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Abstract

To develop devices based on conducting polymers for the benefit of humanity – such as,
for example, artificial muscles and lab-on-a-chip diagnostics – we require the ability to
reliably fabricate and understand these materials at the micro and nano scales. In this the-
sis I present research towards that goal, by developing novel experimental techniques for
the fabrication and characterization of poly(3,4-ethylenedioxythiophene) (PEDOT) and
polyaniline (PANI), two prominent conducting polymers.

Many of the strategies presented herein are based on miniaturized pipettes driven
by scanning ion conductance microscopy (SICM), with some complementary techniques
also explored. I begin this thesis work by describing the construction of a low-cost SICM,
and its further development to include novel modifications that enable its application to
conducting polymers. One of these is the first SICM-based measurement of the ion flux
that underpins PEDOT actuation, an important issue in artificial muscles and microp-
umps. Another is the first electrochemical fabrication of microscale PEDOT and PANI
structures and arrays.

This approach is then extended to map the activity of the resulting microstructures us-
ing modified SICM-based protocols. For example, it is demonstrated that pipette-defined
cyclic voltammetry can yield highly localized characterization of microstructures, an im-
portant topic for biosensor applications. Indeed, this technique is demonstrated herein
for the characterization of a PEDOT nanowire based DNA sensor.

Finally, complementary studies on PANI nanostructures are also presented. The first
synchrotron radiation studies of PANI nanotube self-assembly is undertaken, revealing
crystallinity at critical early stages of the reaction. Furthermore, focused ion beam and
electron microscopy techniques are used to perform studies on the electrical properties
on individual PANI nanostructures. Both of these have relevance for potential integration
with the aforementioned SICM-based techniques.

Altogether, these methodological innovations and resulting findings represent signif-
icant advances in the burgeoning field of pipette-localized conducting polymer fabrica-
tion and characterization. I conclude the thesis with implications discussed for future
fundamental research and device applications.
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1
Introduction

For most of our history, humanity has had a limited number of materials to base civi-
lization upon. This changed dramatically in the twentieth century, with developments
such as synthetic polymers transforming all spheres of human activity, from electronics
to medicine to transportation. One such success story is the conducting polymer (CP) class
of materials, which continue to surprise [1, 2] despite a now well-established status and
remarkable history [3–5].

From their overlooked synthesis in the 1860s [6], onto their initial discovery and de-
velopment in the 1960s and 1970s [3,7,8], to their recognition with the 2000 Nobel Prize in
Chemistry [5,9], and during the past decade of research on their nanostructuring [10–12],
these novel CP materials continue to open new doors and opportunities. In this thesis I
describe progress on one such novel pathway that is just emerging: truly localized and
controlled characterization and fabrication of CP morphologies.

1.1 A Brief Introduction to Why Conducting Polymers Conduct

One of the properties most commonly attributed to plastics, besides toughness and flexi-
bility, is their electrical insulation. The discovery of CPs was thus a great surprise [3,7,8],
and kick-started fundamental research not only into the chemistry of these polymers,
but also into the physics underpinning their unexpected electron transport properties.
While a detailed treatment of the topic is outside the scope of this thesis, a brief foray is
nonetheless of interest for this introduction.

Firstly, any polymer is a large molecule composed of repeating structural units, con-
nected through covalent bonds. Unlike natural polymers such as DNA and cellulose, CPs
do not exist in nature, and required discovery in the laboratory. They are typically semi-
conducting, and through appropriate treatment can be doped or dedoped into regions of
metallic conductivity or insulating characteristics, respectively. In polyaniline, for exam-
ple, this accomplished through a relatively simple chemical acid-base doping-dedoping
process [13], resulting in a dramatic change in electrical conductivity, from σ < 10−10 S

cm

to σ > 101 S
cm [14].

1
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Electrical transport in CPs is most commonly understood through band models, which
start from the concept of energy level distribution: the interaction of neighbouring unit
cells in materials such as crystals or polymers gives rise to a certain range of allowed
electron energies [15]. The highest occupied energy level is denoted asEvalence band, above
which there is the Econductance band, a level where electrons have enough energy to freely
accelerate upon application of a voltage potential: conductivity. In most polymers, the
bandgap Eg = Econductance band − Evalence band between the two is large, and the material
is insulating. Thus, for conductivity to occur, the bandgap Eg must be modified. Doping
the polymer, which in practice can mean removing an electron from a neutral chain, thus
forming a cation that is balanced by a counterion, modifies Eg through charge delocal-
ization over several monomeric units, distorting the lattice. This is known as creating a
polaron state in the bandgap, and additional doping leads to bipolaron band formation in
the energy bandgap, which may be responsible for the observed charge transport [15].

An alternate approach is a fundamentally quantum mechanical treatment. A simple
approximation of the CP chain as a 1D array introduces three Hamiltonian terms [16]:
(i) a lattice Hamiltonian, describing intranuclear degrees of freedom in a 1D array, (ii) an
electron Hamiltonian, describing interaction energies between electrons in a 1D array,
and (iii) a final Hamiltonian describing how electron-phonon coupling localizes an elec-
tron to a particular site. Putting these terms into the time-dependent Schrödinger equa-
tion yields the probability of charge hopping between neighbouring sites along the CP
chain [17], but unfortunately such models still do not fully account for the complex
physics observed in CPs [5].

1.2 Conducting Polymers at the Micro and Nano Scales

The conventional CP morphology is that of a featureless bulk film, which may be suf-
ficient for certain applications such as large-area coatings and sandwich structures in
devices. But there has also been significant interest in downsizing CPs, to the microscale
(that is, below the thinness of a human hair) and below, to the nanoscale, where dimen-
sions are designed to be order of 100 nm or lower. As will be considered in greater detail
in Chapter 2, there are a vast number of approaches to micro and nano structuring, rang-
ing from template synthesis to electrospinning to self-assembly.

One obvious benefit behind this is greater packing efficiency: if a lab-on-a-chip de-
vice is being designed featuring distinct CP areas acting as individual biosensors, then
microstructuring these areas will allow for the device to be miniaturized. However
the advantages extend far beyond this, and are most readily apparent at the nanoscale,
where reduced dimensions dramatically increase the relative surface area exposed, lead-
ing to much improved reactivity, strength and conductivity [10, 18–20]. This has led to a
plethora of applications at the micro and nano scales, as the next sections will highlight.
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1.3 Applications of Conducting Polymers

1.3.1 Biosensors Based on Conducting Polymers

In the push to make modern healthcare increasingly personalized and ever more com-
prehensive, biosensors are emerging as key necessities, with analytical devices used to
detect, quantify and even monitor the molecules that affect our quality of life. For ex-
ample, clinical diagnosis now routinely relies on the measurement of metabolites such as
glucose, urea, cholesterol and lactate [21]. And the benefits of biosensors also extend far
beyond clinical healthcare, into areas such as food, agriculture and pollution monitoring.

In short, a biosensor functions by converting the concentration of a specific chemical
into a digital electronic signal that can be displayed and stored. It does this through a
receptor transducer, whose appropriate design imparts the biosensor with its selectivity,
specificity and speed. There are a number of possible designs – ranging from entrap-
ment in a membrane, to covalent bonding, to cross-linking, to physical adsorption [21] –
and CPs have attracted much research interest as a suitable material. One essential ad-
vantage of CPs is that their conductivity changes over orders of magnitude in response
to biologically relevant conditions such as pH and environment redox potential. A sec-
ond benefit is that the reversible doping and dedoping of CPs is accompanied by other
changes, such as spectroscopic shifts, which can signal a biochemical reaction. Third,
there is considerable flexibility in CP chemical structure design, enabling the engineering
design of the mechanical and electronic properties of the biosensor. Finally, the flexibility
of CP electropolymerization can localize biologically active sites on electrodes of any size
and geometry, ideal for miniaturized multi-analyte devices.

One concrete biosensor example is a landmark study on the use of oligonucleotide-
functionalized polypyrrole for specific DNA recognition [22]. It was found that when
the grafted oligonucleotide sequence was hybridized with its complementary target, a
significant change in the electrochemical voltammetric response occurred: the current
decreased in intensity, and the oxidation wave shifted to a more positive voltage po-
tential. The reason this works is thought to be due to conformational modifications upon
oligonucleotide hybridization, leading to a higher oxidation potential [22]. Ongoing chal-
lenges include avoiding response to non-complementary sequences, and maintaining a
high CP electroactivity despite its modification through functionalization, particularly in
light of potentially large steric hinderances that are imposed.

1.3.2 Displays Based on Conducting Polymers

Displays for consumer devices have demanding sets of requirements: reliable operation
over millions of cycles, millisecond-quick switching speeds, and environmental stability
in ambient conditions. Conventional CPs initially struggled to meet these challenges, but
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that was prior to the discovery that electrochemical cycling in a class of electrolyte ma-
terials known as ionic liquids serves to dramatically improve CP device properties [23].
Specifically, it was shown that stable devices could be constructed to take advantage of
CP electrochromism, that is, the ability to reversibly change color when a pulsed voltage
is applied. Such displays were based on CP thin films that were switched between poten-
tials of −0.6 V and +1.1 V, at 1 Hz, with reliability over 1,000,000 cycles. These changes
in doping alter the electronic structure of the CP backbone, changing light transmittance
by 63% for composite CP designs, thus meeting the requirements for good displays [23].

Intriguingly, the electrochromism of CPs can be fine-tuned and tailored through mod-
ification of chemical structure, resulting in an astonishing spectrum of multicolored elec-
trochromism [24]. Typically this is achieved through chemical substitution reactions
or through controlled copolymerization of blends. For example, varying the ratio of
two monomers known as BiEDOT and BEDOT-NMeCz yields a copolymer whose color
ranges from blue/purple (90:10 monomer ratio) to red/orange (50:50) to yellow/green
(10:90). The potential low-cost and processability advantages of CP electrochromism also
bodes well for further applications, from precise line patterning to screen printing to
large-area reflective panels whose absorption and transmission properties can be eas-
ily switched (e.g., electronic privacy glass, smart windows and mirrors, and, amusingly,
even false nails [24]).

1.3.3 Solar Cells Based on Conducting Polymers

It has become self-evident that renewable energy sources are crucial to humanity’s fu-
ture, and that solar energy will be a key contributor. Thus, the question is not whether
or not this technology is needed, but rather how the power-conversion efficiency of pho-
tovoltaic cells can be improved, how their robustness and flexibility can be increased,
and how their costs can be lowered. CP-based ‘plastic’ photovoltaics are emerging as a
compelling option, due to their high charge-separation efficiency, low weight, reduced
fabrication costs, solution processability and compatibility with flexible substrates [25].

They work through the concept of a bulk heterojunction: upon photon absorption,
an electron-hole pair is formed, which must be dissociated at what is known as the
donor/acceptor interface before being collected at their respective electrodes. In CP-
based photovoltaics, this bulk heterojunction interface is often comprised of phase sepa-
rated blends of poly(3-hexylthiophene) and fullerene C60 derivatives. Efficiency enhance-
ment is an ongoing challenge, and recent developments include improved control over
local structure through alkanethiol incorporation [25] and platinum metallated CPs [26].

In addition to efficiency, the roll-to-roll fabrication of flexible polymer solar cells is
another area of active research. Relatively few examples of large-area photovoltaics have
been demonstrated, i.e., over 1 m2 in area, but recent advances in device geometry are
beginning to address this issue, allowing for solution-processed materials that can be
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deposited on flexible plastic substrates through coating and screen printing [27]. Stability
towards both oxygen and water remains a challenge, however, and may compromise
device operation. Another concern is degradation during illumination, particularly UV,
which can readily activate oxygen and form hydrogen peroxide [28], which can attack
organics.

1.3.4 Transistors Based on Conducting Polymers

The electronics and computing devices that have become so pervasive and indispensable
to us are based on integrated transistor circuits. Conventionally, these are made through
silicon-substrate based processes including vacuum deposition and photolithographic
patterning. There is scope for CPs to provide an alternative for certain applications, by
taking advantage of CP conductivity and processability properties to enable organic tran-
sistors. Although non-trivial, today it is not difficult to fabricate one CP-based transistor.
The problem arises when continuous mass-production is required, as the deposition and
printing steps must all be done in the same environment.

One promising solution is the direct, high-resolution inkjet printing of all-polymer
transistor circuits, enabled by solution-processed CPs, insulators and self-organizing semi-
conductors [29]. To achieve the required microscale resolution, the substrate was de-
signed to have hydrophobic and hydrophilic regions, thus confining the spread of the
water-based CP ink. At the moment such devices are still too slow, too large and require
too high voltages to challenge silicon-based transistors in raw performance, but if the pri-
ority is on inexpensive applications [30] – such as the aim of making digital identification
tags ubiquitous [29] – then CP-based transistors may be the optimum fit.

More exotic applications of CP-based transistors have also been developed, such as
the weaving of transistors into silk fibers [31]. These electrochemically actuated designs
feature non-planar architectures, allowing for integration into smart electronic fabrics.
Such CP-modified textiles have been under development for some time, with demon-
strations including electrically conducting or photoluminescent fibers.

The woven transistor takes this one step further, combining a traditional textile ma-
terial with polyelectrolyte chemistry: silk fibers were stained with a low-concentration,
water-based CP solution known as PEDOT-S (10g

L , one hour soak time), and then ar-
ranged into cross-junctions, where one wire acted as source and drain, while the other
was the gate [31]. Spanning the gap between the two fibers was an ionic liquid mixture,
thus enabling an electrochemical transistor for fully integrated ‘woven logic’. The design
was flexible (insensitive to precise device geometry), durable (rinsing did not decrease
performance), and tough (could be woven), but did suffer from slow switching speeds
(about 1 minute).
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1.4 Outline of This Thesis

As sketched out in the preceding sections, CPs have a wide range of potential applica-
tions, which all depend on the ability to reliably fabricate and understand these materials.
In this thesis I investigate this at the micro and nano scales, beginning with chapters that
review prior SICM work (Chapter 2) and that introduce the construction of the instru-
ment (Chapter 3), before delving into the core of novel results and applications (Chapters
4-7). Specifically, this thesis is structured as such:

Chapter 2 surveys the past two decades of developments in miniaturized pipette technol-
ogy and their integration into general SICM-type instruments. These developments
are traced from their emergence in biological research fields, through to their expan-
sion towards problems in analytical chemistry and materials science. Keeping with
the topic of this thesis, the potential application of the SICM to conducting polymers
is considered, thus setting the context for the novel results presented herein.

Chapter 3 describes the rapid and low-cost construction and programming of a custom
SICM, which took the first year of my thesis work. Components are outlined and
described by their sub-system organization, with their functions and interactions ex-
plained, as well as practical information with regards to, for example, pipette pulling
recipes and Ag/AgCl electrode preparation. Engineering criteria and design com-
promises made are bluntly delineated, with potential areas for future improvement
suggested.

Chapter 4 introduces a novel modification of the SICM setup, demonstrating the capa-
bility of probing an electrode in an operating electrochemical cell. Specifically, a con-
ducting polymer electrode is electrochemically oxidized and reduced, and the result-
ing variations in salt concentration are measured using the modified SICM apparatus.
Effects discussed include the two stage ion-exchange observed, the effects of spatial
composition variations in the film, and ageing phenomena.

Chapter 5 adapts the SICM setup to conducting polymer fabrication, enabling the first
microscale electrochemical fabrication of PEDOT and PANI features. This robust, in-
tegrated methodology is shown to be highly repeatable, and allows for the precise
arraying of complex conducting polymer patterns, in a variety of aspect ratios that
range from spots to ribbons to extruded morphologies.

Chapter 6 further develops the SICM setup of the preceding chapter by moving from
single-barreled pipettes to double-barreled, enabling highly localized 3-terminal cyclic
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voltammetry. Droplet wetting effects are investigated, and the technique is applied to
a number of materials, including PANI films and PEDOT microspots, culminating
with an application to conducting polymer based DNA biosensors.

Chapter 7 provides a foray into synchrotron science, by investigating the self-assembly of
PANI nanostructures through high-resolution, high-throughput powder X-ray diffrac-
tion. The time-dependent evolution of conducting polymer nanotubes is investigated,
with numerous previously unknown crystalline features detected during the critical
early stages of self-assembly. This technique may in the future prove applicable to the
characterization of SICM-fabricated CP microfeatures.

Chapter 8 concludes the thesis with a summary of the novel work that been performed,
in the wider context of device applications such as actuators and biosensors. Future
research directions are considered, with a number of specific topics for further study
detailed. Appendix A contains practical hints and tips for potential future users of the
SICM I built during the course of my Ph.D., with detailed instructions on the minutiae
of running a typical experiment, while Appendix B details author contributions to the
publications that underpin this Ph.D. thesis.



2
Miniaturized Pipettes for Conducting

Polymer Electrochemistry

The emergence of conducting polymer nanostructures, with their important and wide-
ranging potential applications in sensors, displays and coatings, has not been accompa-
nied by an emergence of appropriate electrochemical nanoscale characterization tools. In
this chapter1 it will be shown that miniaturized pipettes, as implemented in variants of
the scanning ion conductance microscope, have the potential to address numerous needs
of the conducting polymer community. Specifically, micropipettes and nanopipettes can
fabricate freestanding conducting polymer nanowires, map electroactivity and conduc-
tivity, deliver doses of reagents with nanoscale precision, perform highly localized cyclic
voltammetry and characterize ion flux from actuators. Additionally, nanopipette inno-
vations already demonstrated in biological and analytical fields – such as individually
controlled double-barreled nanopipette setups, voltage-controlled deposition and func-
tionalized surfaces – open the door to new approaches to conducting polymer nanostruc-
ture fabrication and characterization.

