions of the mathematical model.

Because hydrogel does not occupy the total volume of the composite, the apparent
concentration of the hydrogel in phase 1 will be the product of the total concentration of

the hydrogel in phasel and the actual volume fraction of the hydrogel (in phasel)

Ci(y,) =Ca(y.t) ¢ (6.4)

Thus, we can find the concentration in the actual volume fraction of the hydrogel using

Equations 6.3 and 6.4

Og(x t)

8C1(x,t)_U J ﬂ@Cl(x,t)
ot Box \F o ox

+C, () 2800 (Xt)] M- ¢) 26t

(6.5)
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In the composite phase 1, there will be a potential difference at the interface of the ECP

and the hydrogel which can be represented by the Nernst Equation:

¢p<x,t>—¢ﬂ<x,t>=A¢—§m(@<xlt>-<1—e<x.t»]

£ e(xt) (6.6)

The conductivity (o) of the composite (phase 1) is a function of oxidation state of the
ECP. During the reaction, the conductivity of the ECP will switch from its lower value
(omin) to its higher value (omax) When the polymer changes from its reduced state to
oxidised state. It also depends on how much of polymer volume fraction it contains.

f (e(x,1))
1-2) (6.7)

o,(xt)=
As in chapter 4, we used the empirical sigmoidal function model relating the conductivity
op of the polymer to its fraction oxidation state (as proposed by Warren and Madden®®?) to

capture the conductivity switch in the model.

o, (1) = [ Fmex — T +amm}/<1—:> (6.8)

1+ e(g_gT)/WT

Where &7 is the oxidation state at which the transition occurs and Wr is the transition
width.

The rate at which the polymer is oxidised depends on the gradient of the current flow ( j,)
across the interface and along the polymer in the x direction. The oxidation rate also
depends on the volume fraction ( ') of the ECP present in the composite and its ion
capacity (M).

de(xt) O,
(FM)(l—f)T Y (6.9)
The current flow along the ECP depends on the potential gradient across the ECP in the

composite due to the applied potential. It also depends on the conductivity of the ECP.
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a¢p (x t)

Jp ==, (x1) (6.10)
From Equations (6.9) and (6.10)

8g(x ) o 6¢p(x t)
(F-M)1-¢) &[ o (X,1)- j (6.11)

In the composite phase 1, there is no net accumulation of charge; hence, the divergence of
the total current, which is the sum of the electronic current in the polymer and the ionic
current in the hydrogel, is zero. The current flow in the hydrogel (jis) of phase 1 can be
calculated from the difference between the ion fluxes of positive and negative ions.

jis = (ji+ - ji_)F

. . [ RT oC . 09 (Xt
Ji :_UBl 1+Csl ¢( )
F ox OX

o Um[ﬂaC_ﬂ o aqﬁs(x,t)]

= F oox %

We assume charge neutrality in the individual phases of the composite and hence C+ = C”
=Cq

The ionic current density is therefore:

. RT oC, _ . o, (x,t) . . _
Jist(__l(UBl_UBl)_Csl ¢8X (UBl+UBl)J

F 0Ox

Current in the polymer of phase 1 is given by Equation (6.9). Then the total current is the

sum of polymer current and the hydrogel current.

J:jis+jp
. _RTOC, . _ g, (x,t) . ¢(xt)
J=F— = 1(UBl_UBl) FCy ¢8( )(UBl Bl) o(xt) -
X
(6.12)
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The gradient of this total current is zero:

g o(_-RToCy, , . ... op(X,t) . . . o, (1)
&:&(F?a—xl(ual_um)_lzcsl ox (U31+U31)_O'(X’t)pa—x

(6.13)
0 o0(1RToC . N 1 04, (x,t) . _ 0, (x,1)
4_< ———+FUg -U)-C, > ’ FUZ +Ug) —o(xt)———-1|=0
ox ox\¢ F ox ¢ ox OX

(6.14)

The electrolyte concentration depends on only on diffusion and electro migration of the
ions. Also, the mobility constant of the ions in the electrolyte will be different than in the

hydrogel phase. The mobility constant of the electrolyte (phase 2) is represented by Usg,.

ot P2ox

oC oC 0
s2 a . ﬁ s2 +ng ¢52 (615)
F ox OX

The potential in the solution can be determined from the total current in phase 2, which

has zero gradient because there is no charge accumulation.

0 op, . .. . RTOC, , _ .
&(_Cla(um"‘um)"‘?a_xl(um _UBl)j:O (6-16)
These equations define the hydrogel- ECP composite properties during the

electrochemical simulation.
6.3 Numerical Modeling

The nonlinear time dependent partial differential equations in one dimensional space were
solved using Comsol multiphysics solver. The equations were normalized using the
following parameters. To simplify the equations, the mobility constant for both the

positive ion (Ua1= Ugz ) and the negative ions are assumed to be the same.

Co = 1000 moles m™, (Bulk concentration)
Yo = 5x10™* m (Thickness of the composite)
Ug: =4x10°(m?V s, ionic mobility in the hydrogel)
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y 2
to = . =2500s

" U, (RT/F)
R is the gas constant
T is the temperature in Kelvins

F is Faraday’s constant

d% =R g0y
F
Sy = Ugi CoF = 0.385 (S/m)

6.4 Results and Discussion

When an appropriate potential is applied, the ECP in the composite starts oxidizing. The
oxidation starts from the electrode and proceeds out towards the solution. This reaction is
due to the switching of the ECP from its lower conductivity state to its higher
conductivity state during oxidation. This phenomenon is similar to the oxidation wave
discussed previously in chapter 4. The oxidation wave front is more prominent when the
minimum conductivity of the ECP is low. When the minimum conductivity of the
polymer is increased, the oxidation wave becomes less prominent and the oxidation takes
place uniformly throughout the polymer. A similar effect is observed when the salt
concentration of the hydrogel and, hence, its conductivity is decreased. When the polymer
starts oxidizing, there is a flow of ions from the hydrogel into the polymer, thereby
reducing the salt concentration in the hydrogel. This continues until the entire ECP is
oxidised. Once the oxidation reaction is finished, the salt from the surrounding electrolyte
starts to diffuse back in the hydrogel as a consequence of the concentration gradient
developed by the reaction. Thus, the concentration of the hydrogel relaxes back to its
mean concentration. To keep the system balanced, we assume that there is a flux of ions
into the electrolyte from the counter electrode at the same rate at which the ions are
consumed by the ECP. When the minimum conductivity of the ECP is increased, there is
an increase in the change in the concentration of the hydrogel. This reaction is also
evident from the increased current density across the interface. These effects are shown in

Figure 6.3
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Figure 6.3. Effect of altering the minimum polymer conductivity, (a) (omin = 0.04 S m™)
and (b) (omin = 4 S m™) on oxidation wave propagation, (c) on current density across the
ECP-hydrogel interface, and (d) on average hydrogel concentration. Other conditions:
Hydrogel thickness, X; = 0.5mm, Electrolyte thickness X,= 1.6 mm, VVolume fraction (¢)
=0.5, lon capacity of polymer (M)= 1 mol liter* Maximum polymer conductivity, omay =
40Sm? er = 0.5, Wy = 0.05, Co= 1mol liter, Hydrogel mobility Ua; = Ug; = 4x107
m?s V1, Electrolyte mobility = Ua, = Ug, = 4x10°® m?s™V?, Applied potential V =
0.125V.

To see the effect of changes in the overall conductivity of the composite on
electrochemical reaction, we simulated cases where there was no switching of the
conductivity from the lower conductivity to higher conductivity in the ECP. This case can
be achieved practically by mixing conductive fillers in the composite. In this case, the
oxidation takes place uniformly throughout the composite. When the conductivity of the
composite is very low, the rate of reaction slows down; thus, reaction takes place for a
longer time. As a consequence, the change in the ion concentration of the hydrogel is

much smaller. However, the alteration of the concentration is maintained for a longer
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time period both as a result of the longer reaction time and because of the slower ion flux
from the electrolyte caused by the small concentration gradient. Increase in the composite
conductivity increases the reaction rate and also increases the changes in the
concentration. The effect is diminished once the composite becomes fairly conductive.

These effects are illustrated in Figure 6.4
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Figure 6.4. Effect of changes in the conductivity of the composite on (a) Average
hydrogel concentration and (b) Current density across the ECP-hydrogel interface. Here
the composite is assumed to be uniformly conductive throughout the reaction. Other
conditions are in Figure 6.3.

The amount of ions absorbed by the ECP mainly depends on the ion capacity of the
polymer. Practically, the ion capacity of the composite can be increased either by
increasing the ECP content in the hydrogel or by changing the type of the ECP. Different
ECPs have different ion capacity ranges. In the simulations, when the ion capacity of the
polymer is increased, the change in the concentration of the hydrogel increases. The
reaction time and hence the current density across the interface also increases as a result
of the increase in the ion capacity. These effects are shown in Figure 6.5. These effects

1" and Moschou et al **°

are similar to the experimental observations made by Lin et a
where they found an increase in the bending actuation of the ECP-hydrogel composite
when the ECP content in the composite was increased. They suggested that change in the
bending is due to the increase in the reaction of the ECP and the consequent increased
change in the ion concentration of the hydrogel. In their experiments, the composites
were placed between two electrodes in an electrolyte solution and were subjected to an

electric field.
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Figure 6.5. Changes in the average hydrogel concentration (a) and current density at the
ECP —hydrogel interface and (b) for different ion capacities of the ECP. oin = 0.04 Sm™,
Other parameters are in Figure 6.3

We also looked at the effect of changing the mobility constant of the hydrogel on the
electrochemical reaction. Increasing the mobility constant of the hydrogel increased the
current density across the hydrogel —ECP interface, thus indicating that more ions are
being absorbed by the ECP. Yet increasing the mobility constant also increases the flow
of ions into the hydrogel from the surrounding electrolyte. This effect thus reduces the
changes in the concentration of the hydrogel. On the other hand, decreasing the mobility
constant of the hydrogel decreases the reaction rate, which also reduces the changes in the
concentration. Therefore, there is an optimum range of the mobility constant for which
the changes in the concentration of the hydrogel will be maximum for a given set of

parameters. These effects are shown in Figure 6.6.

A similar effect was observed to result from changes in the volume fraction of the
hydrogel in the composite. When the volume fraction of the hydrogel was decreased, the
reaction rate increased as a result of the subsequent increase in the volume fraction of the
ECP. But increase in the volume fraction of the hydrogel also means there is an increase
in the flow of ions from the surrounding electrolyte, and thus a reduction in the changes
in ion concentration of the hydrogel. When the volume fraction of the hydrogel is
increased, the reaction rate goes down because of the decrease of volume fraction of ECP
available for the reaction. Thus the optimum volume fraction of the hydrogel for the
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maximum changes in the concentration is around 0.5. These effects are illustrated in

Figure 6.7
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Figure 6.6. Effect of different hydrogel mobility constants on (a) Average hydrogel
concentration and (b) Current density at the ECP-hydrogel interface. i, = 0.04 S m™,
Other parameters are in Figure 6.3
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When the applied voltage is increased there is an increase in the current density across the

ECP- hydrogel interface. This effect is due to the increase in the potential gradient across

the composite which in turn increases the reaction rate. The changes in the concentration

of the hydrogel also increase with the increase in the applied voltage. But this effect

87



diminishes over the voltage range, as after a certain point, the reaction rate is limited by

the ion capacity of the polymer. These effects are illustrated in Figure 6.8
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Figure 6.8. Effect of changes in the applied voltage on (a) Average hydrogel
concentration and (b) Current density at the ECP-hydrogel interface, o, = 0.045 m™,
Other parameters are in Figure 6.3.
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Figure 6.9. Effects of switching between positive and negative potentials on (a) Average
hydrogel concentration and (b) Current density at the interface, omi, = 0.04 S m™, Other

parameters are in Figure 6.3.

When the polarity of the potential is reversed, the reduction reaction takes place. In this
case the ions are released from the ECP because of the reversal of the polymer to its
neutral state. As a consequence there is an increase in the concentration of the hydrogel.