2.1 Conducting Polymers at the Nanoscale

The remarkable properties of conducting polymer (CP) nanostructures come with a cer-
tain “catch-22”, in that the small dimensions responsible for interesting attributes also
render these nanoscale materials exceedingly difficult to characterize and to integrate
into devices. The size scales involved preclude many conventional techniques, since
polymer chain conformation and packing occurs on the scale of angstroms [32, 33], im-
portant surface features of CP nanowires and thin films are on the scale of 20 nm to 40
nm [34, 35], and even entire CP nanotubes are often no wider than 100 nm to 200 nm
in outer diameter [13]. While electron microscopy can address the basic needs of imag-

1This chapter is based on [a] C. Laslau et al., Progress in Polymer Science, 37, pp. 1177–1191, 2012 and [b] C.
Laslau et al., Local Probes of Energy Related Systems, submitted, 2012. Details of author contributions can be
found in Appendix B.
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ing CP nanostructures, complementary characterization and fabrication techniques are
needed to advance our understanding, development and application of these materials.
For example, how can one perform electrochemical measurements on a single CP nano-
wire? How can an attolitre volume of reagent be delivered to a single CP nanosheet?
How can the ion flux associated with a localized region of an actuating CP thin film be
measured? Novel tools are required to address such challenges, and one of the most
promising solutions may be based on the nanopipette [36–40], which in recent years has
emerged as a flexible fabrication and characterization methodology for materials science
research, particularly when integrated into a type of scanned probe microscope known as
the SICM [41–45]. The purpose of this chapter is to outline the intersection of these two
research topics, namely, the application of miniaturized pipette and SICM techniques to
CP fabrication and characterization.

CPs themselves are organic polymers capable of conducting electrical charge, thus
giving rise to extremely useful electrical and mechanical properties [1, 2], and common
examples include polyaniline, polyacetylene, polypyrrole and polythiophene [9, 46–49].
In addition to conventional films and coatings, it has become possible to synthesize CPs
in a variety of nanostructured morphologies [12,50–53], with resulting applications rang-
ing from biosensing [21, 54] to electroluminescence [55]. Although nanopipettes and the
SICM emerged largely from the biological and analytical fields [39, 42, 44, 45, 56–64], in
recent years they have been applied to a wider array of problems in materials science
and chemistry [65–71], including a small number of pioneering studies on CPs [72–74].
However, there is much scope for further work, and this chapter outlines how modifi-
cations of the SICM can enable its application to many outstanding challenges in the CP
field, and suggest future research directions for the nanopipette-enabled fabrication and
characterization of CP nanostructures.

Specifically, the structure of this chapter is in four parts: first, the SICM and nano-
pipettes are introduced, in the context of scanned probe microscopy for CPs; second,
various methods of CP fabrication are surveyed – templates, lithography, dip-pen, self-
assembly – and contrasted with nanopipette-defined CP synthesis; third, it is described
how nanopipettes can enable the electrochemical characterization of CP nanostructures;
and finally, potential future directions are outlined for CP nanostructure research using
nanopipettes, by outlining recent innovations such as functionalized tips and attolitre
chemistry for localized reagent delivery.

2.2 Scanned Probe Microscopy for CP Nanostructures

CP nanostructure research typically features an uneasy pairing of data: on the one hand,
TEM (transmission electron microscopy) and SEM (scanning electron microscopy) im-
ages focus on a small number of nanostructures, while on the other hand, bulk-sample
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methods typically depend on the presence of very large quantities of such structures,
such as voltammetry, bulk-pellet conductivity measurements and spectroscopy. The un-
derlying assumption is that results from the two categories can be correlated, e.g., that
a bulk-pellet conductivity value from a sample containing some nanotubes correlates
meaningfully to a selected TEM nanotube image. However, given the poor sample homo-
geneity often found in, for example, self-assembly products [12], this assumption should
be avoided if possible. Thus, there is a need for additional characterization methods for
individual CP nanostructures. This need may be addressed in some respects by scanned
probe microscopy (SPM), which works on the general principle of mapping surfaces
through the movement of a physical tip such as cantilever tips, atomically sharp wires,
ultramicroelectrodes or nanopipettes. Generally speaking SPM techniques do not require
extensive sample preparation [75], and are capable of very high-resolution imaging [32],
but suffer limitations in terms of scan area and speed.

2.2.1 Scanning Tunneling Microscopy and Atomic Force Microscopy

Since their invention in the 1980’s, the scanning tunneling microscope (STM) [76] and
atomic force microscope (AFM) [77] have emerged as key tools for investigations at the
nanoscale. Detailed introductions to these techniques have already been published else-
where [78–80], so only short outlines specific to CP nanostructures will be given here.
The STM works on the principle of quantum tunnelling between a conducting tip and
the sample to be imaged, with the tunnelling phenomenon occurring once the tip and
sample are sufficiently close together, and if a bias voltage is present between the two.
As the tip is scanned along the sample, variations in current (that is, variations in the
quantum tunnelling) provide information about the electronic structure of the sample.
The resolution attainable is astonishing, providing sub-nanometer details such as the
sp2-bonded carbon atoms in carbon nanotubes [81].

Among the challenges of STM is the need for extremely clean well-defined surfaces,
which CP nanostructures are not, and the fabrication of sharp tips. However, perhaps
the most critical limitation – from the perspective of characterizing CP nanotubes of av-
erage dimensions – is the limited scanning range of the STM. The maximum Z-range is
typically on the order of 200 nm or less, and the maximum scan region is also small,
on the order of a few microns squared. This poses a number of problems: (i) an indi-
vidual self-assembled polyaniline nanotube can exceed both of these constraints, that is,
over 200 nm in diameter and microns in length; (ii) CP nanostructures often agglomerate,
stacking on each other forming micron-sized granules, so that flawless dispersion using
ultrasonication and subsequent drop-casting or dielectrophoresis is required; (iii) finding
a nanostructure dispersed through a low-concentration solution is very time inefficient
when the scanning area allowed is only a few microns squared. Thus, while the viability
of the STM cannot be ruled out for the investigation of CP nanostructures [82], it may
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prove to be a relatively ill-matched approach.

The design of the AFM makes it somewhat more amenable to the size of CP nanos-
tructures. It works on the principle of a sharp-tipped cantilever that is scanned over the
sample. When sufficiently close to the surface, forces between the sample and cantilever
deflect the latter. This deflection is measured through a laser beam that is reflected off
the cantilever and towards a photodiode array. To measure the profile of the sample,
the cantilever deflection is held constant through a feedback mechanism. The maximum
Z-range of AFMs is typically on the order of microns, a definite improvement over STM
limitations, and enough to allow for the routine imaging of CP nanostructures [83–85].
By varying the AFM setup, the types of forces measured can include chemical bonding,
Van der Waals forces, electrostatic forces, magnetic forces, and so forth [86]. As applied
to the topic at hand, creative extensions of the AFM include its use to test the elastic mod-
ulus of polypyrrole nanotubes, made possible through the dispersion of said nanotubes
over a poly(ethylene terephthalate) membrane that contained micron-sized pores [87].
Altogether, such approaches may prove complementary to the results obtainable by the
SICM, if concerns over controlling probe-sample separation over a soft and responsive
surface can be met [75].

2.2.2 Scanning Ion Conductance Microscopy and Nanopipettes

First introduced in 1989 [41], the SICM has emerged as a leading tool for the imaging and
analysis of biological samples [45, 58, 88]. This is because highly convoluted and frag-
ile samples such as cells pose unique challenges, including poor conductivity and soft
surfaces that are easily deformed and damaged by contact with conventional scanned
probe microscopy techniques [42]. The working principles of the SICM are illustrated in
Figure 2.1A: it is essentially a scanned nanopipette that is immersed is a solution such as
0.1 M NaCl together with the sample to be investigated [42]. An ionic current flow be-
tween the nanopipette and an external electrode is measured, and when the sample is ap-
proached vertically along the z-axis, the ion transfer is impeded (access resistance [89,90]
RAC increases) at distances approximately equal to one radius of the tip opening [39]. This
process is known as an approach curve in SICM parlance, and is shown in Figure 2.1B as
a drop in the current as a function of increasing proximity to the sample surface (plotted
as I

Imax
, where I is the current as a function of separation distance, and Imax a normaliz-

ing factor, namely the maximum current). Note that in addition to the access resistance
RAC there is also the resistance of the nanopipette itself, RP, which allows for a theoretical
curve to be plotted, as shown in Figure 2.1B, by solving numerically for the following
simple current approximation [42]:

I =
V

RP +RAC(d)
(2.1)
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A B C D

Figure 2.1: (A) SICM working principle [42]: charged particles move between two electrodes, one
inside the nanopipette and the other outside. As a nanopipette of radius r approaches the sample
(decreasing distance d), the flow of ions between the two electrodes becomes limited, increasing
the access resistance RAC, an effect that is used to map topography. Note that in addition to the
RAC, there is also the resistance of the nanopipette itself, RP. (B) The approach curve towards a
surface [42] is characterized by a drop in current, which allows for a set point (e.g., I

Imax
= 98%) to

be defined as the stop condition, thus avoiding pipette damage. (C) When the SICM nanopipette is
simply scanned across the surface, collisions can occur with relatively tall samples [58]. The solution
to this collision problem is (D) the hopping-mode SICM [58]. (Reproduced with permission, ©1997
Elsevier B.V. and ©2009 Nature Publishing Group.)

Note that V is the applied voltage and d the sample-tip separation [42]. The approach
curve technique allows for topography to be inferred, by raster-scanning approaches
over a large number of separate points to build up an image, all while maintaining a
fundamentally non-contact operation. The resolution of the SICM is determined by the
pipette tip diameter, which leads to a hemispherical region around the tip that is sensitive
to both vertical and lateral proximity [75]. The inherent flexibility of the SICM setup has
led to extensions beyond imaging of morphology, such as electrochemical mapping [68],
lithography [91] and molecule delivery [92], which subsequent sections will detail.

The first SICMs were limited to imaging flat polymeric films [41,42], and their pipettes
often broke because of contact with samples through the type of collisions illustrated
in Figure 2.1C [42, 58]. Fundamentally this issue is due to a limitation of the continu-
ous feedback mechanism of conventional SICM operation (whether it be DC-only [41]
or AC-modulated feedback [91, 93, 94]), where the automatic control algorithm aims to
maintain a constant pipette-sample separation: fine for relatively flat samples, but not
robust enough to avoid collisions upon encountering a sudden change in sample height.
To solve this, SICM operation can be usefully modified to incorporate so-called hopping
mode operation [58,60,95–98], as illustrated in Figure 2.1D, which allows for the imaging
of samples that have significant height variance, on the order of microns or even larger.

Essentially, in between each point being imaged, the nanopipette is retracted away
from a sample to a user-defined safe z-axis ceiling, which can be tuned as a function of
expected sample height variance. Following each retraction, the nanopipette is moved
along the xy-plane towards the next point to be imaged, and then the approach curve
process towards the sample is repeated again, to a setpoint decrease in normalized cur-
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rent from 100% to around 99% (or, in especially sensitive setups, 99.75% [58]). Since the
sample scan time can be on the order of thousands of seconds, slow drifts in current
can be encountered, and thus the reference current Imax, used a normalization factor in
the I

Imax
fraction, can be continuously updated each time the nanopipette is retracted to

its safe z-axis ceiling [58]. Hopping mode has the additional advantage of flexible point
scan order (unlike conventional raster scanning) which allows for adaptive scanning opti-
mizations that can decrease scan duration by a factor of three: (i) a low resolution prescan
estimates overall roughness, allowing for subsequent variation in imaging detail – that
is, for low roughness, less points are necessary to be measured, while for high roughness,
more points are measured to map all the details – and (ii) low roughness areas require a
smaller amplitude of probe withdrawal, due to a lower safe z-ceiling [58].

As noted earlier, SICM resolution is largely determined by nanopipette tip diame-
ter, allowing the best SICMs to boast image quality approaching scanning electron mi-
croscopy [58], as seen in the comparisons shown in Figure 2.2. With small enough nano-
pipette tips, features below 20 nm can be resolved [58,75], even for convoluted and com-
plex 3D structures (see Figure 2.2A, SEM, versus Figures 2.2B-D, SICM). A landmark
publication reported that the use of a 12.5 nm tip diameter quartz nanopipette led to a
lateral resolution of 3 nm to 6 nm of a relatively flat sample [75], which can be further
improved through two-dimensional fast Fourier transform filtering and correlation av-
eraging. (Note that the nanopipette tip inner diameter is not identical to SICM lateral
resolution, since approach distance is also a factor, namely, the radius at the cross-section
of the nanopipette spherical sensing region with the sample surface [45, 58].) In the case
of 3 nm to 6 nm lateral resolution, shown in Figure 2.2C and its inset, the imaging was
of a cell protein monolayer surface, arranged in a square lattice on a mica surface. It
was found that repeated scans yielded identical images, thus indicating that the nanopi-
pette was not disrupting the protein arrangement, while time-lapse studies allowed for
the observation of lateral shifts, disassembly, diffusion and reassembly of protein com-
plexes, implying the applicability of this technique to problems in the spatial mapping
of slow diffusion processes and the organization of microdomains or barriers [75]. An-
other comparison, between the SICM and AFM [44, 97, 99], is shown in Figure 2.2E-H,
with both planar images and cross-sections showing comparable results when imaging
the topography of a bead-patterned PDMS surface [97].

In contrast to the widespread commercial availability of SEM, TEM, AFM and STM in-
struments, a sizeable proportion of SICMs are ‘home-built’ by individual research groups,
partly due to cost considerations, since commercially available systems such as the Ion-
scope ICnano (UK) [58] and Park Systems XE-Bio (South Korea) [100] are priced in the
hundreds of thousands of dollars range (roughly $250,000). Due to these cost consider-
ations, and also to outline the instrument fundamentals, an overview of SICM construc-
tion will be considered. As with other scanned probe techniques that require nanome-
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Figure 2.2: Hair bundles and surrounding microvilli of cultured mouse organs, as imaged by (A) SEM
and (B) SICM in hopping mode [58], showing similar resolution. (C) Optimal resolution achievable
by hopping mode SICM is 3-6 nm [75], which can be further improved through two-dimensional fast
Fourier transform filtering and correlation averaging (inset of C). (D) SICM image, with arrows pointing
to stereocilia with an average diameter of 16 ± 5 nm [58]. Direct comparison between (E) SICM and
(F) AFM imaging of the topography of a bead-patterned PDMS surface [97], with (G) and (H) showing
cross-sections of the same, respectively [97]. (Reproduced with permission, ©2009 Nature Publishing
Group, ©2006 John Wiley & Sons, Inc., and ©2010 Royal Society of Chemistry.)

ter resolution, SICMs are driven by piezoelectric actuators, which take advantage of a
property of certain ceramics and crystals to generate an electrical potential when de-
formed physically. The converse case, where an applied electrical potential deforms the
crystal or ceramic, allows for nanoscale actuation. For optimum resolution, it is recom-
mended that the piezoelectric actuators driving each axis be mounted separately [58,75].
That is because mechanical interference to other axes can occur when the z-axis setup,
with its attached nanopipette probe head, is rapidly moved across relatively large dis-
tances [58]. For example, the images reproduced in Figure 2.2B-D were obtained using
an SICM setup that separated the z-axis piezoelectric actuator from those driving the
xy-plane [58]. However, SICMs of acceptable resolution have also been built using in-
tegrated solutions that pack all piezoelectric elements into one small unit, such as the
Physik Instrumente P611.3 NanoCube [60, 61, 66] and others [42].

These piezoelectric actuators require high voltages, and thus are accompanied by
an amplifier and servo-controlled unit. Additional components required include: (i)
macroscale xyz translation stages to supplement the range of the piezocrystals (which
is typically limited to 100 µm or less); (ii) a nanopipette holder, with an embedded elec-
trode and provision for mounting to the piezocrystal actuator stage; (iii) a patch-clamp
amplifier to detect pA-level currents and convert them into a voltage; (iv) a data acqui-
sition card and software to allow for computer control of the SICM setup, with the pos-
sibility of implementing field-programmable gate array (FPGA) boards to halve imaging
time [97]; (v) an air table for vibration isolation, which can also be accomplished through
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rubber-based designs if necessary [101]; (vi) a Faraday cage for isolation from static elec-
trical fields and electromagnetic radiation, and, optionally, (vii) an inverted microscope
platform to allow for simultaneous optical imaging [42, 61, 102, 103]. The SICM scanning
speed is typically bottle-necked by either the amplifier of low nanopipette currents or by
the electrical circuits that drive the piezoelectric actuators, with values of 1 ms between
SICM steps along any one axis (that is, 1 KHz) achieved [58].

The nanopipettes themselves are typically drawn from borosilicate capillaries using a
laser puller, although quartz is recommended for truly nanoscale tip openings. Single-
barreled types, as shown in Figure 2.3A-B, are the most common, with starting capil-
lary dimensions typically being 1 mm in outer diameter, 0.58 mm in inner diameter and
75 mm in length. Since the parameters of laser pullers can be programmed with re-
spect to heating power, pulling speed, number of cycles and so forth, pipette ‘recipes’ are
available in the literature [69, 104–108] particularly for the popular Sutter Instrument P-
2000 laser puller, although due to variability between instruments (e.g., optical alignment
tilts [104]) these parameters typically require further fine-tuning. Tip sizes are typically
in the micron, sub-micron and nanoscale range, and tips as small as 4 nm have been fabri-
cated [40]. In this latter case of exceedingly small pipettes, low diffusion limiting currents
become a problem, with nm-scale tip radii leading to sub-pA current levels that are easily
disrupted by noise [40]. According to Hu et al. [104, 109, 110], the effective tip radius R∗

at a liquid/liquid interface resembles that of ultramicroelectrodes at a solid/electrolyte
interface, and thus can be estimated based on the steady-state current ISS according to
ISS = 4nFDCR∗, where F is the Faraday constant, D the diffusion coefficient, C the so-
lution concentration and n the transferred charge. An alternate estimate for tip radius is

Γ ≈ γ cot θ
2

πR∗ , where Γ is the measured pipette resistance, γ the electrolyte specific resistance
and θ the pipette cone angle [111].

Alternatively, the tip dimensions can be measured through SEM imaging as in Fig-
ure 2.3, although a thin coating layer of metal may be required to avoid charging issues.
Additional nanopipette characterization can be performed using cyclic voltammetry [112],
and rigorous modeling of their uses in SICM setups has been undertaken, as shown
in Figure 2.3D-G [43, 113–117], providing comprehensive theories for current response
for a range of tip geometries, and as a function of sample types (e.g., flat surfaces, pits,
steps) [43]. For example, as shown in Figure 2.3G, the effect of varying the geometry of
the nanopipette neck taper can be predicted, with clear effects on the normalized current
as a function of proximity to the sample [43]. Recently, scanned double-barreled pipettes
have also been theoretically modeled, investigating the use of quasi-reference counter
electrodes for simultaneous ion-conductance and voltammetric/amperometric measure-
ments [118].