The simulated effect of switching between oxidised and reduced state is illustrated in
Figure 6.9.
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Previous studies have shown that different hydrogels have different swelling properties in
ionic solutions. The swelling properties also vary depending on the cross linking density
of the hydrogels. Thus, by choosing the type of hydrogel and controlling its cross linking
density, we can effectively vary the swelling range of the hydrogel. Travas-Sejdic et al*?°
prepared co-polymers of acrylamide and 2 acrylamido-2methyl-1propane sulphonic acid
(poly (AAM/AMPS)) and studied its swelling behavior upon changing the salt
concentration of the surrounding electrolyte. They found that when the concentration of
the NaCl in the electrolyte was reduced from 1 M to 0.1 M, in some cases, depending on
the molar fraction of the charges and the cross linking density, the hydrogel swelled more
than 100%. Baker et al*®® synthesized acrylamide based polyampholyte hydrogels and
have studied the swelling properties. They found that by decreasing the concentration of
the surrounding electrolyte from 1 M to 10" M the swelling increased by around 100 %.
Aalie et al*®® prepared hydrogels based on polyacrylamide and poly(vinyl alcohol). In
their experiments, when the salt concentration was reduced from 0.5 M to 0 M the
swelling increased by around 30%. In all cases, swelling and deswelling of the hydrogel
was not linear with the concentration changes. There was a sudden increase in the
swelling of the hydrogel for small changes in the concentration. These findings suggest
that small concentration changes can act as a switch, making the hydrogel swell and
shrink. The simulation results show that a change in the concentration range of around 0.5
M can be achieved with a polymer of 2 M ion capacity. This change in the concentration

range should be sufficient to cause a significant swelling of the hydrogel.
6.5 Conclusions

From the simulations, we can conclude that the changes in the concentration of the
hydrogel can be effectively controlled by varying various parameters. The ion capacity of
the ECP plays an important role in determining the rate and also the amount of the ion
concentration changes that can be achieved. The conductivity of the composite is another
important parameter that has to be considered during the composite preparation. The
volume fraction and the mobility of the hydrogel also play a significant role. The
mathematical model can be used as a design tool to select the type of hydrogels, ECPs,
and the concentration ranges needed to design an efficient ECP- hydrogel composite

actuator.
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CHAPTER 7: ELECTROCHEMICALLY ACTIVE CONDUCTING POLYMER
COMPOSITES — PREPARATION AND CHARACTERISTICS

7.1 Introduction

One of the characteristics of Electrochemically active Conducting Polymers (ECP) is
their insolvency in most solvents and is, as well as their diffulty in processing. Still, there
are several ways by which a ECP can be deposited in a microchannel. Some ECPs like
polyaniline can be dissolved in a solvent and can be spin cast directly onto the

substrate!™®

. Other insoluble polymers like PPy can be prepared as a dispersion in a
suitable medium by dispersion polymerisation conducted in the presence of a stabilizer'".
The dispersed polymer can then be spin coated on to substrates. In other cases,
photocrosslinkable monomers may be polymerised directly onto the substrate by exposure
to UV. In a recent study, a photo-crosslinkable EDOT monomer was used to pattern

PEDOT on a flexible PET film'2.

In other direct methods, ECPs have been electrochemically grown on patterned metal
electrodes before these are incorporated into microchannels. Lefevre et al'® fabricated a
ECP based microfluidic actuator using this method. They sputtered a gold layer on a glass
wafer and then patterned it using photolithography and wet chemical etching. Then they
grew ECP on the patterned gold electrodes using electrochemical polymerisation. This
substrate was then used to build a microfluidic actuator. Similar methods that utilise the
chemical polymerisation,instead of electrochemical polymerisation have also been used to
deposit ECPs on to substrates’’.

ECPs have also been combined with other processable polymers to form composites that
can be easily deposited. Waghuley et al *** mixed PPy powder with ethyl cellulose binder
to form a processable composite. The prepared composite was then screen printed on to a
glass substrate to form sensors. Wallace et al*”® prepared a composite in which they
stabilised PPy nanoparticles in a poly(ethylene glycol ) gel to form a processable

composite.

The objective of this section is to explore different methods by which an ECP can be
made processable and patternable, so that it can be easily incorporated as actuator element

inside microfluidic channels. First, we demonstrated a method to pattern thin films of
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polyaniline ECP on glass. Second, we prepared and characterised different ECP based
composites that are mechanically stable and can be easily processed. We also have

studied their characteristics and electrochemical behaviour.

7.2 Patterning of Polyaniline Thin Films

Polyaniline (PANI) is one of the few ECPs that can be dissolved in a solvent (N-methyl2-
pyrrolidone (NMP) ). Thus, PANI can be spin cast onto substrate and can be patterned.
In this section, we have used a photolithography technique to pattern thin films of PANI
deposited on glass. Previous studies have used similar methods to pattern other polymers.
Cui et al*”" used poly(styrenesulfonate) (PSS) doped poly (3, 4-ethylenedioxythiophene)
(PEDQT) to pattern a Field Effect Transistor (FET) using Reactive lon Etching (RIE). In
their method, they spin coated the polymer on to the substrate. Dai et al*® used
photoresist patterning to selectively block the substrate and electrochemically
polymerised the ECP to form a pattern. In the current study, we used photoresist
patterning to protect the ECP layer and have etched the exposed region using Reactive
lon Etching(RIE). We used a photoresist layer, one that was thicker than the ECP layer,
so that the ECP layer would be protected. We also used positive photoresist so that it is

easier to etch away the remnant photoresist.

7.2.1 Experimental

0.2 grams of polyaniline emeraldine base was dissolved in 25 ml of N-Methyl-2-
pyrrolidone (NMP) and magnetically stirred for 4 hours. The solution was filtered and
then centrifuged. Glass slides were cleaned with detergent, then soaked in Piranha (7:3
H,SO,. H,0,, CARE: Piranha solutions are highly corrosive and potentially explosive)
for 1 hour, rinsed with MilliQ water and dried with N, gas. Thin films were cast on the
cleaned glass slides using spin coating. The cleaned glass slides were spin coated with the
PANI solution at 800 rpm for 2 mins, then dried for 10 minutes in air. To increase the
thickness, the same procedure was repeated 2 or 3 more times. A thick layer of positive
photo-resist AZ1518 was coated over the PANI film by spin coating (at 1500 rpm for 1
minute). The thickness of the coated photo-resist was measured with a profilometer and
was found to be 3 micrometers. It was prebaked at 100 °C and exposed to UV light
through a light field mask with the desired pattern for 5 seconds. It was then post baked at
100°C and developed using the developer (AZ326MIF) to etch away the exposed photo-
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resist. The resulting glass slide contained a layer of polyaniline coated with a thick layer
patterned photo-resist. It was then subjected to dry etching using March CS-1701
Reactive lon Etching system. Oxygen was used as the reactive gas with chamber pressure
of 415 mtorr. A power of 300 W was applied for 1 minute. The exposed PANI layer was
completely removed, leaving behind the PANI layer protected by the photoresist. The
residual photoresist was removed using acetone. The sample was then washed with

isopropanol and water and then dried with N gas. The step by step procedure is explained

in Figure 7.1.
Step 1- Spin coat PANI -NMP Step 4- Remove the exposed photoresist
solution on glass using chemical etching
Step 2- Spin coat positive Step 5- Reactive Ion Etching

photoresist (AZ1518) using oxygen plasma

UV Radiation | i |

L L1 4 { R Y TR R A

|
Step 3- Expose to UV radiation Step 6- Remove the photoresist
through photo mask using acetone
Glass BN PANI Ei];t]ffg;m

Figure 7.1. Pattering polyaniline (PANI) using photolithography.

7.2.2 Characterisation

Using the described method, a thin film of polyaniline was patterned. A resolution of 100
micrometer was achieved; this was the limitation of the mask and the photolithography
equipment used. With higher resolution masks it would be possible to achieve higher

resolution patterns. In order to analyse the thickness of the patterned polyaniline, Atomic

92



Force Microscopy (AFM) was used. The AFM images are shown in Figure 7.2. The
thickness of the polyaniline layer was measured to be around 42 nm. The film was
continuous and had a definite edge. The AFM measurement also showed some residual
photoresist patches on the polyaniline layer.
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Figure 7.2. A pattern of polyaniline on glass (a) with 100 um lines, (b) with AFM data,
and (c) showing the measured thickness of the polyaniline film to be around 40 nm.
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7.3 Polypyrrole-PDMS Composites

PDMS is a flexible, stable, and easily processable polymer. Polypyrrole (PPy), on the
other hand, is mechanically poor and brittle and is insoluble in most solvents. Thus, in
theory, we can use PDMS as a host matrix for PPy and thereby improve the stability and
processability of the PPy. One important aspect to consider is the electrical property of
such a composite and whether PPy will retain its electrochemical properties. In their
experiments, Cakmak et al*”® prepared a PDMS PPy composite and were able to obtain
conductive, mechanically stable, electrochemically active polymer (ECP). They have
prepared the composite by coating a thin layer of PDMS on an electrode and
electropolymerising pyrrole by applying a voltage of 1.1 V. They were able to achieve a

conductivity of 3.9 S/cm. Another study*®

reported the preparation of composites of
PDMS with PPy-polyaniline copolymer using a two-step electropolymerisation method.
In contrast, we prepared composites by physically mixing PPy powder and carbon fibers
with PDMS. Carbon fibres are highly conductive and can therefore increase conductivity

and also improve the mechanical stability of the composites.

7.3.1 Experimental

50 mg of commercially available doped PPy powder (Sigma Aldrich) was well grounded
and then mixed with various ratios of 1 to 2 mm long carbon fibres. PDMS precursor
(Dow Corning) was mixed with curing agent in the ratio of 10:1 and then degassed in
vacuum for 1 hour. The PDMS mixture was then mixed well with PPy and carbon fibre
mixture in different ratios, followed by casting it on glass and curing it in oven at 60 °C
for 1 hour. The resulting composite films were peeled off the glass and characterised.

7.3.2 Characterisation

The composite films we prepared were elastic and conductive. The conductivity of the
composites increased with the increase in the amount of carbon fibre added to the
composite. The conductivity of the composite increased from 3 x 10 S/cm when no
carbon fibres were added to 1 x 10 S/cm when 100 mg of carbon fibres were added to
the 50 mg of PDMS. The microscopic images of the composites showed that the carbon
fibres became well connected when the amount of carbon fibres added was increased
from 20 to 50 mg, at which point the conductivity of the composite increased 10 fold
from 5 x10™ to 6x 10°S/cm. The conductivities obtained for different composites are
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listed in Table 7.1. Though the composites were conductive, the conductivity ranges were
very low compared to the conductivity of PPy powder which was in the range of 1 to 10

S/cm.

Figure 7.3. Microscopic images of ECP-PDMS composites with different carbon fibre
content: (a) with no carbon fibres, (b) with 20 mg, (c) with 50 mg, and (d) 100 mg. In all
cases PDMS was 50 mg and PPy was 50 mg.

95



Table 7.1

Conductivity of the ECP—PDMS Composites with Different Carbon Fibre Content

Type Polypyyrole Carbon fibres Conductivity (S/cm)
a 50 mg 0 mg 3x 10"
b 50 mg 20 mg 5x 10"
c 50 mg 50 mg 6x 107
d 50 mg 100 mg 1x10°

In order to characterise, the composite films were stuck onto a glassy carbon electrode
(30 mm?) using adhesive tape (Kapton polyimide tape with silicone adhesive) and then
subjected to cyclic voltammetry in a 0.1 M NaCl solution (Ag/Agcl reference ) in a
standard electrochemical cell. The scan rate was set to 0.1V/s and the potential range
from -0.6 to +1.2 V. This potential range is within the PPy oxidation and reduction range.

The cyclic voltammogramms (CV) obtained are shown in Figure 7.4

-6
15x10|

o

Current (A)

— Ppy 50 mg
----- Ppy 50mg/ Carbon Fiber 100 mg

-0.5 0 0.5 1
Potential (V)

Figure 7.4. Cyclic voltammogramms of PPy-PDMS composites with and without carbon
fibers; all mixtures had 50 mg PDMS.
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CVs of the composites with only PPy had very low current and showed no
electrochemical activity of PPy in this voltage range. The CV obtained had a broad peak
and current was due to the capacitive charging of the PPy -PDMS double layer. When the
carbon fibres were added to the composite the current as a result of the capacitive
charging decreased because of the increased conductivity and the reduction in the double

layer capacitance.

SEM images of the composites showed PDMS completely covering PPy. This quality of

the composite might explain low conductivity and the absence of electrochemical activity.

AccV  SpotMagn} l)t: —
500KV 20 1?}} E80 2

Figure 7.5. SEM images of ECP -PDMS composites at different magnifications.

5.00 KV 2.0 500

7.4 Polypyrrole-Carbon Fibre Composites

In this section, we explored different methods to prepare ECP coated carbon fibre
composites. Carbon fibres are highly conductive and have good mechanical properties,
properties which make them amenable to serving as conductive filler to polymer
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composites. It has been reported that the electrical properties of the ECPs can be
improved by adding carbon based additives*®. ECP-coated carbon nanotubes have been
used as super capacitive materials'®?. Kim et al*** deposited thin layers of PPy on carbon

I*'7 noted that the number of

fibres for a similar super capacitive application. An et a
electrochemical cycles of the ECPs can be improved by adding carbon additives. In this

section, we prepared ECP-coated carbon fibres by two different methods.