Double-barreled nanopipettes have also been fabricated, as shown in Figure 2.3C [104],
where the two channels of the pipette are separated by a thin band of glass. Due to the
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Figure 2.3: A borosilicate glass nanopipette viewed using SEM imaging from (A) the side profile and
(B) end-on towards the tip opening [69]. (C) Double-barreled nanopipettes can also be fabricated, with
an inner septum that separates electrodes and solutions [104]. (D,E) Modeling of pipette geometry
can simulate (F) potential field distributions and (G) approach curve characteristics as a function of
pipette geometry [43]. In (G) the effect of varying pipette neck semiangle θ taper geometry is shown:
solid black line, θ = 3◦; dashed red line, θ = 5◦; dotted green line, θ = 10◦; dash-dotted blue line,
θ = 15◦ [43]. (Reproduced with permission, ©2006, 2008 and 2009 American Chemical Society.)

greater volume of glass as compared to single-barreled pipettes, even heating during
laser pulling can be challenging, potentially leading to symmetry issues, which may be
addressed through multi-cycle fabrication programs [104]. Using a double-barreled pi-
pette holder featuring dual working electrodes (driven by a bipotentiostat), biases can be
applied within the barrels, leading to useful analysis techniques such as generation and
collection devices for the analysis of charge transport and chemical reactions [40, 104,
119]. The outer glass surfaces of the nanopipettes must be silanized for a number of ap-
plications, such as droplet-defined scanning microscopy [66–68] or the study of indepen-
dent liquid/liquid interfaces [104]. This is accomplished by bubbling nitrogen through
the pipette (from an nitrogen tank, through a pipette holder) while dipping the pipette
tip into trimethylchlorosilane solution for approximately one minute [104]. Care must
be taken to avoid the entrapment of bubbles around the nanopipette tip, as well as dust
contamination (leading to blockage) of the tip itself.

2.3 Synthesis of Individual CP Nanostructures

Before introducing the pipette-defined fabrication of CPs, an overall survey of CP nanos-
tructure synthesis strategies is presented herein, discussing an area of research that ranges
from self-assembly [51, 120] to electrospinning [121, 122]. Ultimately the preferred strat-
egy depends on application – for example, the development of precise, highly-sensitive
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CP biosensors may warrant the complexity of template fabricated single-nanowire de-
vices, but coating macroscale substrates with CP nanostructures may instead require self-
assembly techniques that generate large quantities of material [123]. This type of context
is necessary before evaluating the option of pipette-enabled direct write fabrication of CP
microspots and freestanding wires.

2.3.1 Template Synthesis

In the template synthesis approach, the polymerization process takes place inside a cer-
tain shape, such as within a tubular channel to yield a CP nanotube. Following the poly-
merization step, the template is removed, leaving behind the nanostructure, yielding CP
nanofibers as small as 3 nm [124] with utmost repeatability and consistency. However,
removal of the template can be problematic, since it can cause damage to the CP and
degrade its useful properties [125]. After fabrication, the nanowires can be dispersed us-
ing ultrasonication, and then either randomly deposited in bulk onto interdigitated elec-
trodes [126] or placed individually between facing electrodes through dielectrophore-
sis [127–129]. In one application, antibodies towards a cancer marker protein were at-
tached to the nanowire surface, yielding a biosensor with excellent sensitivity (approxi-
mately 1 unit

mL ) [128]. A similar concept to such nanowires was also realized for individual
nanotubes, again template-polymerized, using a pyrrole derivative to construct a sensor
that detects cupric ions and histidine-tagged proteins with high sensitivity (0.6 parts

trillion and
1 ng

mL , respectively) [126]. A useful extension of template synthesis is the use of sequential
electrodeposition. For example, a CP nanowire may actually be synthesized to consist of
a poly(3,4-ethylenedioxythiophene) (PEDOT) core that is capped at both ends with gold,
for ease for electrical testing [127]. The composition of the segmented nanowires can
be tailored based on application, with one recent study developing a gold-polypyrrole-
nickel-gold sequence, which enables magnetic dipole interactions between the ferromag-
netic nanowire segment and ferromagnetic electrodes [130].

2.3.2 Lithographically Assisted Electropolymerization

Electropolymerization can form conductive and stable CPs thin films, for example through
the anodic oxidation of pyrrole in acetonitrile [131]. By itself electropolymerization does
not necessarily yield nanowires, but lithographic tools can be used to define nanoscale
electrodes and other useful features such as nanochannels, effectively downsizing the
electropolymerization process. One suitable lithographically assisted approach is to first
create a ‘guide’ for electropolymerization by etching a channel into a silicon wafer. Gold
electrodes are then fabricated using photo- or e-beam lithography, with one electrode is
placed at each end of the channel. Once a nA-level current is generated between the
two electrodes and the monomer and dopant reagents are added, a single CP nanowire
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grows to precisely span the two electrodes [132]. Usefully, the contact between wire and
electrode is ohmic and the electrodes can now act as contacts for further testing of the
nanowire-based device such as biologically functionalized polypyrrole nanowires using
avidin2-conjugated ZnSe/CdSe quantum dots [133]. This has proven to be a prolific ap-
proach, yielding sensors based on polypyrrole [134] and polyaniline nanowires [135],
as well as film morphology [136]. Furthermore, the electropolymerization step can be
avoided altogether by using a lift-off lithographical process that can define nanowires
through either e-beam lithography or AFM ‘scratching’ of a poly(methyl methacrylate)
(PMMA) surface [137, 138].

2.3.3 Dip-Pen Nanolithography

It has been shown that by dipping AFM tips in ‘ink’ prior to substrate scanning leads
to a meniscus naturally forming at the tip-substrate point of contact, enabling the pat-
terning of stable nanostructures through subsequent chemisorption. Known as dip-pen
nanolithography (DPN) [139–142], this technique has been applied to a wide variety of
materials including DNA, proteins, polymers, sol-gels and inorganic nanostructures, as
well as extending towards parallelism, such as the use of two-dimensional silicon can-
tilever arrays featuring 55,000 writing ‘pens’ [143]. More recently, the need for a conven-
tional AFM-like cantilever was eliminated through the development of cantilever-free
scanning molecular probe printing [140, 144, 145], where the spring that a cantilever nor-
mally represents is built into the polymer pens themselves [144]. CP nanostructures can
be defined using DPN by first writing the monomer, then polymerizing. Specifically,
it has been shown that a monomer ink of 4-aminothiophenol in DMF was written in
strips, followed by polymerization by exposure to an H2O2/enzyme solution, yielding
CP nanowires [146].

A further modification of DPN is to charge the substrate and ink with different polar-
ities, so that deposition can be influenced by electrostatic interactions rather than solely
conventional capillary action and chemisorption. This allows the extension of DPN to-
wards the nanospot and nanowire patterning of self-doped sulfonated polyaniline as
well as polypyrrole [147]. Overall, DPN has proven to be a flexible technique, allow-
ing for the deposition of nanowires of photosensitive CPs [148], small diameter conju-
gated oligomers [149], polymer stands aligned parallel to a surface [150] and controlled-
diameter CPs [151], but is somewhat constrained by a limited amount of ink that can be
picked up by the tip, and is restricted to planar, thin deposition.

2.3.4 Self-Assembly

Experimentally the most straightforward of all synthesis methods, self-assembly works
on the principle that if the polymerization reactants are subjected to specific conditions,
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then nanostructures naturally arise. Deducing the optimal conditions for self-assembly
can be a somewhat trial-and-error affair, but once determined, large quantities of CP
nanostructures may be obtained, often through remarkably simple synthesis procedures.
The main disadvantages of the method are related to yield and repeatability, as well as
the difficulty of dispersing and placing the synthesized products as individual nanos-
tructures. One example is the high-yield synthesis of polypyrrole nanofibers 20 nm in
diameter, through a self-assembly process based on three reagents: the pyrrole monomer,
the FeCl3 oxidant and bipyrrole [152]. It is the addition of the bipyrrole that effectively
shifts the pyrrole morphology from its typical granular features towards nanofibrillarity,
hypothesized to be due to a homogeneous nucleation center effect.

To obtain self-assembled polypyrrole nanotubes rather than solid nanowires, an alter-
nate approach can be pursued, based on a water-in-oil emulsion that acts as a cylindrical
micelle template [153]. The resulting CP nanotubes were remarkably regular and well-
defined, and were dispersed over interdigitated gold microelectrodes to find application
as label-free electrochemical protein detectors [131]. Nanostructured polyaniline can also
be synthesized in high yields using self-assembly. One approach is to suppress what is
known as secondary growth, thereby allowing the intrinsically nanofibrillar morphol-
ogy of polyaniline to remain [154]. Straightforward methods for achieving this have
been demonstrated, including interfacial polymerization [46] and through rapid mix-
ing [120]. Beyond small-diameter nanofibers, a wide range of polyaniline morpholo-
gies – such as nanosheets, nanoflakes, nanospheres, nanotubes and nanoparticles – self-
assemble during falling-pH polymerizaton [12, 48–51, 53, 155, 156], and optimization of
these parameters has been shown to lead to high-yield techniques for the self-assembly
of nanotubes [157].

2.3.5 Approaching Atomic Size

The CP nanostructures considered thus far are on the magnitude of 10 nm to 100 nm,
which can be problematic for STM techniques. This problem may be addressed through
the synthesis of even smaller nanowires, in the 3 nm to 4 nm diameter range, such as the
fabrication of poly(3-hexylthiophene) nanowires involved in pulse injection of microlitre-
volumes of the polymer in an ultrahigh-vacuum setup [158, 159]. These nanostructures
feature little height variance, ideal for STM imaging, but also have poorly controlled
morphology and placement, as well as complex synthesis methodology. An alternate
synthesis approach used angstroms-thin monolayer films of pentacosadiynoic acid to
synthesize polydiacetylene nanowires, where polymerization was carried out through
UV lamp irradiation [160]. Yet another strategy has been the use of surface-adsorbed
polystyrene sulfonic acid molecules as incubation sites for subsequent nanometer-thin
polypyrrole nanowire growth [161].
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2.3.6 Pipette-Defined Fabrication

The methods described in the aforementioned sections have a key disadvantage in their
inability to directly fabricate CP structures at precisely predefined locations. To ad-
dress this, recent studies have demonstrated deposition methods that exploit the ther-
modynamic stability of pipette-defined liquid menisci that form at the micro- and nano-
scales [72,162–164], leading to the direct fabrication of two- and three-dimensional struc-
tures shown in Figure 2.4 for materials that include both metals and CPs: copper, plat-
inum, polypyrrole and PEDOT. Unlike techniques such as dip-pen lithography, which are
limited to surface patterning, pipette-defined strategies enable a variety of morphologies
to be fabricated. This is of key importance to continued downsizing in the electronics
industry, specifically in the wiring that joins integrated chips into circuit boards, whose
needs include high densities and high-frequency operation performance, in addition to
automated processes capable of high precision and repeatability [162].

The technique of pipette-defined fabrication essentially forms a nanoscale electrolyte
meniscus, representative of the solution contained within the pipette itself, naturally gen-
erated when the tip of the pipette in brought into close proximity with a substrate. By
subsequently retracting the pipette at a controlled rate, the meniscus is stretched, and
through either an applied voltage [162] or air oxidation [72] a wire can be produced accu-
rately, with a radius controlled to about 50 nm and site placement accuracy of about 250
nm [72]. Consistent with the previous discussion on SICM resolution, here too it is the
pipette tip size that defines the diameter of the meniscus to which deposition is confined.
As shown in all panels of Figure 2.4, the aspect ratios of pipette-defined wires feature a
bond size at the base, followed by the narrower wire itself – for example, bond sizes of
3 µm and wire diameters of 1 µm, significant improvements over the 40 µm to 100 µm
limiting pitches of thermosonic wire bonding and flip-chip technology [162].

The schematic illustration of Figure 2.4A shows how the fabricated radius r was found
to depend on the pipette retraction speed v (leading to a monomer solution flow rate
W from the pipette), so that there was an experimentally determined functional depen-
dence of r = kv−0.17 [72]. Naturally, the key to successful pipette-defined fabrication
is synchronization between pipette withdrawal rate and material deposition rate on the
substrate [162], so that contact between the two is not broken. In the case of air-oxidized
polypyrrole wires, made using a solution of 0.7 M pyrrole and 0.2 M H2SO4, the wires
were pulled to radii as small as 235 nm, at a fairly rapid rate of 3.75 µm

s , and the tech-
nique was flexible enough to allow the fabrication of nanobranches (Figure 2.4B, through
the 3 consecutive steps shown in the inset) and of nanoarch bridges between separate
substrates (Figure 2.4C) [72]. Side-cut micropipettes, as shown in Figure 2.4D, may be
fabricated using focused ion beam machining in order to allow for the formation of sta-
ble menisci oriented along any direction (that is, from 0◦ to 90◦), so as to yield sharply
varying angles in the resulting wires, as shown in Figure 2.4E.
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Figure 2.4: (A) Principles of pipette-defined fabrication of CP nanowires: a filled pipette is retracted
at a speed v, leading to a monomer solution flow rate W , which is oxidized by O2 in air, leading to
rapid polymerization [72]. (B,C) Various structures can be fabrication depending on the programmed
movements of the pipette [72]. In a similar study on (D-G) copper nanowire fabrication, (D) side-cut
pipettes enabled (E,G) nearly flat wire sections [162]. (F) Ionic current monitored through the pipette
can be correlated with resulting wire diameter [162]. (H) CPs can be made in highly repeatable,
precisely positioned arrays [72]. Applications include electrical circuit interconnects, demonstrated in
(I) for copper wires fabricated using pipette-defined deposition [162]. (Reproduced with permission,
©2011 John Wiley & Sons, Inc. and ©2010 American Association for the Advancement of Science.)

Whereas the air oxidation of polypyrrole shown in Figure 2.4A-C requires no elec-
trical circuit to monitor and control current [72], for electrochemically driven fabrica-
tion this can be a very useful technique, and high sensitivities of under 1 pA have been
achieved [162]. As shown in Figure 2.4F, this allowed for a meniscus stability-defined pa-
rameter window to be constructed, demonstrating the dependence of wire diameter on
the ionic current associated with pipette withdrawal rates, in agreement with results ex-
pected by theoretical modeling [162]. Figures 2.4G-J demonstrate that the pipette-defined
writing technique is versatile and robust, allowing the fabrication of wires with differ-
ent inclination angles [162] and of large arrays that define words [72] and complex sets
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of interconnects [162]. The electrical properties and applications of these wires are be-
ginning to be explored, with a breakdown current density of over 1011 A

m2 reported for
metal interconnects (6 orders of magnitude improvement over conventional solder-based
ones) [162], and composite wires of polypyrrole and multi-walled carbon nanotubes
demonstrated as individually addressable, high sensitivity photo-switches between gold
electrodes [72]. However, a full characterization of such pipette-fabricated CP structures
is still needed, as are investigations of additional fabrication parameters such as solution
viscosity, evaporation rates, monomer type and solvent choice [72]. Throughput issues
also need to be probed, plausibly through increases in solution concentration, pipette ge-
ometry and the engineering of large pipette arrays [162]. An important challenge will
be size – specifically, how to apply the demonstrated nanoscale capability of this pipette-
defined technique, shown thus far for metal wires [162] and air-oxidized monomers [72],
to a wider range of CPs through electrochemical polymerization [165]. Ultimately, how-
ever, there is plenty of room at the bottom: theoretical studies have shown that a meniscus
as narrow as 2 nm can be formed [166].

2.4 Combining SICM Imaging With SECM Electrochemical Mea-

surements

Modifying aspects of the conventional SICM operation can extend the range of applica-
tions, since fundamentally this is an SPM technique with flexibility with regards to tip
type and setup, so that an appropriately designed probe can generate a map of a cho-
sen characteristic of the scanned surface [42]. For example, by removing the electrolyte
solution bath, the nanopipette interaction with the sample becomes focused to a small
droplet of liquid formed at the tip, bridging the distance between the nanopipette and
the sample [66–68]. Since in such a case ion transfer cannot be measured to the same
external bath electrode as before, it is relocated to below the sample, so that a current is
measured as passing through the material being investigated (that is, the substrate of in-
terest acts as the working electrode [66]). As in conventional SICM operation, the pipette
tip largely determines the droplet sized formed and thus the area probed, so that when
small tip diameters are used extremely localized electroactivity measurements can be
obtained. Redox probes such as FA+PF6− (trimethylammoniomethylferrocene hexafluo-
rophosphate) and Fe(CN)64− (potassium ferrocyanide) can be used, with a demonstrated
application being the mapping of the electroactivity of a 95% Al / 5% Cu alloy, as investi-
gated by scanning a 1 µm tipped pipette containing a 0.1 M KNO3 supporting electrolyte
and 2 mM Fe(CN)63− (potassium ferricyanide) redox species, with a −0.10 V potential
applied [66].

The SICM has a close cousin in the scanning electrochemical microscope (SECM) [167].
Its operation is similar to the SICM, with the key difference being in the scanning probe:
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Figure 2.5: (A) Schematic and (B) SEM image of a combined SICM-SECM nanopipette for simulta-
neous “in-bath” noncontact topography and electrochemical imaging. [65] (C) Cyclic voltammogram
of a (D) redox probe using the SECM-type nanoring electrode mode, which complements the (E)
SICM-type probe-sample distance regulation. Simultaneously obtained topographical and electro-
chemical images of a rat cardiac myocytein in (F,G) oxygen and (H,I) K4Fe(CN)6 [65]. (Reproduced
with permission, ©2010 American Chemical Society.)

the SICM uses a nanopipette, the SECM a small electrode termed an ultramicroelec-
trode [168], and the results obtainable are somewhat analogous, with the nanopipette
offering the added flexibility of containing liquid electrolytes whose composition can be
varied. Additionally, SECM reports have yet to demonstrate true topographic imaging
of soft, convoluted surfaces with nanoscale resolution [58], in part due to the relatively
large resistance and insulation of SECM nanoelectrodes [142], as well as the inherent dif-
ficulties of nanoelectrode fabrication and preventing their contamination [97, 169].

A very interesting development in recent years has been the fabrication of combined
SICM-SECM probes, as shown and characterized in Figure 2.5A-C [65], thus leading to
the construction of an instrument with dual-mode operation [65, 68, 70, 112, 170], featur-
ing SECM-like spatially resolved electrochemical detection through a redox probe (Fig-
ure 2.5D) and SICM-like noncontact probe-sample distance regulation for topography
(Figure 2.5E). Note that in addition to simultaneous topography-electrochemical map-
ping, the concept can be creatively extended by, for example, creating a probe for dispens-
ing small amounts of solution through the SICM-like tip opening and then monitoring
the ensuing electrochemical response through the SECM-like tip ring electrode [170].