7.4.1 Chemical Polymerisation

In the first method, ECP-carbon fiber composites were prepared chemically using Ferric
Chloride (FeCls) as oxidant and Dodecyl Bezene Sulphonate (DBS) as surfactant. This
method was adopted from a previous study by An et al''” where they used chemical
polymerization method to prepare a carbon aerogel -PPy composite. Carbon fibers of
length 1 to 2 mm long were washed and soaked in dilute nitric acid (3 M) and then
washed thoroughly and dried in vacuum oven. Carbon fibers were dispersed in 20 ml of
distilled water containing DBS and kept in ultrasound for 10 mins. 0.4 g of distilled
pyrrole monomer was then added and stirred. Different quantities of FeCls were dissolved
in 20 ml of distilled water, which was then added to the mixture slowly and the set up was
put in ultrasound bath for 10 mins. The mixture was continuously stirred for 12 hours.
After that time, the solid agglomerate was removed using centrifuge and then washed
thoroughly with distilled water and dried in vacuum oven for 12 hours. Different amounts

of oxidant and surfactants were added for different samples.

7.4.2 Characterization

Chemically polymerized carbon fiber-ECP composites were studied using Scanning
Electron Microscope (SEM). SEM images (Figure 7.4) show that a layer of PPy has
formed over the carbon fiber due to chemical polymerization. The thickness of the layer
was higher when both the oxidant and the surfactant concentration were higher. When the
concentration of the oxidant was reduced, there was a significant decrease in the thickness
of the PPy layer formed. The changes in the concentration of the surfactant also affected
the polymerisation process. An et al**” proposed a mechanism by which the surfactant
would interact with the reaction mechanism and would change the morphology of the
ECP. Decrease in the concentration of the surfactant also decreased the thickness of the
polymer deposited. All the experimental parameters and the SEM images are given in
Figure 7.2.
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Table 7.2

Different Morphology of the ECP Formation with Respect to Changes in Concentration
of Oxidant and Surfactant

Sample Carbon FeCls DBS SEM
fibers  (oxidant) (surfactant)

1 Bare
fiber
e 20 1500 D52
2 0.1¢g 0.972gin 1l4g
20 ml in 20 ml
3 0.1g 0.486gin 1l4g
20 ml in 20 ml
S00kv 20 19000¢ SE 59 o
4 0.1g 0.972gin 0.7¢

20 ml in 20 ml

Aco.v//SpotMagn Dot WD/f—-—4 2m
500KV 20 15000x TLD 54 ;7
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5 0.1g 0.486g 0.7¢
in 20 ml In 20 ml

\\< e .

AccV SpotMagn Det WD }——of 2 gy
500kV 20 15000x TLD 54 e

6 0.1g 0.972¢g 0.35¢
in 20 ml in 20 ml

AccV SpotMagn Det WD |——— 2um
500kvV 20 15000x TLD 4.9

7 0.1g 0.486 ¢ 0.35¢g
in 20 ml in 20 ml

5.00kV 20 15000x SE 5.1 B

In order to characterise the ECP coated carbon fibres and also to check if the ECP is
electrochemically active we used Scanning lon Conductance Microscopy (SICM) to
perform electrochemical studies on a single fibre. In this experiment a single PPy coated
carbon fibre was isolated and placed on an Indium Tin Oxide (ITO) electrode. Cyclic
voltammetry was performed with the SICM pipette filled with 0.1 M NaCl as an
electrolyte. A droplet was formed over the fibre with the pipette containing counter and
reference electrodes. Ag/AgCl electrodes were used as both counter and reference
electrodes while ITO as working electrode. (For more information regarding the SICM

used, refer Laslau et al*®

) The current showed a clear oxidation peak of PPy at 0.4 V.
CVs were also performed on a single carbon fibre and the ITO electrode as controls. The

results and the setup are shown in Figure 7.7
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Figure 7.6. SEM images showing carbon fibre coated with PPy (Sample 2: FeCl; —
0.972g in 20 ml, DBS -1.4 g in 20 ml, Py- 0.4 g ) for different magnifications.

—— Bare ITO
— Carbon Fiber
30+ — PPy-Carbon Fiber

A

Current(nA)
o

"1 05 0 05 1
Potential(V)

Figure 7.7. Setup showing the SICM pipette on the ITO electrode (a), carbon fiber(b),
carbon fiber coated with PPy(c), and the cyclic voltammetries obtained (d).
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7.4.3 Electrochemical Polymerization

In the second method, ECPs were polymerized on the carbon fibers electrochemically. A
bunch of carbon fibres was used as working electrode and platinum mesh as the counter
electrode. The electrolyte solution was prepared with 0.5 M pyrrole in propylene
carbonate (PC) with 0.5 M trifluoromethanesulfonate (Triflate) salt. A constant potential
of 0.85 V (Ag/AgCl) was applied for 3 hours. After the process, the carbon fibres were
found to be covered with a black powdery PPy. The fibres were analysed using Raman

spectroscopy to confirm the presence of PPy.

\ . )
% AccV SpotMagn Bet/WD }——-————2-:—,\—-{ 1mm ) AccV SpotMagn Det WD |——— 50um
, 500kV 20 73x~ SE /45 4 ' "y\ B ~_ 500kv 20 800x SE 45

AccV SpotMagn Det WD |——&—=— 200 um
500kV 20 /200x / SE 45

Figure 7.8. SEM images showing carbon fibre coated with PPy by electrochemical
polymerisation method in different magnifications.

The fibres coated with PPy were analysed using SEM. SEM pictures showed cauliflower
structures of PPy and that the thickness of the carbon fibres has increased quite
significantly from 5 micron (bare fibres, refer table 7.2) to 50 microns (PPy coated). The
surface morphology of the PPy was smooth. Figure 7.8 shows SEM images of the

electrochemically prepared PPy carbon fibre composites.
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7.5 Polypyrrole-Hydrogel Composites

As discussed in the previous chapters, hydrogels swell by osmotic intake of water. The
swelling is sensitive to the ion concentration and the pH of the surrounding electrolyte. In
chapter 6, we explored the idea of using ECP actuation as a mechanism to pump or
remove ions from the hydrogel. From the simulation results, we concluded that by
incorporating ECPs into the hydrogel and actuating it, it is possible to significantly alter
ion concentration of the hydrogel. In chapter 2, we reviewed in detail various method to
prepare and characterise the ECP-hydrogel composites. In this section, we prepared
polyelectrolyte hydrogel composites using various methods and have characterised them
for their electrochemical properties. First we synthesised a PAA-p (HEMA) based
hydrogel. Then, we prepared five different types of composites, as described in section
7.5.3.

7.5.1 Hydrogel Synthesis

Photo crosslinkable hydrogel containing PAA-HEMA was synthesized by a method
described by Onuki et al'®*. The characteristics of the resulting hydrogel depends on
several formulation factors, including the polymer concentration in the aqueous phase, the
degree of modification with HEMA, and the initiator concentration. Details are given

below.

7.5.1.1 Materials. PAA (molecular weight 450,000), 2, 2-dimethoxy-2-
phenylacetophenone (DMPA), and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) were purchased from Sigma. HEMA was purified to eliminate the
inhibitor by filtration through a basic Al,O3; column. All other reagents were of chemical
grade.

7.5.1.2 Synthesis of photocrosslinkable polymers. PAA-HEMA was synthesized
as follows: 7.22 g of HEMA was added to 2.00 g of PAA dissolved in purified water (40
mL), and the mixture was stirred for 30 min on ice. EDC (0.80 g) dissolved in purified
water was added to the mixture, which was then stirred for 4 hours at room temperature to
complete the reaction. The reaction mixture was dialyzed using cellulose tube in the dark
5 times against purified water and then lyophilized using a freezedryer under reduced

pressure. A white cotton-like substance was obtained as final product.
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7.5.1.3 Preparation of photocrosslinked hydrogels. 100 mg of the
photocrosslinkable PAA-HEMA was dissolved in 1 mL phosphate-buffered saline (PBS,
pH 7.4); then 1 mg DMPA dissolved in 50 uL ethanol was added to the aqueous solution.
The mixture was then UV irradiated. The wavelength of illumination ranged from 200 to

400 nm and the irradiation time was 25 min.

7.5.2 Hydrogel Characterisation

The synthesised hydrogel was studied for its swelling behaviour. The hydrogel precursor
was poured into a microfluidic chamber (see section 3.1) and then exposed to UV for 20
minutes. The photocrosslinked hydrogel was then sealed in the chamber with a PDMS
layer. Solutions with different salt concentration and pH were introduced into the
chamber and the swelling behaviour of the hydrogel was analysed using an optical
microscope. Similar to other hydrogels, the synthesised PAA-P (HEMA) was sensitive to
concentration and pH changes. When the concentration of the surrounding electrolyte was
reduced, the water uptake capacity of the hydrogel increased. The hydrogel volume
increased by more than 50% for ion concentration changes from 0.8 M to 0 M. When the
pH of the solution was increased, the hydrogel de-swelled. The swelling of the hydrogel

was calculated as a ratio of the measured volume to the maximum volume.

Measured volume 5
Maximum volume

Swelling % = 100

The swelling percentages for different salt concentration and pH and over time are given

in the Figure 7.9.
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Figure 7.9. Hydrogel swelling for (a) different salt concentration and pH and (b) hydrogel
swelling over time.

7.5.3 Hydrogel-Polypyrrole Composite Preparation
Five different hydrogel-PPy composites were prepared and characterised in two different

settings. Our objective was to prepare a composite that is easily processable and that can
be incorporated within the microfluidic cell. Thus, our focus was on the physical mixing
method. We also explored the electrochemical polymerisation and chemical

polymerisation processes to prepare the composites in order to compare the efficiency of

the physical mixing process with other available process methods.

7.5.3.1 Physical mixing method 1. In the first method the 50 mg of hydrogel
precursor with the photo initiator was mixed with commercially available PPy powder to
form a homogenous mixture. The mixture was poured onto glassy carbon electrode (30
mm?) and was crosslinked using UV to form the composite. We then characterised the
composite using cyclic voltammetry (CV) in a standard electrochemical cell (Figure

3.5a).
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Figure 7.10. CVs for different hydrogel / PPy ratios, NaCl — 0.1M, Scan rate 0.1V/s.

Two different composites were prepared with different amounts of PPy powder; one with
50 mg of PPy in 50 mg of hydrogel and another with 100 mg of PPy in 50 mg of
hydrogel. The CVs were performed with 0.1M NaCl solution, platinum wire counter
electrode and Ag/AgCl reference electrode. The CVs of both the composites showed no
significant PPy oxidation or reduction peak but composite had a much higher current
compared to pure hydrogel. When the amount of PPy was increased, the current increased

and the composite showed increased electrochemical activity.

7.5.3.2 Physical mixing method 2. In the second method, carbon fibers coated
with PPy, prepared in the section 7.4 (sample 2 of chemical polymerisation method), was
added to the 50 mg of hydrogel precursor and photo initiator and was poured on glassy
carbon electrode (30 mm?) crosslinked using UV. Similar to the previous study, the
composites were characterised using cyclic voltammetry in a standard electrochemical
cell with 0.1 M NaCl with platinum wire counter electrode and Ag/AgCl reference
electrode (Figure 3.5a).
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Figure 7.11. CVs for different Hydrogel Ppy composites. The ratios were NaCl — 0.1M
Scan rate 0.1V/s.

The composite showed a significant increase in the current due to the addition of the
polypyyrole coated carbon fibres as compared to composites with only PPy powder.
When the amount of fibres was increased, the CV became broader, showing an increased
electrochemical activity (capacitive). This reaction might suggest that when there is less
volume fraction of PPy coated carbon fibres, the electrochemistry of thin PPy layer on the
carbon fibers was not significant enough; when the amount of Ppy coated fibers was
increased, the PPy layers got more connected and hence showed an increase in the

electrochemical behaviour.

7.5.3.3 Physical mixing method in microfluidic electrochemical cell. In this
method, the composites were prepared in a microfluidic electrochemical cell (fabrication
method outlined in section 3.1). Thickness of the cell used in these studies were 1 mm. As
before, hydrogel precursor with photo intiator was mixed with PPy powder and in order
to increase the connectivity, graphite powder was added along with the PPy powder.
Graphite is highly conductive and electrochemically less active. We prepared four

different composites in the electrochemical cell. One was hydrogel with just PPy powder
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and three other composites with additional graphite powder is different quatities. In all
cases 50 mg of hydrogel was added to 50 mg of PPy powder. The prepared precursor,
mixed with the solids, was layed down in the microchannel and was exposed to UV. The
composite formed was then subjected to electrochemical studies using the setup described
in section 3.3.

Figure 7.12. ECP-graphite-hydrogel composite in the microfluidic electrochemical cell.