A typical SICM-SECM dual-probe fabrication process uses (i) a conventionally pulled
SICM-type nanopipette with an approximately 200 nm tip opening, which is (ii) sputter-
coated with a covering layer of 200 nm Ti/Au, then (iii) insulated with a 70 nm layer of
electrophoretic paint, and (iv) oven-cured prior to (v) focused ion beam milling to expose
an electroactive area, with the result shown in Figure 2.5B [65]. This processing obvi-
ously increases the nanopipette tip diameter significantly, but features as small as 100 nm
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could still be visualized. For additional tip characterization, cyclic voltammetry of a re-
dox probe such as FcCH2OH (ferrocenyl-methanol, used in Figure 2.5C) can indicate the
sigmoidal voltammogram shape and steady-state current magnitude of the nanopipette.
The resulting setup can map with submicron resolution the topography and electrochem-
ical activity of a diverse range of samples, from solid metal surfaces to convoluted living
cells, the latter case shown in Figure 2.5F-I for different redox mediators on a rat cardiac
myocytein, enabling even the characterization of localized permeation properties [65].

Specialist nanopipettes of the type shown in Figure 2.5A can be difficult and time-
consuming to fabricate, but they are not the only option, as recently demonstrated through
a carbon-based combined SICM-SECM probe [112]. In this approach, a double-barreled
nanopipette had one of its barrels filled with carbon, thus enabling its use as an SECM
nanoelectrode, while the other barrel was left hollow and filled with an electrolyte, as is
typical for SICM operation. The carbon was formed in situ through the pyrolytic decom-
position of butane, and was contacted at the top through the insertion of a conductive
wire, a process that overall took only a few minutes and produced high SICM-SECM
probe yields [112]. This design approach has a number of advantages over the preced-
ing SICM-SECM probe of Figure 2.5A, particularly a smaller size (since no coating layers
are needed) and better insulation (no pinholes in the coating layers, nor misalignments
between the coating layers).

As before [65], simultaneous chemical and topographical imaging was demonstrated,
as well as nanopositioning for localized delivery and detection of reagents: using the
SICM feedback as distance control, the probe was positioned within 50 nm of the sub-
strate, allowing for the unambiguous quantification of surface kinetics [112]. Specifically,
by filling the SICM barrel with a 3 M KCl solution and applying a voltage step of about
1 V (from −0.05 V to +1 V), potassium ions were controllably ejected towards a cell
surface, triggering a neurotransmitter response. For very small signals an increase in
sensitivity may be required, which can be accomplished by increasing the carbon surface
area. However, this must be done without resorting to fabricating larger-tipped pipettes:
namely, by depositing additional carbon on the pipette outer walls, to the extent that
electrical contact is made with the carbon inside the pipette [112].

Figure 2.6A shows the application of another type of SICM-SECM setup to a compos-
ite nanostructure consisting of a single-walled carbon nanotube that was decorated with
individual platinum nanoparticles [68, 171, 172], a useful line of investigation for catal-
ysis applications. Unlike the results of Figure 2.5, which were obtained using a “bath-
immersed” setup with a metal-coated single-barreled nanopipette, the method illustrated
in Figure 2.6A uses a double-barreled pipette that is uncoated and operating “in-air” by
scanning a small droplet along the surface, a useful strategy for isolating the reactivity of
individual nanoparticles from nearby influences. Despite the differences in setup, SICM-
like and SECM-like information is again successfully mapped simultaneously: conduc-
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Figure 2.6: (A) An “in-air” scanned double-barreled micropipette mapping individual platinum
nanoparticles supported on a single-walled carbon nanotube through (B,C) DC-type and (D,E) AC-
type conductance current between the two barrels, (F,G) topography whose resolution is comparable
to (H) AFM and (I) SEM images, and (J-L) electrochemical current response at various applied poten-
tials [68]. (Reproduced with permission, ©2011 American Chemical Society.)

tivity across the droplet meniscus in Figure 2.6B-C, a feedback current in Figure 2.6D-E,
topography in Figure 2.6F-G (compared against AFM in Figure 2.6H and against SEM
in Figure 2.6I; average nanoparticle size was about 100 nm) and electrochemical activity
maps in Figure 2.6J-L.

This impressive multitude arises from the electrochemical setup shown in Figure 2.6A,
contains two applied voltages (Vbias of 200 mV between the pipette electrodes, and Vs be-
tween the pipette and substrate) that give rise to three currents: IDC mean conductance
between the two barrels, IAC from the pipette modulation applied via the z-axis piezoac-
tuator for feedback, and Iact for the surface activity current, which can be varied based on
applied voltage (e.g., +600 mV Pt oxidation in Figure 2.6K,−100 mV hydrogen evolution
in Figure 2.6L). Most recently, this setup was also successfully applied by the same group
to the high resolution mapping of electrochemical currents in sp2 carbon materials, es-
tablishing the rate of heterogeneous electron transfer in graphene [173] and showing fast
electron transfer from pristine basal planes in graphite [174].

Such techniques have not been demonstrated for the simultaneous electrochemical
and topographical mapping of CPs, but as indicated in Figures 2.5 and 2.6 there clearly
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exists scope for miniaturization to CP nanoscale morphologies such as nanotubes and
nanosheets [48, 49], particularly since it was found that subtle variations in nanoparticle
morphology led to dramatic changes in electrochemical reactivity [68]. Moreover, the
miniaturization enabled by pipette-defined droplets allows for the measurement of zep-
tomolar concentrations, which corresponds to just a few hundred electrochemical events
and femtoampere-level currents [68].

2.5 Advances From the Biological and Analytical Fields

The preceding sections have outlined SICM- and nanopipette-based strategies that have
in recent years been successfully applied to CP synthesis and characterization. However,
there remain numerous exciting developments that have yet to be utilized in the CP field,
which this section will outline as potential future directions for research.

2.5.1 Advanced Nanopipette-Defined Deposition

Section 2.3.6 discussed nanopipette-defined CP deposition, illustrating how monomer
filled pipettes can lead to both air oxidized and electrochemical polymerization of CP
spots and wires. However, there is significant scope for advancing beyond this current
state of fabrication through what may be termed advanced deposition techniques, based
on research from the field of nanopipette defined biomaterials deposition [91, 92, 175].
One such experiment demonstrated voltage-control, where single-barreled nanopipettes
filled with biotinylated DNA were scanned over a streptavidin-coated glass surface (to
allow for biotin-streptavidin binding), while a pipette potential was applied [92]. When
the applied voltage was negative, the DNA flow from the nanopipette was negligible;
however, with positive applied voltage, DNA controllably flowed out of the nanopipette.
Moreover, in the range between +0.2 V and +1.0 V a linear relationship was observed
between voltage and DNA deposition (at +0.6 V, the flow out of the nanopipette was
approximately 4000 molecules per second), allowing for control over the rate of DNA
patterning and the resulting features. The authors note that the number of molecules ex-
iting the nanopipette likely depends on a complex combination of mechanisms – electro-
osmotic flow, electrophoresis and dielectrophoresis – whose contribution is a function of
molecule size, charge and polarizability [92].

An extension of this technique used double-barreled nanopipettes, thus allowing for
filling with two different types of solution – in this case, rhodamine green and alexa 647-
labeled DNA – which enabled voltage-controlled molecular delivery [91]. The technique
was proven to be very robust, with a feature size in the submicron range enabling the fab-
rication of the gradients shown in Figure 2.7A (by printing layers on top of each other)
and the complex, multi-color painting reproduction shown in Figure 2.7B (by the use of
a registry system for swapping nanopipette ‘inks’). As before [92], the surface required
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Figure 2.7: Nanopipette-enabled deposition of DNA on streptavidin-coated glass, imaged by fluores-
cence: (A) alexa 647-labeled DNA squares of varying intensity, achieved by overlaying printed layers
(B) a 75×61 pixel reproduction of a painting, with each pixel 1 µm2 in size, produced in 35 minutes
by sequential printing of separate green and red channels (rhodamine green and alexa 647-labelled
DNA) [91]. (C) Water drops of 4.9 ± 0.1 µm diameters, produced using a nanopipette by applying a
30 V, 300 ms pulse, and (D) whose volume can be tuned as a function of applied voltage or pulse
time. (E) Schematic of the slow approach, pulse and fast retraction that allows for drop deposition and
(F) numerous additions of red and green dyes to the same microscale droplet [175]. (Reproduced
with permission, ©2005 John Wiley & Sons, Inc., and ©2006 American Chemical Society.)

functionalization, since no significant solution residue remains behind as the tip is simply
moved across the surface, which the authors attribute to surface tension causing dewet-
ting of solution as the tip is retracted and moves to a new position [91]. Overall, advanced
SICM-based deposition techniques such as these offer several key advantages, including
a large reservoir size, straightforward voltage-driven control over deposition rate, no
requirements for special tip conditioning, and the possibility for multiple reservoirs con-
taining various chemical reagents. This opens up numerous possibilities for future CP
nanostructure research, including (i) sequential deposition of layers, (ii) possibly with
alternating monomer types, (iii) loading a double-barreled pipette with a monomer in
one barrel and a doping agent in another, whose deposition could be potentially voltage-
controlled, (iv) the option of more than 2 barrels, through the use of multi-barreled start-
ing capillaries and (v) application to assays and combinatorial chemistry.

This latter possibility has been explored for water droplets whose volume is controlled
on the scale of attolitres, that can be individually addressed, and to which additional
reagents or volume can be added as required, as shown in Figure 2.7C-F [175]. (The dis-
tinction is that by applying voltage, the volume of the initial droplet can be increased by
further deposition; however, when no voltage is applied, some reagents diffuse into the
initial droplet without noticeably affecting its volume.) First, as shown in Figure 2.7C,
water droplets of 4.9 ± 0.1 µm diameters were repeatably produced using a nanopi-
pette that applied a 30 V, 300 ms pulse. This diameter (and volume) could be tuned as a
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function of applied voltage or pulse time, as shown in Figure 2.7D, as long as the slow-
approach, fast-retraction protocol of Figure 2.7E was followed [175]. The use of multiple
barreled nanopipettes allows more than one chemical species to be used: mixing between
the two barrels does not seem to occur, and switching the sign of the applied voltage
controls which barrel contents are delivered. This enables for deposition sequences that
can be automated for arrayed, parallel chemical nanoreactions, as shown in Figure 2.7F
for repeated, alternated additions of red and green dyes to the same attolitre droplet.
These attolitre chemistry techniques should prove applicable to CP studies, but there are
a number of caveats to note, including the high pulsed threshold voltage required for
droplet deposition (between 25 V and 100 V), and the variance in nanopipette deposition
behaviours due to the poor control over tip shape and size during nanopipette fabrica-
tion [175].

2.5.2 Nanopipette-Based Nanosensors and Nanoreactors

Sensors that are capable of rapidly probing analyte concentrations with nanoscale spa-
tial resolution are of great importance to chemistry and biology [38, 176], which in the
limit aim to detect single molecules [177] and individual electron-transfer events [178].
Such approaches can limit volumes to attolitre [179] and even zeptolitre [180] quanti-
ties, reducing mixing time, signal noise and reagent use, with important implications for
applications such as biosensors, DNA sequencing and drug screening [179]. By using a
nanopipette with a 100 nm tip diameter, it has been shown that pH (from 4 to 9) and NaCl
concentration (from 0 mM to 1000 mM) can be detected through a fluorescence-based
strategy [38]. Essentially, the reporter dye – a negatively charged fluorescent molecule –
was trapped within the nanopipette tip by applying a positive pipette voltage, so that
upon diffusion of analyte ions into the tip the receptor and analyte bound and a change
in fluorescence occurred, which was detected using confocal optics, as illustrated for a
similar case in Figure 2.8A-C [38,179]. The signal detected was localized to about the first
1 µm to 2 µm of the nanopipette, and, conveniently, the relatively large pipette volume
led to a renewable source of reporter dye, while also diluting the fluorescent product,
thus preventing a buildup in the detection region [179]. The use of a nanopipette pro-
vided the added advantage of spatially mapping NaCl sources with a lateral resolution
of about 600 nm, all while providing a time resolution of 1.9 ± 1.4 ms, opening up the
possibility for the mapping of analytes at the nanoscale over complex, soft sample sur-
faces [38].

Adding in a more complex voltage-control profile leads to a nanoreactor, where an ap-
plied pipette voltage linearly controls the enzymatic cleavage of fluorescein diphosphate
by alkaline phosphatase (Figure 2.8A-C) [179]. There are a number of advantages that the
nanopipette brings to voltage control, including (i) a tapered tip geometry, whose voltage
drop leads to high electric fields even with modest applied voltages, (ii) relatively large
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Figure 2.8: (A) Schematic illustration of a voltage-controlled enzymatic reactor localized to the tip of
a nanopipette, which produces fluorescein from a conversion by alkaline phosphatase of fluorescein
diphosphate. With 500 mV of applied voltage, the (B) nanopipette tip shows a (C) localized fluorescein
volume under laser illumination [179]. (D) Multi-step chemical modification of a nanopipette forms a
cationic surface for the electrostatic adsorption of single-stranded probe DNA, resulting in (E) current-
voltage curves that are responsive to complementary sequences [111]. (Reproduced with permission,
©2004 American Chemical Society, and ©2009 Royal Society of Chemistry.)

distance between tip and pipette electrode, avoiding electrolysis issues, and (iii) fine volt-
age control allowing for single-molecule level control [179, 181]. This allowed for the use
of a −1.5 V to +1.5 V triangular waveform to control fluorescence, where +1.5 V led to a
4-fold increase in signal, presumably due to a dielectrophoretic effect that is proportional
to the applied voltage [115, 179]. These general principles should have wide applicabil-
ity to scanned probe investigations of nanostructures [182], by combining SICM distance
control with nanopipette miniaturization and voltage-tunable reactions, with potential
CP applications including, for example, drug release from actuating CP films [183, 184].

2.5.3 Functionalized Nanopipettes

Nanopipette surface modification can be pursued [108, 111, 185–189] in order to extend
the usefulness of the nanoreactors [106, 179] and nanosensors [38, 189] based on them.
For example, by immobilizing calmodulin proteins to the surface of a quartz nanopi-
pette, it was found that calcium ion response was enhanced through changes in surface
charge [186]. The effect was found to be reversible in neutral buffer, reproducible over
numerous measurements, and should thus lead to new approaches for continuous mon-
itoring devices [186].

Moreover, as shown in Figures 2.8D-E, the multi-step chemical modification of nano-
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pipette surfaces can allow for the design of single-nanopore DNA sensors, which func-
tioned based on the principle of DNA hybridization causing an increase in anionic sur-
face charge [111]. This in turn led to a detectable change in the ionic current rectification
(response to a symmetric voltage input with an asymmetric output current [185,190,191])
thus enabling target DNA sequence recognition [111]. An important consideration for
ion current rectification is that nanopipette tips feature truly nanoscale diameters (about
50 nm or less), in order to enable the formation of a diffuse electrical double layer within
the tip orifice [111,190]. (Above 50 nm diameters, the authors reported that reproducible
results and predictable trends could not be obtained, perhaps since the electrical double
layer did not consistently span larger tip orifices [111].)

After nanopipettes were fabricated using laser-pulling techniques, the DNA sensor
was prepared through the three-step surface modification process shown in Figure 2.8D:
(i) covalent binding of triethoxybutyraldehyde-silane for an aldehyde-terminated layer,
allowing for (ii) imine bonding to a poly(amido amine) dendrimer, which is compact,
stable and yields a known, highly cationic surface charge, used to (iii) electrostatically
adsorb a 15 nucleotide DNA probe sequence, a process that can be monitored through
nanopipette current-voltage response [111]. As shown in Figure 2.8E, this allowed for
the observation of a dramatic difference in rectification current: if a ratio of rectifica-
tion is defined as r =

∣∣∣ i−1 V
i+1 V

∣∣∣ [111], then prior to probe DNA attachment the ratio is 0.27,
which remains relatively unchanged at 0.49 for probe DNA attachment and 0.38 for non-
complementary DNA sequence addition, but jumps to 6.2 with perfectly complementary
DNA addition.

Although this particular methodology is somewhat hampered by the need for high
concentrations of DNA (that is, 1 µM), refinements such as the application of electric
fields may enhance detection limits. Overall, it provides an instructive case study for
the tailoring of nanopipette surfaces to take advantage of concepts such as modifica-
tion of surface charge and current rectification for sufficiently small nanopipette diame-
ters, and may point the way to future CP-based biosensors [21, 192–194]. Moreover, the
rectification-based strategy can be shown to be useful even without functionalization, as
a scanned nanopipette setup has been demonstrated to measure surface charge through
ion current rectification when in close proximity (10 nm to 200 nm) to a charged sample,
distinguishing between cationic and anionic substrates [191].

2.5.4 Ion Flux Through Porous Membranes

The measurement of ion currents has been a recurring theme in SICM literature since
its first introduction [41, 195], through to the functional localization of single active ion
channels on the surface of living cells [56], and onto more recent refinements that mea-
sured flux through individual nanopores in a polymer membrane driven by a concentra-
tion difference between the upper and lower chambers of a diffusion cell [69]. There are



2.5. ADVANCES FROM THE BIOLOGICAL AND ANALYTICAL FIELDS 31

numerous important applications associated with this measurement, such as the trans-
port of protons through selective membranes in fuel cells, a key consideration for future
energy challenges. Moreover, the role of porosity is an important consideration in CP
materials [196–198], particularly when they display nanostructured morphology [199],
but thus far there have been no application of nanopipettes to this problem. Advantages
of applying the SICM technique to measuring porous membrane ion flux include the
ability to correlate currents with simultaneously obtained surface topography, through
the addition of a distance-modulated feedback protocol [93]. Furthermore, unlike SECM,
which has also been used to image such ion transport [200–202] no redox-active mediator
is necessary for SICM measurements.

In a recent study [69], a nanoporous polyimide membrane was created using the track-
etch process that resulted in approximately 300 nm to 500 nm diameter pores, as a func-
tion of etch time. In order to induce ion flux, the membrane was then mounted in a
diffusion cells that contained a potassium chloride electrolyte in the lower chamber, un-
derneath the membrane, with concentrations ranging from 0.1 M to 4.0 M, while the
nanopipette and upper chamber concentrations were kept constant at 0.1 M. The afore-
mentioned distance-modulated feedback protocol [93] allowed the mapping of topogra-
phy through a modulated AC component of the measured ion current (through a 100
nm, 800 Hz modulation of the nanopipette z-axis extension), independent of varying lo-
cal conductivity, while the DC component of the ion current provided the strength of the
ion current through the nanopores.