The cyclic voltammetry was performed to characterise the composite.s Carbon working
electrode of surface area 0.8 mm? was used along with another carbon counter electrode
and Ag/AgCI reference electrode. 0.1M NaCl was used as electrolyte and the scan rate
was maintained at 0.1V/s. When the composite was composed only of hydrogel and PPy,
it had a characteristic oxidation peak of PPy at 0.4 V. When the graphite powder was
added the peak disappeared but the current increased. However, increasing the proportion
of the graphite powder further reduced the current significantly. This effect is due to the
fact that the volume fraction of the hydrogel goes down with increasing amount of
graphite and PPy. Thus, there is less amount of hydrogel (hence the ions) to react with the
PPy, reducing the current. This effect has been captured in the modelling results shown in
section 6.
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Figure 7.13. CVs for different Graphite-PPy ratios, NaCl — 0.1M Scan rate 0.1V/s.

To find how much salt ECPs take or expel during the reaction, we looked at the charge
consumed by the ECPs during electrochemical reaction. To calculate the charge
consumed during oxidation we have integrated the anodic cycle of the cyclic
voltammetry. Using this method, the charge consumed by the composite with only PPy

was calculated, as per Equation 7.1:

dv/dt (7.1)

where ﬂ is the scan rate

0.01.2
=——=0.12C
Q 0.1

From the charge consumed we can calculate the number of electrons.

Total chargeQ ~ 0.12
Charge of electron 1.6x107*°

No of electrons = = 7.5x10" electrons

To compensate the loss of electrons, ideally there will be an equal number of ions moving

into the composite, which is 7.5 x 10'" negative ions. This result is equal to 1.2 x10°®
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moles of ions. We can calculate the volume of the composite from the microscopic image,
which is roughly equal to 2.5 mm?. From these calcluations, the total ion capacity of the
composite in the microchamber is about 0.5x10° moles/cubic mm or 0.5M. From the
mathematical model in chapter 6, the change in the concentration predicted for 0.5M ion

capacity range of the composite is around 10% (Figure 6.4).

We also subjected the composite to constant potential in order to study if there was any
mechanical actuation due to the change in the ion concentration of the composite due to
PPy oxidation and reduction.
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Figure 7.14. I-t reponse curve of composite prepared by physical mixing method. PPy-
50mg Graphite 100 mg.

The composites were applied a positive potential of 0.75 V. The composites were
monitored with optical microscope to record any mechanical actuation. The polarity was
reversed after 150 s and held at -0.75 V for 150 s. The composite showed no significant
actuation. From the predicted concentration changes and the observed swelling behaviour
of the hydrogel we can conclude that the ion capacity of the composite achieved through
physical mixing method was not enough to cause the swelling.

The current response during this study is shown in the i-t curve shown in Figure 7.14. The
current range obtained was higher than the CV because of the capacitive charging. The
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current range obtained in the experiments were comparable to the current ranges

predicted by the model for a 0.5M ion capacity range composite.

7.5.3.4 Electrochemical polymerisation in microfluidic electrochemical cell. In
order to compare the physical mixing method with other methods, in this section, we
prepared PPy-hydogel composites through electrochemical polymerisation. In this
method, PAA- HEMA hydrogel was first prepared in the PDMS microchamber with
carbon working and counter electrode and Ag/Agcl reference electrode. A solution
containing 0.4 M pyrrole and 0.4 M KCL was introduced in the chamber and polyprrole
was electropolymerised using cyclic voltammetry. The scan rate was maintained at 0.05
V/s and voltage was cycled for 2000 cycles. The PPy growth was slow and the hydrogel
gradually turned black as a result of PPy growth.

Start 1000 Cycles 2000 Cycles

b) 4>(10

Current (A)

0.4M Pyrrole .
0.4M KCL

08 -06 -04 -02 0 02 04 086 08
Applied Potential (V)

Figure 7.15. Electrochemical growth of PPy in an electrochemical cell (a) time lapse

images showing PPy growing in the hydrogel and (b) Cyclic voltammetry of PPy growth.
Scan rate 0.05 V/s

111



The growth cyclic voltammetry showed gradual increase in the current due to the growth
of the polymer. The CV also showed the oxidation peak at 0.4 V, which is characteristic

for PPy. The ion capacity calculated from the CV was around 1.2x10°® moles/ mm?,

After 2000 cycles the electrolyte was flushed with water and the chamber was filled with
0.1 M NaCl and was subjected to constant potential to study its mechanical actuation
behaviour. The composite was subjected to +0.75 V for 90 s and the polarity was
reversed. The composite showed no significant actuation behaviour. The i-t response

curve recorded during the experiment is given in Figure 7.16.
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Figure 7.16. i-t response curve of the electrochemically prepared composite.

7.5.3.5 Chemical polymerisation in microfluidic electrochemical cell. In this
method, the composites were prepared by chemical oxidation of hydrogel containing
pyrrole monomer. In order to chemically prepare the composite, hydrogel was first
prepared in PDMS microchamber same as bythe previous techniques and then soaked in
pyrrole solution for 3 hours. An oxidant, ammonium per sulphate (APS), was then
introduced in the chamber and soaked for 3 more hours. This process was repeated for
few more cycles. After each cycle, i.e after either soaking it in APS or pyrrole, the
contents (oxidant / pyrrole solution) were flushed out and filled with solution containing
0.1 M NaCl and was subjected to cyclic voltammetry. Carbon working electrode of
surface are 0.8 mm? was used with another carbon electrode and counter and Ag/AgClI
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wire as reference.The scan rate was maintained at 0.1 V/s. Figure 7.17 shows, depending

on the last cycle, the CV peaks of both PPy and APS. The current due to PPy increased

after every cycle of filling in pyrrole, showing the increase in the volume fraction of the

ECP.

Figure 7.17. Chemically prepared PPy hydrogel composite.
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Figure 7.18. Cyclic voltammetry of the chemically prepared ECP — hydrogel composites,
0.1 M NaCl;, scan rate 0.1 V/s. Red line- Cycle ended with pyrrole, Blue line — Cycle
ended with APS (a) and the i-t curve for the same composite after final oxidation (b).
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The cyclic voltammetry showed that the depending on the cycle the oxidation and
reduction peaks were different. After each APS cycle there were distinct peaks showing
oxidation and reduction of the APS. The APS residue also pronounced and shifted the
PPy oxidation and reduction peaks. After each of the pyrrole cycle the CV peaks looked
more similar to PPy oxidation and reduction peaks. And after each couple of cycle the
peak current increased indicating the increase in the volume fraction of the ECP. The ion
capacity calculated from the CV was around 0.8 x 10”° moles per mm®. It should be noted
that this value may not truly reflect the ion capacity of the PPy, as there is an

amplification of current due to the presence of APS molecules.