Using this approach, independent nanopores were successfully mapped and their ion
currents measured as a function of the diffusion gradient, from about 7 pA when no dif-
ference was present to about 55 pA when the upper and lower chamber concentrations
were 0.1 M and 4.0 M, respectively. In that case, a linear relationship was found to ex-
ist between ion current measured and chamber concentration difference. Furthermore,
it was found that by comparing topographic and ion current images, it was possible to
differentiate between transmembrane pores and other, heterogeneous-type surface vari-
ations [69].

Thus, the SICM has prime potential as tool for measuring ion transport pathways in
nanoscale porous materials [69], including the CP nanostructures discussed herein, as
long as care is taken to maintain the tip in a non-interacting regime of the nanopores
that does not perturb the diffusion of translocating ions. Additional refinements to the
technique include the use of a liquid/liquid interface2 at the tip for SECM-like opera-
tion [203], the use of a combined SICM-SECM instrument [204], studies on the effects
of pipette modulation and imaging distances [205], and detailed investigations of single
nanopores [206] as well as multiple-nanopore heterogeneity [207].

2A 1,2-dichloroethane solution of organic supporting electrolyte in the pipette, immersed in a solution bath
of aqueous tetrabutylammonium – thus yielding an interface between two immiscible electrolyte solutions
(ITIES) [203].
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2.6 Outlook for Conducting Polymers

This chapter has surveyed techniques for the synthesis and characterization of individual
CP micro and nano structures. First, the synthesis of individual polymer nanowires, and
their subsequent placement onto electrode-based testing setups, is well established. Low-
yield techniques such as template synthesis, lithographically assisted electropolymeriza-
tion and dip-pen nanolithography have all been demonstrated to enable conductivity
measurements and to result in viable sensors. However, an opportunity exists beyond
basic characterization of electrical properties, as other types of investigations, such as
redox probe mapping of electroactivity and attolitre chemistry, have yet to be explored
with precise resolution in the context of CP structures.

Second, high-yield self-assembled CP nanostructures lag in individual-level charac-
terization as compared to the above, because of the difficulty of dispersing individual
self-assembled nanostructures over microelectrode test setups. Thus, there exists an even
larger opportunity for SICM-SECM type scanned probe microscopy to investigate the
properties of self-assembled CP at a fundamental level, such as the electrical characteri-
zation of various self-assembled morphologies.

Third, the SICM in its basic form is best suited for imaging difficult biological samples,
and does not provide more imaging information about CP nanostructures than can be ob-
tained through SEM and TEM imaging. However, once modified, the SICM does have
the potential to provide novel, robust characterization that is highly relevant to CP struc-
tures, such as surface electroactivity and localized cyclic voltammetry measurements.

Finally, the SICM has the potential to extend CP studies far beyond imaging, conduc-
tivity and electroactivity measurements. For example, advanced scanned pipette writing
has been extensively demonstrated for biomaterials, but not yet for the patterning and
polymerization of CPs. Such developments would provide pipette-based alternatives
to dip-pen nanolithography and to lithographically guided electropolymerization. Fur-
thermore, highly localized small-volume reactors should allow for the study of chemical
reactions such as CP doping at the micro and nano scales. With precise control of reso-
lution, this approach may even allow for precision dosing [37,208] for on-nanowire [209]
or on-nanosheet modification of properties. Thus, although the fields of CP micro and
nano structures and SICM imaging are, in and of themselves, relatively well developed,
the intersection of the two is just beginning to be pursued. The following chapters detail
experimental results in this direction.



3
Construction of a Low-Cost Scanned Ion

Conductance Microscope

To enable the original research contributions of Chapters 4-6, the first year of my Ph.D.
thesis work was dedicated to the design, construction and programming of a custom
SICM, from scratch. Not only was this very cost-efficient – totalling only a fraction of
the quarter-million dollar cost of commercial systems – but it also provided an excellent
pedagogical experience. This chapter provides an overview of the construction process
and design decisions, which were largely guided by two overarching principles: cost ef-
ficiency (< $40,000 total1) and time efficiency (1 year spent by 1 person). Any drawbacks
as compared to commercially available SICMs2, such as lower resolution and slower scan
speeds, can be understood in the context of those principles of cost and time efficiency.

3.1 SICM Components and Their Organization

The configuration of the SICM that underpins this thesis has varied as a function of parts
and funds availability: in its first iteration, shown in Figure 3.1A, vibration isolation was
handled by simple rubber bungee cords and squash balls [101], prior to the arrival of
an air table and the design of a Faraday cage (Figure 3.1B,C). This section presents an
overview of this latest iteration, as summarized in Table 3.1. As an experimental proto-
type, however, this custom SICM is a work in progress, with, for example, an inverted
optical microscope currently being integrated into the setup at the time of writing.

3.1.1 Pipette Positioning and Actuation

As introduced in Chapter 2, the key element of the SICM is a miniaturized glass pipette
and its associated actuation. In this SICM, the pipette was moved with nanoscale reso-

1“We haven’t the money, so we’ve got to think.” – Ernest Rutherford, New Zealand born chemist and winner of
the 1908 Nobel Prize in Chemistry.

2At the time of writing, the two commercially available SICM systems were the Ionscope ICnano (UK) [58]
and the Park Systems XE-Bio (South Korea) [100]. Also of note is the related technique of AFM-based DPN,
commercialized through the NanoInk company (USA) [210].

33
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Figure 3.1: Photographs showing various iterations of the custom SICM constructed for this thesis,
ranging from the (A) initial prototype to the (B) latest iteration, incorporating an inverted optical micro-
scope. The most commonly used iteration is shown in (C), representative of the setups of Chapters
4-6. (D) Detail of a single-barrelled micropipette mounted onto the xyz piezoactuator stack. The
electrochemical setup seen below the micropipette tip was that used in Chapter 4.

lution through piezocrystal actuation, through a Physik Instrumente (PI) P-611.3 Nano-
Cube XYZ Piezo Stage, run in closed-loop mode3 and driven by a PI E-664 NanoCube
Piezo Controller. The PI NanoCube was mounted to a Thorlabs LT1/M single axis trans-
lation stage using a custom-fabricated adapter. The LT1/M stage was then mounted to a
Thorlabs AP90RL/M large angle bracket, which in turn was bolted down to a Newport
LW 3030 vibration isolation workstation (air table with pneumatic isolators for automatic
levelling) floated by a dedicated Fiac Compact 120 air compressor. The setup is shown
in Figure 3.1C. Samples were mounted below the suspended pipette/NanoCube setup,
and could be positioned at the micron-scale along the xy-plane using a Thorlabs XYR1/M
two-axis linear translation stage, which was also bolted down to the air table. Due to the
large inherent range of the LT1/M and XYR1/M stages, large samples and their holders
could be accommodated, such as the electrochemical cell used in Chapter 4 (and shown
in Figure 3.1D).

Positioning the SICM micropipette tip directly above the CP thin film involved two
stages: first, a ‘rough’ approach to within 50 µm, and secondly a ‘fine’ approach to within
a 2 µm distance. The rough approach protocol used the LT1/M single axis translation
stage, which is capable of adjustments as high as decimeters, with separation manually
monitored in real-time on a computer monitor through a Thorlabs DCC1645C CMOS

3During SICM operation, the computer program outputs certain desired-position values to the xyz
piezocrystals via the controller. The NanoCube features sensors that can help ensure that these desired
values are reached. This operation mode is known as closed loop feedback control, in that the sensed value
about the current position is used to improve the positioning accuracy through process control. The alter-
native, open loop control, does not make use of the sensed value for any such dynamic compensation.
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Subsystem Component Function
Nanoscale PI P-611.3 NanoCube XYZ Piezos xyz pipette moves (nm-scale)
Movement PI E-664 NanoCube Controller Driving the NanoCube
Microscale Thorlabs LT1/M z-axis moves (10+ µm)
Movement Thorlabs XYR1/M xy-plane moves (10+ µm)

Thorlabs AP90RL/M Mounting of LT1/M part
Pipettes Sutter Instruments P-2000 Pipette laser puller

Warner Instruments ESW-F10N Single-barrelled pipette holder
Warner Instruments THS-F20 Double-barrelled pipette holder
Harvard Apparatus 300018 Single-barrelled capillaries
Harvard Apparatus 300117 Double-barrelled capillaries
MicroFil MF28G Syringe Tips Pipette backfilling tips
Ag/AgCl Pipette electrodes

Data NI BNC-2110 Connector Block Input & output of voltages
Acquisition NI CB-68LP Connector Block Input & output of voltages

& Output NI PCI-6229 DAQ Card Computer data acquisition card
Custom Potentiostat [211] V generation, I measurement
CHI 700D Potentiostat V generation, I measurement
List-Medical L/M-EPC7 I measurement amplification
Signatone S-725 Micropositioners Connection to contact pads

Isolation Newport LW 3030 Air Table Protects against vibrations
Custom Faraday Cage Protects against electrical noise
Fiac Compact 120 Compressor Provides air for air table

Vision Thorlabs DCC1645C CMOS High-mag. digital camera
Thorlabs MVL75L (f/3.9, 75mm) Lens for digital camera
Edmund Optics NT58-736 Extension tubing for lens
Edmund Optics NT54-632 Extension tubing for lens
Accu-Scope 3035 Inverted microscope

Table 3.1: Parts list for the low-cost scanned ion conductance microscope constructed during the
course of this Ph.D. thesis.

camera with Thorlabs MVL75L lens (f/3.9, 75mm focal length) mounted through Ed-
mund Optics C-mount extension tubing (part numbers NT58-736 and NT54-632). A cus-
tom lighting solution was devised, consisting of an off-the-shelf LED array bulb mounted
on a semi-flexible snaking metal stand (Figure 3.1C).

3.1.2 Data Acquisition

The PI E-664 NanoCube Piezo Controller was interfaced through connector blocks – Na-
tional Instruments (NI) BNC-2110 and NI CB-68LP – to an NI PCI-6229 data acquisi-
tion card. Custom programming in NI LabVIEW controlled all aspects of SICM oper-
ation, including NanoCube actuation and SICM data-logging (details in the following
Section 3.2). To prevent external noise interference, the setup is enclosed within a custom-
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built metal Faraday cage, which also housed a custom-built, battery-operated potentio-
stat [211] that was computer controlled.

The issue of electromagnetic isolation from noise is an important one, as sub-nA cur-
rent levels are often required for the experiments described in this thesis. While part
of it is due to intrinsic instrument noise, it is important to limit the radiative electrical
pickup (e.g., line frequency noise from a light source used to illuminate the substrate),
the magnetically-induced pickup (e.g., power supplies), and ground-loop noise (e.g., due
to electromagnetic shielding connected to multiple grounds whose potentials are slightly
different) [212]. In practice, it is good protocol to turn off all unused electrical equipment
in the proximity of the SICM while running experiments. With this done, it has been
possible to routinely achieve relatively low noise, on the order of 10 pA.

In the case of experiments measuring picoamperic currents, the signal detected by
the Ag/AgCl electrode embedded within each SICM micropipette was amplified by an
List-Medical Patch Clamp L/M-EPC7 operational amplifier (with its head stage inside
the Faraday cage, rest outside) and converted to a voltage signal, which was then routed
through the aforementioned NI connector blocks, onto the data acquisition card and fi-
nally processed and recorded using custom programmed LabVIEW code. In the case
of experiments measuring nanoamperic currents, the sensitivity of the potentiostat was
found to be sufficient, and thus no patch clamp amplifier was used.

3.1.3 Pipette Fabrication, Mounting, and the Ag/AgCl Electrodes

Currents from the CP films were measured using micropipettes containing embedded
Ag/AgCl electrodes. These micropipettes for SICM use were fabricated using a Sutter
Instruments P-2000 laser puller, starting from borosilicate capillary glass. In the case of
single-barrelled pipettes, the borosilicate capillaries used were 1.0 mm in outer diameter,
0.58 mm in inner diameter and 75 mm in length (Harvard Apparatus product number
300018). For the practical reasons detailed in Section 5.2.1, pipettes of approximately 1 µm
in inner tip diameter were fabricated, with the following pulling parameters entered into
the Sutter Instruments P-2000 laser puller:

H = 350, F = 4, V = 30, D = 200, P = 0 (3.1)

Some experiments required double-barrelled (theta) pipettes, the fabrication of which
used borosilicate capillaries 2.0 mm in outer diameter, 0.30 mm in wall thickness and
100 mm in length (Harvard Apparatus product number 300117). The pulling parameters
entered into the Sutter Instruments P-2000 laser puller consisted of 4 lines:
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H = 550, F = 4, V = 25, D = 200, P = 0

H = 550, F = 4, V = 25, D = 200, P = 0 (3.2)

H = 550, F = 4, V = 25, D = 200, P = 0

H = 750, F = 4, V = 40, D = 200, P = 150

The micropipettes contained solutions (e.g., 0.01 M NaCl solution in Chapter 4), loaded
inside by backfilling using MicroFil MF28G syringe tips. The single-barrelled micropi-
pettes were then attached to the SICM hardware through a Warner Instruments ESW-
F10N electrode holder, which contained an Ag/AgCl wire that acted as the electrode em-
bedded within each pipette. Similarly, the double-barrelled micropipettes used a Warner
Instruments THS-F20 electrode holder. This electrode holder was in turn bolted to the PI
NanoCube piezoactuator through a custom-designed lightweight aluminum bracket us-
ing Teflon screws, as shown in Figure 3.1D. This consideration for light weight is due to
the actuation characteristics of the NanoCube: decreased mass quickens response time.

As noted previously, the electrode wires were Ag/AgCl. This silver / silver chloride
system was chosen over a number of other possible electrode materials for its stability
over a wide range of potentials, for its electrochemical reversibility, and for its consistency
and ease of comparison with all preceding SICM studies. In short, the electrode consists
of an Ag(s) solid core covered by a layer of its salt silver (I) chloride, AgCl(s), with electron
transfer occurring at the interface as [212]:

AgCl(s) + e−(metal) � Ag(s) + Cl−(s) (3.3)

When immersed in a salt solution such as aqueous 0.1 M NaCl, the additional Cl−(s) � Cl−(aq)

exchange occurs, thus leading to the following overall equilibrium reaction equation, and
the corresponding Nernst equation:

AgCl(s) + e−(metal) � Ag(s) + Cl−(aq) (3.4)

E = E0 − RCT

F
ln

(
αCl−(aq)

)
(3.5)

In the above, E0 is the potential of the standard hydrogen electrode (SHE), RC the ideal
gas constant, T the temperature, F the Faraday constant and αCl−(aq)

the chloride ion ac-
tivity. The Ag/AgCl electrodes were measured as +0.231 V vs. SHE, and were regularly
re-chlorided (in a bleach solution, following sandpaper filing and rinsing) to avoid the
risk of bare silver surfaces being exposed. Care must also be taken to minimize differ-



38 CONSTRUCTION OF A LOW-COST SCANNED ION CONDUCTANCE MICROSCOPE

ences in Cl−(aq) concentrations between the various parts of the SICM setup – most notably,
in the electrode bath versus within the pipette – since this can lead to a difference in half-
cell potentials, i.e., in the voltage potential difference between the solution and Ag/AgCl
electrode.

3.2 SICM Programming

The SICM hardware was controlled through custom-designed SICM software, imple-
mented in LabVIEW, a visual programming language from National Instruments. Pro-
grams created within its framework are named VIs (“virtual instruments”), and it was
chosen for its ability to rapidly implement instrument input/output, feedback control,
data visualization and logging. The underlying operating system was Microsoft Win-
dows XP, installed on an average, off-the-shelf desktop computer as available for pur-
chase circa 2008.

This LabVIEW microspotting programming consisted of a single, large program that
controlled all aspects of piezoelectric movement, piezoelectric feedback, potentiostat ap-
plied voltage and potentiostat detected current. The program user control panel shown in
Figure 3.2 consisted of a number of tunable parameters, which included: (i) applied volt-
age to potentiostat, (ii) duration of applied voltage to potentiostat, (iii) approach speed
towards substrate, (iv) piezoelectric extension that defines each movement step towards
the substrate, (v) delay in between lateral steps, to allow transient currents to settle, (vi)
upper threshold current at which to stop approach curve, (vii) lower threshold current at
which to stop approach curve, (viii) a boolean-type array that could be mouse-clicked to
quickly define arbitrary patterns to be drawn, (ix) sampling rate, (x) lateral step size in
between spots, (xi) pullback distance in between each lateral step.

While the program was running, graphs updated in real-time displayed the detected
current, while feedback sensors showed the actual x, y and y positioning of the micro-
pipette. At the same time, a separate program window corresponding to the real-time
camera view provided visual feedback of the separation and electrospotting processes as
they were carried out, allowing the operator to halt the experiment if needed. (Detailed
operating instructions can be found in Appendix A).

A discussion of real-time computing is necessary at this point. Operating systems
such as the Microsoft Windows series are general purpose designs that run multiple ap-
plications simultaneously, with processing time automatically allocated, something that
the end user has little control over. This is sub-optimal for applications such as the SICM,
which need to be able to prioritize computing time in order to ensure predictable, deter-
ministic behaviour: response to events (e.g., meeting a threshold SICM approach condi-
tion) and feedback processing (e.g., SICM distance control) should always happen within
a set, repeatable amount of time.
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Figure 3.2: Control panel of custom SICM control program, programmed in LabVIEW, with tunable
parameters including the applied voltage to potentiostat, the delay in between lateral steps and the
upper threshold current at which to stop approach curve.

Specialized computer hardware and software is required for such real-time operation,
such as (i) the NI PXI-8186 real-time controller interfaced with a computer over a fast
ethernet LAN link, (ii) NI DAQmx drivers, and (iii) the optional LabVIEW Real-Time
Module. For cost reasons, this real-time solution was not implemented in the current
implementation of the SICM built herein, but is recognized as being beneficial if higher-
speed scanning is required.

3.3 Conclusions and Outlook for Custom SICM Construction

Entire Ph.D. projects can be (and have been [212,213]) dedicated entirely to the construc-
tion of SICMs. Rather than repeating this prolonged process, herein a basic SICM was
constructed, at low cost and in a relatively short period of time, enabling the further de-
velopment of the novel SICM-based CP fabrication and characterization techniques to
be described in Chapters 4-6. In this respect, the SICM described herein was a success.
However, a number of design compromises were made, affecting resolution and speed,
which may be addressed with superior components and additional software program-
ming efforts.