7.6 Discussion

Although we were able to prepare and characterise PPy-hydrogel composites, none of the
composites had significant mechanical actuation. This result might be attributable to the
insufficient availability of active PPy in the composite. In case of physical mixing
methods, the ion capacity measurements from CV showed that only a fraction of PPy
added to the mixture was electrochemically active. There are several reasons as to why
this low level of activity might happen. When mixed with hydrogel, the electrical
connectivity of the PPy can become poor. A break in the electrical connectivity near the
electrode can disconnect entire PPy network in the composite. However, this result cannot
be the case for the composites prepared with sufficient amount of graphite powder. One
must note that increasing the graphite and PPy content will also significantly reduce the
volume fraction of the hydrogels. When the volume fraction of the hydrogel is reduced, it
affects the mechanical actuation of the composite in two ways. First, it reduces the
amount of hydrogel that is available to absorb the electrolyte and cause the swelling, thus
affecting the mechanical actuation more directly. Second, when the hydrogel volume
fraction is reduced the ECP networks that are in the inner layers of composites are cut off
from the electrolyte solution. Thus, the entire composite becomes similar to a solid ECP.
In our experiments, the prepared composites were very thick in the order of millimetres;

because of this thickness, the oxidation process may slow down significantly.

114



CHAPTER 8: CONCLUSION

In the introduction, the main objectives of this thesis were set out to 1) understand the
phenomenon of oxidation wave in Electrochemically active Conducting Polymers (ECP)
by building a 2-D numerical model.2) Computationally design a microfluidic mixer and a
pump that utilizes the ECP oxidation wave and find its efficiency to mix or pump
electrolytes.3) Build a 1D numerical model of a ECP hydrogel composite and find the
concentration changes in the composite during electrochemical actuation. And 4) explore
the experimental methods to prepare and characterise various ECP composites and study
the electrochemical actuation behaviour in a microfluidic channel. With respect to these
objectives, those concerned with modelling have been achieved, but the attempts at
experimental implementation have been less successful, though much has been learned.

The key contributions of the thesis are listed below

1. An efficient solution for 2D Nernst Plank equations was developed to understand the
oxidation wave propagation in ECP. The mathematical model developed in chapter 4
showed that the key element determining the wave propagation is the proportion of the
ionic flux in the solution near the interface that is carried by electro-migration rather than
diffusion. The model also showed that it is possible to control the shape and the velocity
of the wave front by controlling the relative conductivities of the electrolyte and of
polymer in its oxidised and reduced state. The important attributes of the reported
experimental results on the oxidation wave propagation in ECP have been captured in the
model. The Scharfetter and Gummel numerical method in a 2D domain developed to
solve the drift diffusion equations has many advantages, as it conserves mass and is
numerically stable. This method is robust and can also be extended to cover more difficult
problems such as electrolytes with more than one species. Another unique aspect of the
model is that it takes into consideration the effects of changes in the geometry of the

electrochemical cell, which is important for designing practical microfluidic applications.

2. A mixer and a pump design which uses the expansion or contraction of ECP caused by
oxidation wave propagation as a way to stimulate the electrolyte in direct contact with the
polymer was developed. For practical implementation of such a pump or mixer, the
results of chapter 5 showed that an expansion of 10% of a layer 50um thick within a

timescale of 1s would be needed. Whilst such expansions have readily been observed for
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ECP actuated in non-aqueous or special electrolytes, most ECP show rather smaller
effects in aqueous saline electrolytes of the type that might need to be moved in devices

designed for biological measurement.

3. A 1D mathematical model was developed to predict the compositional changes that
occur during the electrochemical reaction of ECP— hydrogel composites. Chapter 6
showed that significant actuation could potentially be obtained for a composite of an ECP
and a suitably chosen hydrogel. The key was to disperse the ECP throughout the
hydrogel such that an ion capacity of at least 2 M was obtained whilst maintaining
electronic and ionic connectivity of the composite. The attempts at formulation presented
in chapter 7 showed that, with PPy- hydrogel composites in aqueous chloride electrolyte,

an ion capacity of 0.5 M could fairly readily be achieved.

8.1 Future Work

Our preliminary experimental studies are just the beginning of a practical device building
process. From the experimental studies on the ECP-hydrogel composites, we can
conclude that the type of hydrogel plays an important role in determining the amount of
actuation that can be achieved. More studies could be done on synthesising a hydrogel
that is more suited for this particular application. A hydrogel that is more sensitive to
concentration changes and has sharp changes in the swelling properties is the key to
construct a successful actuator. This hydrogel would mean that the ion capacity of the
composite does not need to be very high to cause a minor change in the concentration.
Low ion capacity range was the main issue in our experimental design to build actuators.
The mathematical model can be used to calculate the concentration ranges of the
electrolytes required to cause sufficient changes. Studies can also be performed to utilise
the pH sensitivity property of the hydrogel. In this case, the ECP actuation can be utilised
to cause a change in the pH of the hydrogel. Hydrogels that are more sensitive to pH
change can be synthesised. The mathematical model can be modified to estimate the
changes in positive ion concentration rather than the negative ion and thus can be used to

predict the changes in the pH of the hydrogel.

There are also other parameters that can be explored, such as the type of the ECPs,
solvent, and the ions used in the experiments. Our experimental studies have been done

only on PPy with aqueous NaCl as electrolyte. Although water is the most practical and
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most used solvent in biological studies, other solvents can also be used to validate the
mathematical models and to demonstrate the actuation properties. lon exchange
properties of the polymers vary widely depending on the type of polymer and the type of
ions. Thus, a detailed study can be done to identify the type of the polymer, salt, and the

solvent that has a maximum ion exchange property in the hydrogels.

Once a processable, high actuation ECP composite material has been developed, it can be
used to build a practical microfluidic pump or a mixer. A simple peristaltic pump can be
built using the oxidation wave model developed. It should be noted that the peristaltic
wave phenomenon is due to the switching of the ECP from its low to high conductivity
state. An ECP composite prepared using conductive filling material will be conductive
regardless of the state of oxidation of ECP will not have a propagating wave of
compositional change. Hence it is important to prepare a composite with a switchable
conductivity for this particular design. However, using high actuation composite
materials, many different pump and mixer designs can be built. The UV curable hydrogel
composites can be patterned using photolithography techniques to build actuators for

microfluidic devices.
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