First, to avoid mechanical interference between axes, it may be useful to replace the
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integrated XYZ NanoCube stack with two separate piezoelectric actuator devices: one
dedicated to the z-axis, the other to drive the xy-plane [58]. Secondly, since many of the
experiments related to CP fabrication and characterization use ‘in-air’ operation (recall
Section 2.4), a system for humidity control would be beneficial. However, this humidity
control was not adopted for the SICM described herein due to cost constraints, although
it is recommended that in future iterations of the instrument this addition be considered.

Finally, LabVIEW is not optimal for truly high-speed scanning, since real-time con-
trol has not been implemented. This is a consideration coupled with hardware opti-
mization, such as the implementation of digital signal processing (DSP) stand-alone con-
trollers [58] and field-programmable gate array (FPGA) boards to drastically improve
imaging time [97]. Thus, although the SICM described herein will prove to be successful
in the experimental proof-of-concept demonstrations of Chapters 4-6, any push towards
higher speeds and higher resolutions will likely require years of further development, or
the customization of a commercial system such as the Ionscope ICnano (UK) [58] or the
Park Systems XE-Bio (South Korea) [100].



4
Measuring the Ionic Flux of Electrochemically

Actuated Polymers

The measurement of CP ion flux is of key importance in understanding the ability of CPs
to actuate [214,215], with relevance to key applications such as artificial muscles [216] and
biomedical devices [217]. To address this important issue, in this chapter1 a modification
of the SICM is proposed, suitable for probing an electrode in an operating electrochem-
ical cell. Its use is demonstrated by measuring salt concentration variations near a CP
electrode as the polymer is electrochemically oxidized and reduced. The electrochemi-
cal control circuit is opened to isolate the working electrode, at a frequency sufficiently
high that the electrode capacitance maintains the electrode potential. The local solution
conductivity variations are detected through the probe current during the open-circuit
time. A two stage ion-exchange is demonstrated during oxidation and reduction of PE-
DOT films, that develops strongly with repeated cycling and is correlated with actuation
changes. Effects of spatial composition variations of the film, caused by redox current
distribution over the surface, and effects of electromigration to the probe tip also causing
local solution composition changes, have clear and characteristic effects on the measured
transients.

4.1 Motivation for Ion Flux Characterization of Thin Films

In this chapter two questions are addressed: the general one is how to use an SICM [41,58]
to probe local dynamics of an electrode in an operating electrochemical cell; the specific
one is how to characterize the local ion flux of actuating CPs. Interest in CPs arises from
the potential combination of plastic properties with metal conductivity [1, 2]. Electro-
chemical reduction or oxidation of the polymer requires an associated exchange with
the solution of ions and hence solvent, to maintain electroneutrality, resulting in vol-

1This chapter is based on [a] C. Laslau et al., Journal of the American Chemical Society, 133 (15), pp. 5748–5751,
2011, [b] C. Laslau et al., Materials Science Forum, 700, pp. 129–132, 2011 and [c] K. Kannappan, C. Laslau et
al., Proceedings of SPIE, 8340, pp. 8340I:1–9, 2012. Details of author contributions can be found in Appendix
B.
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ume changes. Whether anions or cations or both exchange, and the resultant ion flux,
is dependent on the nature of the ionic dopants introduced during fabrication. Addi-
tional considerations are whether these ions are fixed in the structure or not, and upon
the response of the polymer microstructure to the changes of solvation associated with
the fluxes [218–221]. The mechanism of CP actuation is complicated by factors such as
simultaneous cation and anion movement [222], solvated ion shells [217], osmotic ex-
pansion [223] and polymer chain conformational relaxation [224]. Direct measurement
of the ion flux, its correlation with actuation and its variation with sample history is
thus of importance, since it directly impacts the design and feasibility of CP applica-
tions [224], specifically their ability to actuate [214, 215], for use in artificial muscles [216]
and biomedical devices [217]. The idea underpinning this chapter is that as ions move
from the solution into the polymer, and vice-versa, the local solution conductance will
change, which should in principle be measurable by SICM.

Considerable research effort has been expended in understanding this CP ion flux, us-
ing tools such as electrochemical quartz crystal microbalances (EQCM) [225,226], atomic
force microscopy (AFM) [218], electrochemo-mechanical deformation (ECMD) [220,227],
transport-limiting barriers [228, 229] and bulk chronoamperometry [224]. These comple-
mentary techniques approach the ion flux problem from different angles, but they do so
at the macroscale. This study looks to address this problem by introducing the SICM
as a technique to carry out microscale chronoamperometic studies on PEDOT films. The
technological advance is that this is the first SICM-type work carried out in an active elec-
trochemical cell, that is, where the substrate being investigated is connected as a working
electrode. The strategic significance can be understood by contrasting the information
given by the AFM and EQCM: AFM has excellent spatial resolution, but cannot detect
ion flux; EQCM can detect ion flux, but has no spatial resolution.

4.2 Experimental: SICM Modification and PEDOT Actuation

4.2.1 Modifying the SICM for Ion Flux Measurement

The instrument described differs from conventional SICMs in some key aspects, and rep-
resents a modification from the setup described in the preceding Chapter 3. All SICMs
measure the conductivity between an electrode in the solution and one inside a pipette
closely approached to the surface to be probed (the working surface). The main purpose
is to image topography. However, ionic fluxes into or out of the working surface will
change the conductivity of the solution in the immediate vicinity, as in the CP system
discussed herein. These changes should be detectable using the SICM. The method has
indeed been used to image local ionic fluxes through membranes [41, 44, 69, 113].

Significantly, though, if the working surface is to be controlled in an electrochemi-
cal cell, then an important measurement problem is posed by the coupling between the
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Figure 4.1: (A) SEM image of the SICM micropipette tip. (B) The micropipette hovering above the PE-
DOT film. (C) Typical PEDOT film side profile, imaged using SEM. (D) Schematic of the experimental
setup, in closed-circuit mode, showing possible current paths.

two measurement circuits – the electrochemical control circuit and the SICM measure-
ment circuit, as illustrated in Figure 4.1. Since CP electrodes have a large capacitance
(typically on the order of 100 F

g , making the material interesting for supercapacitor appli-
cations [230]), the problem can be overcome by momentarily disconnecting the working
surface from the control circuit. The working electrode capacitance sustains the working
electrode potential during this period. The local solution conductivity around the pipette
tip can then be probed, when the only current path is from the reference electrode in the
bulk solution to the reference electrode inside the pipette. Note that although this inter-
ruption technique bears some similarities to classic approaches developed for IR drop
corrections [231], the application described in this chapter differs in its focus on spatially
resolved measurements of conductance change close to a surface.

A second measurement issue is to decide the common terminal for the two circuits.
Conventionally, this would be the working electrode. However, that choice is not com-
patible with the requirement to isolate the working electrode. Thus, the common point
was chosen to be the counter electrode for the electrochemical cell. Finally, this choice
dictates a 2-terminal configuration for the electrochemical cell, in which the counter
electrode also functions as reference electrode, both for the control of the working elec-
trode and for the SICM measurement. Options are a dynamic hydrogen reference elec-
trode [232] or a sufficiently large Ag/AgX electrode. The latter option was chosen, to
study systems with a chloride electrolyte.

Figure 4.1 illustrates the system. A battery powered potentiostat was run in two-
electrode mode, with the counter electrode and reference electrode terminals connected
together to the PEDOT/GC substrate, while the working electrode terminal was con-
nected to an Ag/AgCl ring electrode. Note that this is the reverse of a typical electro-
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A B

Figure 4.2: Circuit diagrams for (A) closed-circuit, (B) open-circuit modes. In (B), the light gray lines
represent the parts of the circuit that the switch disconnects when it is in the OFF position.

chemical setup, and was purposefully chosen as a means of sharing a common point
between the two circuits present in the setup: the Vpstat circuit which actuates the CP,
and the Vamp circuit which reads currents through the micropipette (Figure 4.1D). In this
chapter, however, potentials of the CP electrode are expressed relative to the Ag/AgCl
ring electrode – the inverse of the potential applied in the control circuit. A computer
program controlled both the applied electrode potential and a MOSFET switching relay
in series with the PEDOT/GC electrode.

For this proof of principle set of experiments a dilute electrolyte, 0.01 M aqueous NaCl,
and a relatively thick (approximately 1 µm, see Figure 4.1C) CP film were used, to de-
velop an easily detectable conductivity contrast as a consequence of the ion flux in or out
of the polymer. The PEDOT CP was studied in thin film form, formed on a glassy carbon
substrate (3 mm2 exposed area) by potentiostatic electropolymerization in the presence
of a TBACF3SO3 electrolyte in propylene carbonate (PC) solvent. The synthesis proce-
dure [220, 227, 233] is detailed in the supplementary information. These samples were
positioned below a suspended piezoactuator-driven micropipette assembly (Figure 4.1).

CP ion fluxes were measured using micropipettes with 1 µm inner diameter tips (Fig-
ure 4.1A), which contained embedded Ag/AgCl wire electrodes and the same 0.01 M
NaCl solution as in the electrochemical cell. Positioning the tip directly above the CP
samples followed the standard SICM approach curve protocol [41, 58]: the pipette was
lowered with the electrochemical control circuit disconnected until the pipette current be-
gan to decrease due to physical blockage of the micropipette tip opening by the sample.
The separation can be deduced from that current decrease: a micropipette-film separation
of 2 µm was chosen. Following this approach curve to 2 µm, the pipette was kept in the
same position throughout the remainder of the experiment, i.e., there was no additional
distance control with feedback.

The SICM was custom-designed and built during the course of this thesis work, as
outlined in the preceding Chapter 3, and as shown in Figure 3.1C,D, where the micropi-
pette was positioned far above the PEDOT/GC substrate for the photograph. The fine
approach followed the standard SICM approach-curve protocol, which essentially low-



4.2. EXPERIMENTAL: SICM MODIFICATION AND PEDOT ACTUATION 45

ers the pipette until its current readings begin to decrease due to a physical blockage of
the micropipette opening, in this case due to the close proximity of the PEDOT film. The
micropipette approach was automatically stopped once its normalized current decreased
to 99.25%. Testing indicated that this 99.25% threshold corresponded to a micropipette-
film separation of approximately 2 µm.

4.2.2 Electropolymerization of PEDOT Thin Films on Glassy Carbon

The following materials were used as received from supplier Sigma-Aldrich: the mono-
mer 3,4-ethylenedioxythiophene (EDOT), the electrolyte tetrabutylammonium trifluro-
methanesulfonate (TBACF3SO3) and the solvent propylene carbonate (PC). A PC-based
solution containing 0.1 M EDOT and 0.1 M TBACF3SO3 was prepared for potentionstatic
electrodeposition. A potential of 1.2 V was applied using a custom-designed potentio-
stat, controlled using custom-programmed LabVIEW software. The electrodeposition
was run until a charge of 15 mC was passed (typical currents were around 10 µA). The
working electrode was a glassy carbon (GC) substrate 25 mm × 25 mm × 3 mm in size
(HTW Hochtemperatur-Werkstoffe GmbH, product name “SIGRADUR G plates”), but
only a circle 2 mm in diameter was exposed, with the rest of the GC electrode taped
off. The counter electrode was a platinum wire mesh. Both working and counter elec-
trodes were mounted into the custom-made electrochemical cell. After potentionstatic
electrodeposition finished, and prior to further experimentation, the PEDOT/GC was
rinsed with Milli-Q distilled water three times and with 0.01 M NaCl solution three times.
SEM imaging of the resulting films was performed, with results shown in Figure 4.1C.
The electrodeposition was programmed to stop after a certain charge was passed, yield-
ing approximately 1.6 µm thick PEDOT films of a fairly porous morphology (Figure 4.1C),
consistent with previous studies on such systems [220, 227, 233].

4.2.3 Electrochemical Actuation of PEDOT Thin Films

Potentials were applied to the PEDOT film using the custom-fabricated setup schemat-
ically illustrated in Figures 4.1D and 4.2. The aforementioned custom-designed battery
powered potentiostat was run in two-electrode mode, with the counter electrode and ref-
erence electrode connected together to the PEDOT/GC slide, while the working electrode
was connected to an Ag/AgCl ring electrode (ring diameter of 4 cm, wire diameter of 1
mm) that encircled the PEDOT/GC slide. The solution within the cell was filtered and
degassed 0.01 M NaCl, same as within the micropipette.

A computer program controlled a MOSFET switching relay in the PEDOT/GC elec-
trode circuit, enabling for an applied-potential profile that alternated at 10 Hz between
applying voltages and not applying voltages (that is, opening the circuit). The use of such
a switching relay that allowed for alternating applied-voltage and open-circuit periods is
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a key concept behind the SICM setup described in this chapter. As shown in Figure 4.1D,
and in equivalent circuit diagrams of Figure 4.2, when the switch is simply in its “ON”
position with the circuit complete, there are a number of conflicting currents present in
the setup – e.g., one from the PEDOT to the micropipette electrode, one from the PEDOT
to the ring electrode, and one from the micropipette electrode to the ring electrode.

In order to extract information about the ion flux, some of these currents must be elim-
inated. That is the purpose of the “OFF” position of the switch: in the open-circuit con-
figuration shown schematically in Figure 4.2B, the potentiostat is disconnected from the
PEDOT/GC, so that the only current remaining is that which flows between the micro-
pipette electrode and the ring electrode. As introduced earlier, the magnitude of this
current is dependent on the ionic concentration present within the electrolyte: as the PE-
DOT film actuates, it releases ions into and/or absorbs ions from the electrolyte, thereby
changing the local solution conductance. Thus, in the open-circuit configuration shown
in Figure 4.2B, it should be possible to characterize the ion flux associated with PEDOT
film actuation. Additionally, cyclic voltammograms were obtained using a custom pro-
gram and setup, using the same setup as described above; this technique is developed in
detail in Chapter 6.

4.2.4 In-Situ Atomic Force Microscopy of the Thin Film

For in situ height measurements of the PEDOT film as it was actuated, an AMBIOS QS-
cope 250 atomic force microscope was used. The same electrochemical cell setup and po-
tentiostat utilized in the SICM experiments, as described in the preceding sections, was
also utilized in these AFM experiments. For each experiment, the height of a single spot
was sampled in tapping mode, with xy-plane scanning disabled. The AFM tip used was
an uncoated MikroMasch CSC-17 n-type silicon (phosphorus doped) probe. Addition-
ally, the film was also imaged using the AFM when no actuation was present, with the
height profile taken from a cross-section across both film and bare substrate indicating a
film thickness of approximately 1.6 µm.

4.2.5 Scanning Electron Microscopy of the Thin Film

SEM imaging used a Philips XL30S instrument, with samples sputter-coated with plat-
inum to prevent charging. To meet the sample dimension constrains imposed by SEM
imaging, the micropipettes were broken from their usual length of over 5 cm down to
1 cm, leaving only the tip region. They were then mounted using double-sided graphite
tape on aluminum studs. The same sputter-coating and mounting procedure was fol-
lowed for the PEDOT films. Again, because of sample dimension constrains, PEDOT
films for SEM imaging were electrodeposited on a smaller ITO-coated glass substrate
(Delta Technologies Limited, product number CG-41IN-S107) rather than the glassy car-
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bon substrate described previously.

4.3 Results and Discussion of SICM Ion Flux Measurement

Conventional electrochemical characterisation of the redox cycling of the film in the di-
lute aqueous electrolyte was consistent with the literature [220,227], and the SICM current
was in agreement, showing a response specifically correlated with oxidation and reduc-
tion of the polymer. Cyclic voltammetry with the isolation relay running at 10 Hz showed
that the general electrochemical behaviour was unperturbed. For more detailed investi-
gation, the SICM experiments shown in Figure 4.3 implemented the following actuation
profile: (a) preliminary sections of the potentiostat program not applying a potential dif-
ference; (b) actuation for 60 s at +0.8 V, which was sufficiently positive to fully oxidise
the film, followed by 60 s at −0.8 V, which was sufficiently negative to fully reduce the
film, repeated a number of times; and (c) final sections of no potential difference ap-
plied. The isolation relay operated at 10 Hz throughout. Figure 4.3A shows one pair of
+0.8 V and −0.8 V cycles, with the solid curves indicating the open-circuit cell potentials
that arise from the 10 Hz switching. The change in open-circuit cell potentials is smooth
and gradual, taking approximately 60 s to reach the voltage being applied (e.g., +0.8 V).
In a control experiment that used a bare GC substrate instead of a PEDOT/GC substrate
(same setup otherwise), there was no notable capacitance present, that is, the open-circuit
cell potentials reached applied potential levels in a fraction of a second.

Potentiostat currents were monitored while the voltage profiles were applied, with
results shown in Figure 4.3B. There was no discernible current measured by the poten-
tiostat in the open-circuit intervals (solid line in Figure 4.3B). This is expected, since there
is no connection between potentiostat and PEDOT film in the open-circuit intervals (re-
call Figure 4.1F). Meanwhile, the closed-circuit regimes are plotted in Figure 4.3B as the
outermost defining edges of the gray curves, quantifying the current flow in and out of
the PEDOT, and hence charge and change of oxidation state. These data are consistent
with the capacitance observed in Figure 4.3A, with both sets of curves following a similar
profile.

The open-circuit currents that were measured using the SICM micropipette are shown
in Figure 4.3C. It is immediately evident that these transients clearly delineate several
distinct phases during the oxidation and reduction of the CP film. For correlation, in sep-
arate experiments using the same electrochemical cell setup, in situ height measurements
were performed of the PEDOT film as it was actuated, using an atomic force microscope
(AFM), with the height of a single spot being sampled [184] in tapping mode. Actuation
on the order of 10% was observed, with the film swelling upon oxidation, and shrinking
upon reduction.

Effects of film swelling and effects of local solution conductivity change can in prin-
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Figure 4.3: Typical oxidation and reduction cycles for a new PEDOT film. (A) The electrode potential
applied was +0.8 V for 60 s, followed by −0.8 V for 60 s, alternating at 10 Hz between closed-
circuit and open-circuit configurations (all dark lines correspond to open-circuit periods). (B) Currents
measured using the potentiostat. (C) Currents measured using the SICM micropipette placed directly
above the actuating PEDOT. The pipette bias potential was −60 mV giving a pipette current in the
absence of effects due to the CP electrode of −1500 pA, marked by the horizontal dotted line. (D)
Height changes of the PEDOT film during actuation, with five fairly distinct rates of height change
identified, R1 to R5. Note that for parts (A-C), the black lines represent open-circuit data, while the
gray areas represent transient data.

ciple be distinguished because of their different dependence on the ratio d
ri

, where d the
perpendicular distance from the bottom of the pipette to the top of the substrate and ri

is the internal radius of the pipette. In the present work ri ≈ 0.5 µm and d ≈ 2 µm, so
that the effect of the 100 nm film expansion would be a change in pipette current of less
than 1% [43]. Resolution of topography changes on the scale of 100 nm would require d
≈ 250 nm and simulations to fit the signals at different spacing in order to deconvolute
the effects of solution composition change, which has not been attempted herein.

The measurements of ion flux and height change are correlated in Figures 4.3C and
4.3D, with several regions of interest apparent, which have been labelled as R1 to R5. Each
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of these showed fairly distinct rates of height change, which were reflected in the open-
circuit SICM micropipette currents. Specifically, immediately upon application to the
reduced-state film of a potential sufficiently high to fully oxidize it, there was a small con-
traction (R1) followed by a relatively rapid expansion (R2) which then markedly slowed
(R3). Immediately upon re-reduction, there was a rapid contraction (R4) which then also
markedly slowed (R5). In R1, the SICM current magnitude immediately increased above
the value in the unperturbed state. In R2, it decreased and passed through a minimum. In
R3, it went through a shallow maximum before decreasing. In R4, the pipette current im-
mediately after the potential step went through a sharp minimum, less than the value in
the unperturbed state, and then increased until in R5 going through a shallow maximum
then minimum before increasing towards the unperturbed state.

The SICM transients changed over time as the CP film was cycled repeatedly, as illus-
trated in Figure 4.4. The minima and maxima on both oxidation and reduction became
much more prominent, and on oxidation, particularly, a significant and stable offset of
the SICM current developed. If however the electrode potential was maintained constant
and the SICM tip was retracted and then re-approached, this offset disappeared. Finally,
as shown in Figure 4.5, the form of the transient depended on the sign of the bias ap-
plied to the SICM tip, the various oscillations being much less pronounced if the pipette
was biased positive with respect to the solution. There was also a significant transient
current observed if there was no bias between the interior of the pipette and the external
solution. The zero-bias transients diminished the greater the pipette-CP separation (as
will be considered in more detail in Section 4.4), and no such effects appeared with an
uncoated glassy carbon electrode control experiment. These results are interpreted with
three ideas:

(i) Both anion and cation exchange with the CP occur with different timescales and
changing with continued cycling of the film, in agreement with previous experi-
mental findings and modeling [234, 235].

(ii) Composition variations of the CP develop in the plane of the electrode, caused by
the current distribution in the cell and by screening effects of the pipette, and also
changing with continued cycling.

(iii) Solution composition changes are caused immediately underneath the pipette tip
by electromigration associated with the pipette current.

The latter two effects are artifacts, though also informative. Note that film expansion
is expected to be associated with a net ion ingress and film contraction with a net ion
egress. Now, for the ‘new’ film whose behavior is detailed in Figure 4.3, in the region R1,
the first 2 seconds of oxidation, there is a small contraction of the film associated with an
increase in pipette current magnitude, consistent with ion expulsion from the film. The
net reaction in this phase is interpreted as:
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Figure 4.4: Aging effects as a function of redox cycle number, measured using the SICM micropipette,
with only open-circuit regions of the data plotted. The cycles are oxidation for 60 s, followed by
reduction for 60 s, alternating at 10 Hz between closed-circuit and open-circuit configurations. Insert:
Long-term behavior, with 5x cycle time length.

(PA+B−)→ (P+B−) + A+ + e− (4.1)

In the above equation, P denotes the polymer and A+ and B− the ions associated with it.
R1 is likely due to an initial expulsion of surface cations from the immediately accessible
top layers of the PEDOT, namely TBA+ cations in the first few cycles and Na+ in the later
ones (TBACF3SO3 was the electrolyte used during electropolymerization, while 0.01 M
NaCl was used as the cycling solution). This initial oxidation region was then followed,
in R2, by a change in behaviour, with the film expanding and the pipette current mag-
nitude decreasing before a relaxation to the final state when the oxidation approached
completion. The interpretation is that the film is growing because of Cl− anion intake,
into the polymer beneath the immediate solution interface. That is, the net reaction can
be written:

(PA+) + Cl−→ (P+A+Cl−) + e− (4.2)

Upon reduction, there was an immediate decrease of pipette current magnitude, cor-
responding to the reverse of Equation 4.1, followed by an increase on a longer time scale,
corresponding to the reverse of Equation 4.2, before the relaxation corresponding to com-
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pletion of reduction. The strong variation of these effects with continued cycling of
the film is shown in Figure 4.4. The ‘surface’ (Equation 4.1) and ‘bulk’ (Equation 4.2)
processes become much more strongly distinguished and the effects of cation exchange
(Equation 4.1) perhaps more dominant. The ageing may be related to the fact that PEDOT
was electropolymerized in a PC / TBACF3SO3 solvent, but was subsequently cycled in
water. This may lead to microstructure changes [196], with the sites involved in the ion
exchange shifting as a function of time. Additionally, the species being cycled are likely
to change as function of ageing, that is, from TBA+ to Na+ cations and from CF3COO−

to Cl− anions, leading to PEDOT compositional changes. However, the effects are also
significantly influenced by artifacts of the measurement which themselves partly arise as
specific consequences of the changes induced in the polymer by the cycling.

The zero-bias pipette current observed (Figure 4.5) can be interpreted as a current
due to short-circuit discharge of a capacitor associated with the sample. The effect is
subtle though, since the sample is not directly connected to the measurement circuit, ex-
cept through the solution. The sample can be considered as a capacitive transmission
line [236], short-circuited on one arm through the substrate but with a significant resis-
tance in the other arm due to the low-concentration electrolyte solution. The characteris-
tics of this transmission line also depend upon the (time-varying) state of oxidation of the
polymer, since this determines the electronic resistance of the polymer film. If the trans-
mission line is not uniformly charged, that is, if the polymer is spatially non-uniform in
its state of oxidation, then there will be a current circulating through the solution that will
also pass through the pipette.

Spatial non-uniformity of oxidation state can arise because of non-uniform current
distribution in the electrochemical cell, which would be caused by the cell geometry –
a ring electrode around the CP electrode, with a low-conductivity electrolyte – and the
local screening effect of the pipette tip. The capacitive discharge of the sample through
the solution during the open-circuit part of the measurement cycle can be inferred from
a relatively slow relaxation of the pipette current after the circuit is opened, that is not
a characteristic of the measurement amplifier. This slow relaxation is the cause of the
permanent offset seen in Figure 4.5. It depends on whether the CP is being oxidized or
reduced, upon the time after the potential step, and upon the number of cycles previously
imposed, all of these being effects that alter the electrical resistance and charge-storage
capacity of the polymer.

The effect of the sign of the pipette bias on the apparent form of the transients can
be understood because the current density through the gap between pipette and sub-
strate was rather large for these proof-of-principle experiments: 1500 pA corresponds
to approximately 25 mA

cm2 . Since the mobility of Cl− is greater than that of Na+, a nega-
tive current through the pipette tip will increase the local salt concentration whereas a
positive current will decrease it. These local concentration gradients would affect the de-
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Figure 4.5: SICM micropipette currents for a 50-cycle aged film as a function of offset Vamp, with
open-circuit regions of the data plotted.

velopment of the spatial variation of the oxidation state of the polymer. The consequence
appears to be that the discrimination of the different phases of ion movement into and
out of the polymer is altered.

4.4 Ion Flux Dependence on Sample Area and Separation

As noted in the preceding section, an unexpected phenomenon found to arise during
the experiments was the presence of a baseline current, hundreds of pA in magnitude,
as shown in Figure 4.6A. This baseline is unexpected because it occurs at a Vamp value
of approximately zero mV, when no potential difference is present and as a result no
current should flow. Indeed, there was approximately no current present when a control
experiment was run with a bare GC substrate (Figure 4.6A), thus confirming that the
baseline is not an artifact from another aspect of the experimental setup, such as the
patch clamp amplifier. Rather, this pinpoints the presence of the PEDOT as responsible
for the baseline current.

In Figure 4.6B, the results of an experiment optimizing area are shown. The baseline
offset is very significant (over 3000 pA at one point) for the large substrate, which cor-
responded to an approximately 100 mm2 area of PEDOT, surrounded by exposed GC.
In the small substrate, the GC was taped off so that the PEDOT covered only 3 mm2,
which dramatically lowered the offset current. Thus, a smaller CP area will improve the
experimental setup, which are hypothesized to be due to the nature of the baseline cur-
rent: it may arise from a redox state distribution on the xy-plane of the PEDOT, due to
the relatively close proximity of the SICM micropipette probe. Future work may use mi-
crofabrication techniques to polymerize much smaller areas, potentially eliminating this
offset using this strategy.

The effects of tip separation was also studied, that is, the distance between the micro-
pipette tip of the SICM micropipette and the PEDOT substrate. As shown in Figure 4.7,
the baseline current is strongest when the tip is near the CP, at a 2 µm separation. It is
relatively resilient as the separation is increased to tens of microns, with the exception of
an important reduction-cycle transient that occurs at the 200 second mark in Figure 4.7.
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A B

Figure 4.6: (A) Open-circuit Iamp currents as a function of substrate, and (B) open-circuit and closed-
circuit Iamp currents as a function of substrate size (“large” meaning approximately 100 mm2 PEDOT
plus exposed GC, “small” approximately 3 mm2 PEDOT).

Figure 4.7: Open-circuit Iamp currents as a function of separation distance between micropipette tip
and PEDOT film surface.

As the separation between tip and substrate is increased further, to beyond 100 µm, the
ion flux signal fades strongly, although this is likely to be due to diffusion effects in addi-
tion to the aforementioned redox state distribution on the xy-plane of the PEDOT, which
should diminish with withdrawal of the tip. Although this withdrawal strategy does suc-
cessfully diminish the baseline current, it is not likely a feasible approach for addressing
this problem since the associated increase in diffusion effects will reduce the accuracy of
CP ion flux measurements.
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4.5 Towards Simultaneous Ion Flux and Topography Measure-

ments

As developed in the previous sections of this chapter, the standard SICM can be modified
in order to measure the local ion flux associated with electrochemically-active CP [73], by
incorporating an operating electrochemical cell, as shown in Figure 4.8A. However, in
that experiment measurement of film height changes had to be obtained with a separate
instrument, an AFM operating in situ, which led to a key limitation: the SICM ion flux
and AFM height change measurements were carried out sequentially, rather than simul-
taneously, under the assumption that no significant changes occur between the two elec-
trochemical actuation iterations (and experimental setups) of the experiment. It would
be advantageous to overcome this limitation through the design of a dual-mode SICM in-
strument capable of measuring ion flux and height changes simultaneously, a possibility
that is explored in this section.2

Specifically, it will be proposed that a new design may be capable of simultaneously
determining both ion flux and topography, on the basis of subtle current density magni-
tude shifts and precisely chosen experimental positioning parameters. A simulation of
the geometrical model – consisting of the pipette, CP film and electrodes – is setup and
solved in 2D axi-symmetrical domain. The ion concentrations, voltage potentials and
current densities are determined as a function of time, with three key parameters var-
ied: the maximum ion flux value Jmax, CP swelling Tp and overall separation distance d
between pipette and polymer.

4.5.1 Current Contributions from Ion Flux and Proximity Changes

There is a subtle but important point to be noted in the experimental setup of Figure 4.8A:
if the pipette is sufficiently close to the actuating film, then the expansion or contraction of
this CP substrate will alter the current path geometry. This results in a convolution of sig-
nals, with the observed current affected by both the conductivity change due to ion flux
and the conductivity change due to the altered pipette-to-substrate geometry. To avoid
this issue, our previous study positioned the pipette sufficiently far from the sample,
with current measurement not influenced by subtle film expansions or contractions [73].
However, if the two could be successfully deconvoluted, then any such modified SICM
instrument would be capable of measuring both ion flux and height changes.

As shown in Figure 4.8B, consider a pipette with an internal radius ri, positioned at
a perpendicular distance d from the substrate (specifically, d as measured from the bottom
of the pipette to the top of the substrate). As the potentiostat actuates the electrochemically-

2The text and figures of this Section 4.5 and its Subsections 4.5.1-4.5.3 are based on K. Kannappan, C. Laslau
et al., Proceedings of SPIE, 8340, pp. 8340I:1–9, 2012. Details of author contributions can be found in Ap-
pendix B.



4.5. TOWARDS SIMULTANEOUS ION FLUX AND TOPOGRAPHY MEASUREMENTS 55

A B

Figure 4.8: Schematic of proposed SICM setup and simulation parameters. (A) In this proposed
modified SICM, the actuation of a CP through a potentiostat results both in a change in substrate
height and in a release (and/or absorption) of ions; note that both of these factors affect the current
path, in addition to the conventional pipette approach curve factor. (B) The simulation geometry,
domain equations and boundary condition (not to scale). The geometrical variables are d (distance
between pipette and polymer), Tp (change in polymer thickness), ri (pipette inner radius = 1 µm), rs

(polymer radius = 10 µm), Gw (simulation geometrical radius = 40 µm) and Gh (simulation geometrical
height = 20 µm).

B1 B2 B3 B4 B5
∂C
∂t = UA∇ ·

(
RCT
F ∇C + C∇φs

)
Ji = 0 Ji = 0 Ji = 0 Ji = Jp C = C0

Equation 4.9 φS = V0 φS = 0 ∇φS = 0 ∇φS = 0 ∇φS = 0

Table 4.1: Boundary conditions for the simulation of the proposed SICM modification in Figure 4.8A,
as based the boundaries defined in Figure 4.8B.

active CP, then d may be increased or decreased, which in turn will decrease or increase
the access resistance of the pipette, respectively. For example, if the actuating CP swells,
its increased height will decrease the pipette-substrate distance d, thus increasing the pi-
pette access resistance and decreasing the observed current magnitude; the process is
analogous to the conventional SICM approach curve concept [41, 58], but here it is the
substrate the moves towards the pipette, rather than the reverse. At the same time, an-
other process is occurring that also contributes to the observed SICM current: ion flux
from the electrochemically-active CP changes the local solution conductivity. Thus, to
reiterate, there are two contributions possible to the SICM current behaviour in the setup
of Figure 4.8A – first, the ion flux, and secondly, the film actuation – and the purpose of
this section is to explore whether (and how) the two may be modeled and distinguished.
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4.5.2 Modeling the SICM Pipette and Actuating Conducting Polymer Film

As noted previously there is significant interest in understanding the theoretical funda-
mentals of SICM and pipette operation through modeling of the system [43, 114], and
herein we build on these efforts by combining the conventional SICM setup with a the-
oretical description of the simplified ion flux associated with an electrochemically-active
CP substrate [237]. In this section, we have theoretically determined the changes in the
current (specifically, with the switch in the OFF mode of the setup shown in Figure 4.8A),
caused by the ion flux out of the polymer and a change in its thickness due to a reduc-
tion reaction (as applied in the ON mode, Figure 4.8A). The model was simplified by not
including the redox reaction equations in and at the interface of the polymer; instead, an
empirical inverse sigmoidal function over time representing the ion flux at the interface
was added as a boundary condition to account for the polymer reaction. The time scale
and the shape of this function were based on the experimental data from our previous
study [73].

The model was setup and solved in 2D axi-symmetrical domain using COMSOL 4.0
Multiphysics. The model geometry consists of the pipette tip and the surrounding elec-
trolyte as shown in Figure 4.8B and in Table 4.1. The initial electrolyte concentration (C0)
inside the pipette was considered the same as the surrounding electrolyte. A constant
potential was applied between the boundaries B1 (electrode inside the pipette) and B2
(electrode in the surrounding electrolyte). The CP surface was represented by bound-
ary B4 with a flux of ions out of the boundary. The bulk solution surrounding the setup
was represented by boundary B5 and was fixed to bulk concentration, C0. All the other
boundaries were considered as no flux boundaries (B3). When the CP is oxidised or re-
duced, there is an ion flux into or out of the polymer in conjunction with change in its
thickness. Assuming a generic CP denoted P doped with NaCl, then the reaction being
considered is reduction of P with a corresponding shrinkage in dimensions, that is, (P+

Na+ Cl−) gains electrons and expels Cl− ions into the aqueous solution according to the
following equation:

(P+·Na+Cl−) + e−
 (P· Na+) + Cl− (4.3)

In previous experiments the metal electrodes were Ag/AgCl, i.e., a silver / silver chloride
system was chosen, consisting of a Ag(s) solid core covered by a layer of its salt silver (I)
chloride, AgCl(s), with electron transfer occurring at this interface. The ion flux causes
a change in electrolyte concentration near the CP. This change in concentration can be
determined using the drift-diffusion equation:
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∂Ci

∂t
= −∇ · Ji (4.4)

where Ji is the flux of the ions in the solution given by the following equation:

Ji = (Di∇Ci + UiziCi∇φs) (4.5)

which is determined by the flux due to the reaction at the interface, diffusion of ions and
electro-migration of ions due to the applied electric field. The applied electric field and
the total current depend on the conductivity of the solution, which in turn is determined
by the concentration of the solution. The assumption is made here that the electrolyte is
just one salt, with two ions (e.g., NaCl). 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 JA and JB:

iS = (JA − JB)F (4.6)

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:

∇ · iS = ∇ · (JA − JB)F (4.7)

= 0

A key assumption made is that of charge neutrality, i.e., the concentrations of the posi-
tive and negative ions remain the same throughout the solution. Setting CA = CB = C,
the boundary conditions can also be simplified, since all boundaries are no-flux for the
species A. Using equations 4.5 and 4.8:

∇ · (JA − JB) = ∇ · (DA∇C − UAC∇φS +DB∇C − UBC∇φS) (4.8)

= 0

which with the Nernst-Einstein equation D = RCTU
|z|F = RCTU

F (assuming an ionic charge z
of 1) gives:

(UA − UB)
RCT

F
∇2C + (UA + UB)∇ · (C∇φS) = 0 (4.9)
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Figure 4.9: Modeled ion flux over time due to polymer reaction: Jp(t) = Jmax

1+e
(t−Tr)

W

.

This is the equation that is solved instead of Poisson’s equation, together with the drift-
diffusion equation 4.4. Note that the assumption of electroneutrality does not imply that
the right hand side of Poisson’s equation goes to zero; that is, that Laplace’s equation
holds for the potential. Laplace’s equation is valid only if the mass transfer of the ions
does not contribute to the current flow, which in this current case is not true.

4.5.3 Simulation Results and Discussion

In our simulations, we considered the case of polymer reduction, during which there is
a release of negative ions from the polymer into the solution (Equation 4.3). This release
of ions is accompanied by a shrinking of the polymer, from its swollen oxidized state
to its smaller reduced state. In our model, we assumed that the polymer reaction starts
after the potential switch between the probing electrodes (B1 and B2) and hence when the
reaction starts the flux increases rapidly to its maximum and then decreases over time, to
reach zero. The decaying ion flux resulting from the CP reaction was modelled as inverse
sigmoidal function over time:

Jp(t) =
Jmax

1 + e
(t−Tr)
W

(4.10)

Where Jp(t) is the ion flux as a function of time, Jmax the maximum flux, Tr the transition
time at which the flux decreases from Jmax to zero and W the width of the transition. The
transition time was fixed to be 5 seconds and transition width to 1 seconds. This input
ion flux as a function of time is plotted in Figure 4.9. (Note that, for the values specified
here, the function will approach very close to, but not attain Jmax.)

The release of negative ions into the solution will cause a change in the concentration
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Figure 4.10: Concentration gradients near the pipette tip for CP expansions of (A) 100 nm and
(B) 200 nm during the simulation for the parameters t = 1.5 s, Jmax = 5 · 10−4 moles

m2 s
and d = 250 nm.

For clarity, the region between pipette tip and polymer film are graphed in parts (C) and (D). Specifi-
cally, part (C) corresponds to a slice of (A) at the value y = 0.1 µm, while part (D) corresponds to a
slice of (B) at the value y = 0.2 µm.

of the electrolyte between the pipette tip and the polymer which will affect the current
flow between the probing electrodes (B1 and B2). The potential and the concentration dis-
tributions in the modeled geometry are shown in Figure 4.10, for two different polymer
expansion geometries. Note that the modeled geometry was significantly larger (geomet-
rical radius Gw = 40 µm, geometrical height Gh = 20 µm), but for clear visualization of
the localized tip effects, Figure 4.10 highlights a smaller area.

Three aspects of the experimental geometry and ion flux parameters were varied in
order to study the resulting effects on current. Firstly, we positioned the pipette tip at
different heights from the polymer (i.e., referring to Figure 4.8B, we varied the distance
d, from 1 µm to 500 nm to 250 nm) and studied the resulting current change. Secondly,
for each of these different pipette heights, the polymer thickness change was varied from
200 nm to 100 nm to 50 nm. In doing this, we were able to investigate how close the
pipette tip must be to the polymer to detect the change in the polymer thickness on the
order of about 100 nm. Thirdly, we studied the effect of varying the maximum ion flux,
Jmax. The results are summarized in Figure 4.11.

The results show the current density values across the electrodes over time for differ-
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Figure 4.11: (A) Changes in current density as a function of different pipette to polymer distances
d and changes in polymer swelling Tp. The maximum flux was kept constant at Jmax = 5 · 10−4 A

m2 .
Different pipette to polymer distances d are indicated by colors (red: d = 250 nm, blue: d = 500 nm,
green: d = 1 µm). (B) Changes in current density for different ion flux values Jmax and changes in
polymer swelling Tp. The distance d between pipette and polymer was kept constant at d = 500 nm.
Different ion flux values are indicated by color. (C) Effect of different polymer swelling values Tp on
current density (red lines, solid: Tp = 200 nm, hashed: Tp = 100 nm, dotted: Tp = 50 nm), as contrasted
against a baseline I0 where no ion flux and no swelling were present. The maximum flux and distance
between pipette and polymer were kept constant at Jmax = 5 · 10−4 A

m2 and d = 250 nm. (D) Graph
showing how the currents at peak flux and at steady state (with I0 accounted for) depends on polymer
thickness change.

ent values of pipette height d, polymer thickness change Tp and maximum ion flux Jmax.
As the polymer reaction starts, the current density magnitude increases due to the flux
of ions from the polymer. This current density magnitude continues to increase until the
ion flux stops (recall from Figure 4.9 that it levels off towards zero) after which the cur-
rent relaxes back to its steady state value due to diffusion of ions from the bulk solution,
thereby changing the solution concentration back to its initial concentration. From the
results of Figure 4.11A it can be immediately deduced that a polymer thickness decrease
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from 200 nm to 100 nm did not affect the current density for the case when the distance
d between the pipette and polymer is relatively high, that is, in the range of 1 µm (green
colored lines in Figure 4.11A).

Even for a separation of 500 nm, the differences in current density as the CP film ac-
tuates are small enough to not be plausibly useful as a quantification method of height
change. Indeed, it is only when the pipette tip was brought to within 250 nm of the poly-
mer that there was a significant change in the current density, as shown for the cases of Tp

having values of 100 nm and 200 nm. A subtle point is that the final steady-state current
magnitude varies based on geometry only when the pipette is in very close proximity to
the film: the two red lines in Figure 4.11A (d = 250 nm, Tp = 100 nm and 200 nm) corre-
spond to a subtle change in film thickness Tp, yet result in an obvious shift of about 7 A

m2

in the final steady-state current magnitude. It is possible that this effect is in fact am-
plified by the ion flux, since the local concentration may be significantly affected by the
proximity of the pipette. Thus, the simulations based on geometry variations indicated
that our proposed design for an SICM capable of simultaneous ion flux and topography
measurements may be successful in principle, for separations between pipette and film
lower than 250 nm. In particular, the current density level variations between overall sep-
arations (i.e., d− Tp) of 50 nm and 150 nm are differentiable, with a change in magnitude
of a few percent.

The magnitude of the ion flux is also of key importance, which is highlighted in Fig-
ure 4.11B by plotting the results as a function of maximum ion flux Jmax, changing over
one order of magnitude from 5 · 10−4 A

m2 to 0.5 · 10−4 A
m2 . The distance d between the pi-

pette tip to the polymer was held constant, while, as before, the polymer thickness Tp was
changed. The results show the important effect of changing maximum ion flux Jmax by
an order of magnitude: at 0.5 ·10−4 A

m2 (green lines) the actuation Tp is less visible than the
pronounced effect at a Jmax of 5 · 10−4 A

m2 (red lines). Thus, in addition to the requirement
of an overall separation (i.e., d−Tp) of around 50 nm to 150 nm, as established in the pre-
vious paragraph, there is also a requirement in this proposed technique for a sufficiently
large ion flux. Practically, in terms of experimental setup, this will be determined by the
CP type, its dopants, its solvated ions, its thickness and its width.

Finally Figures 4.11C and 4.11D contrast a baseline current I0, where no ion flux and
no swelling were present (i.e., Jmax = 0, Tp = 0), against the effect of different polymer
swelling values Tp (50 nm, 100 nm and 200 nm) arising from ion flux. Note that in the
cases where Tp > 0 in Figures 4.11C and 4.11D, the maximum flux and distance between
pipette and polymer were kept constant at Jmax = 5 · 10−4 A

m2 and d = 250 nm, respec-
tively. Figure 4.11D plots a graph of how polymer thickness change affects the currents
at peak flux (Ipeak flux) and at steady state (Isteady state), as defined in Figure 4.11C by the
black arrows; the current magnitude was taken as an absolute to account for the baseline
current I0, e.g.,

∣∣I0 − Ipeak flux
∣∣. The results show that both at peak flux and steady state
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the absolute current difference depends strongly on Tp, and is particularly sensitive for
larger polymer swelling values (e.g., Tp = 200 nm). To summarize, the fact that there is a
clearly differentiable trend between Tp thicknesses at both at peak flux and steady state
currents bodes well for the prospect of deconvoluting the current contribution arising
from the thickness change Tp versus the ion flux arising from Jmax.

4.6 Conclusion and Outlook for Ion Flux Mapping

A novel type of SICM setup has been introduced, designed to measure CP ion flux. Its
technological advance is that it is the first SICM that uses an electrochemical cell, and its
strategic significance is that it combines ion flux detection capability with localized mea-
surements. For the PEDOT thin film system studied herein, a complex time-dependent
mixed-ion actuation process with different timescales was deduced, which was depen-
dent on the cycling history of the film. This new technique should complement existing
tools such as AFM, EQCM and ECMD for CP actuation studies. Using it, ion flux imaging
is feasible, but artifacts need to be controlled. Measurement of the ion flux characteristics
of individual nanostructures such as CP nanotubes may be possible.

Additionally, simulations have been presented that explore the plausibility of a mod-
ified SICM design capable of simultaneous ion flux and topography measurements. A
geometrical model was setup and solved in 2D axi-symmetrical domain, with concentra-
tions, potentials and current densities determined as a function of time. It was found that
changes due to ion flux can be determined at all values of Jmax, Tp and d, but that in order
to simultaneously determine changes due to CP actuation the overall separation Tp − d
must be around 50 to 150 nm (i.e., roughly the same as the magnitude of the actuation
itself) and that there is order-of-magnitude sensitivity to the value of Jmax.

The effect of the ion flux from the CP may actually serve to amplify the effect that
arises from to the change in topography. This may be further investigated by compar-
ing the actual topography effects (observed as the final steady-state current magnitudes,
after the transient decays of ion currents have finished) versus the apparent topography
effects (observed during the transient decays of ion current). Quantitative separation of
these two effects would, however, be difficult, in part due to the level of current change
involved, which is in the range of a few percent. Increasing Jmax may allow for an even
more evident effect arising from topographical changes, but the practicality of doing so
will depend on the experimental parameters available for adjustment (e.g., CP film thick-
ness, width, type, dopants, solvents, etc.).



5
Pipette Techniques for Highly Localized

Electrochemical Fabrication

The limited toolbox for conducting polymer microscale fabrication and characterization
hampers the development of device applications such as sensors and actuators. To ad-
dress this issue, this chapter1 presents a robust, integrated methodology capable of elec-
trochemical fabrication and characterization of CPs in a highly localized manner, al-
lowing for CP patterning, plus the spatial mapping of voltammetric response. This
is enabled by a scanned probe microscopy (SPM) setup tipped with a single-barreled
micropipette to electrochemically polymerize CP microspot arrays, demonstrated for 3,4-
ethylenedioxythiophene and aniline monomers. Stationary electropolymerization pro-
duces individual microspots; lateral movement produces long microribbons; retraction
produces extruded microstructures.

5.1 Introduction

This chapter describes the use of microscale pipettes for the electrochemical fabrication
and characterization of CPs – demonstrated for PEDOT and PANI, CPs of great inter-
est [3,34,124,238–242]. In doing so, it addresses three central issues facing those that seek
to apply CPs to miniaturized devices:

(i) How to pattern CPs quickly at the microscale, in precise locations and in repeatable,
large arrays.

(ii) How to control microstructure thickness and shape (i.e., extruded aspect ratios).

(iii) How to locally characterize the voltammetric response of these microstructures.

1This chapter is based on [a] C. Laslau et al., Advanced Functional Materials, 21, pp. 4607–4616, 2011 and [b]
C. Laslau et al., Processing and Fabrication of Advanced Materials 19, pp. 300–309, 2011. Details of author
contributions can be found in Appendix B.
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In this and the next chapter it will be shown that all three goals can be met with the same
scanned probe microscope (SPM) setup, which will be argued is a robust, flexible and
cost-effective platform for CP micro-fabrication and characterization.

Microspotting itself, as illustrated in (Figure 5.1A), is enabled by the convergence
of advances made in fields that range from pipette fabrication [104] to hopping-mode
SICM [58], to “in-air” pipette scanning [66–68], to 2D [243–245] and 3D [72] CP spot-
ting. This is the first demonstration of micron-scale electropolymerized microspotting of
CPs using pipettes for a range of monomer types and aspect ratios, although chemically
oxidized microspotting was recently demonstrated [72], as has larger spot electropoly-
merization [245]. There is clearly a strong interest in the CP community for micro- and
nanoscale fabrication of patterns for novel devices [246], previously demonstrated using:
(i) fine tips [162, 164, 247–249], (ii) AFM dip-pen nanolithography [139, 147, 250, 251], (iii)
standard cleanroom fabrication techniques [252–257], (iv) AFM scratch lithography [258,
259], (v) cantilever-based electrochemical deposition [243, 260], (vi) integrated microflu-
idic systems [84], (vii) scanning electrochemical microscope (SECM) electropolymeriza-
tion [165, 167, 261–264] and (viii) electrohydrodynamic jet printing [265].

To summarize the most relevant lessons (to CP applications) drawn from these stud-
ies, this chapter will begin by outlining the guiding principles behind a SPM setup capa-
ble of CP micro-fabrication and characterization.

5.2 Principles of Micropipette-Localized CP Electrochemistry

5.2.1 Pipette Sizes, Types and Corresponding Electrochemical Setups

The resolution of pipette-tipped SPM systems is largely determined by pipette tip di-
ameter [58, 65, 72, 162, 164]. Due to ease of fabrication, borosilicate capillaries are typi-
cally the starting materials for laser-pulled pipettes. Sub-micron tip sizes are routinely
achieved [39], but extremely fine tips (10 nm [39]) require quartz capillaries. As tip diam-
eter decreases, the resulting finer resolution must be balanced with trade-offs:

(i) Higher electrical resistance, due to smaller opening and elongated tapered-neck
geometry, leading to lower currents (typically pA in nm-opening tips, nA in µm-
opening tips) and thus increasingly complex control systems, current amplification
and electrical noise isolation.

(ii) Higher susceptibility to pipette blockage by contaminants, and, when operated “in
air” (not immersed in liquid as in SICMs [41, 58, 266]), susceptibility to tip evapora-
tion/crystallization for saline electrolytes.

(iii) Increased physical resistance to pipette filling, requiring modifications to electrolyte
wetting or pipette surfaces [267] and, in the context of CPs, precluding viscous sol-
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Figure 5.1: Principles of localized (A) electropolymerization and (B) cyclic voltammetry (“µCV”), using
(C,D) single-barreled and (E,F) double-barreled micropipettes, respectively. (A) Localized electropoly-
merization uses a monomer and 2-terminal setup, with V dep applied between working electrode (W.E.)
and combined counter and reference electrodes (C.E.+R.E.). (B) µCV uses a salt solution and 3-
terminal setup, with VCV applied between working electrode and separated counter and reference
electrodes. Note orange arrows indicating computer program control; system is enclosed within a
Faraday cage, resting on an air table.

vents (e.g., propylene carbonate [220, 227, 268]) or large dopants (e.g., polystyrene
sulfonate [269]).

(iv) Increasingly complicated laser-pulling fabrication processes, with reduced repetabil-
ity.

(v) Slower pipette approach speeds, and piezoactuator accuracies a magnitude better
than pipette tip diameters.

For these reasons, tip diameters on the order of microns were chosen (see Figure 5.1C-F).
Single-barreled pipettes are more common in SPM setups, but double-barreled sys-

tems also exist [91] (and highly specialized capillaries with even more barrels are com-
mercially available). As Figure 5.1 shows, pipette types correspond to particular elec-
trochemical experiment setups: single-barreled pipettes are sufficient when potentiostat
counter and reference electrodes are connected (C.E.+R.E., Figure 5.1A), while double-
barreled pipettes are required for C.E./R.E. separation (Figure 5.1B). The working elec-
trode remains unchanged regardless of setup. Single-barreled setups were used for highly-
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A B C D

Figure 5.2: Two types of CP electropolymerization are introduced: (A) “in-liquid” using a solution
bath, featuring a gradual approach curve similar to conventional SICM operation, but also to (B) poorly
localized electrospotting, versus (C) “in-air” using a droplet, where lowering the micropipette leads to
an ON/OFF approach curve, and thus to a (D) droplet-localized resulting electrospotted pattern.

localized electrochemical polymerization of CPs, filling pipettes with 0.025 M mono-
mer (EDOT or aniline), 0.1 M NaCl and Milli-Q distilled water. µCV experiments used
monomer-free solution, with both single- and double-barreled pipettes investigated. In
this work, all voltages are expressed with respect to an Ag/AgCl wire inserted into the
pipette as reference or counter/reference electrode.

5.2.2 Approach Curves

Although the system presented herein is largely analogous to SICM/SECM setups, the
“in-air” pipette tip operation (rather than SICM/SECM liquid immersion) gives rise to
conceptually different approach curves, requiring alternate control parameters. Immer-
sion in liquid provides gradual “warning” of impeding contact with substrate, either by
a current increase (for SECMs [167, 261]) or decrease (for SICMs [41, 58]), as shown in
Figure 5.2A. In contrast, “in-air” approach curves have an OFF/ON behavior: when the
pipette is far from the substrate no current path exists from C.E./R.E. to W.E., so current
is nominally zero (“OFF” state), observed experimentally as sub-nA noise (Figure 5.3A)
when Vdep = 2.5 V, similar to that shown in Figure 5.2C. Upon surface contact a current
spike is observed (“ON” state, the approach stop condition) followed by gradual current
levelling off. Due to the sudden OFF/ON transition, “in-air” approach curves must bal-
ance step size versus droplet size: the incremental z-axis step size must be smaller than
the droplet radius formed at the pipette tip (100 nm steps were used for micron-tipped
pipettes). As pipette sizes decrease, so must step sizes, and noise shielding and current
amplification must be improved to compensate for pA-level signals; similar modifica-
tions required for Vdep < 2 V.

When microspotting large arrays, or when mapping many points for voltammetric
amperometric imaging, scanning speed improvements require optimization of approach
curves. The simplest speed increase keeps the droplet in surface contact while scan-
ning [66], but samples must meet three criteria: (i) surface roughness below tens of
nanometers; (ii) lack of tilt; and (iii) sufficient hydrophobicity to enable ‘dragging’ the
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droplet to a new location, as opposed to leaving behind an extended aqueous trail. For
samples that do not meet these criteria, an alternate speed increase shortens pullback dis-
tance: once the first approach curve determines approximate substrate height (or rather,
approximate tip-substrate separation), then subsequent approach curves can start closer.
This pullback parameter was set to be 10 µm, for three reasons: (i) surface roughness
versus lateral step size; (ii) ensuring that droplet is retracted with the tip (hydrophobic
surfaces) or escaped and left on the substrate (hydrophilic surfaces); and (iii) allowing
piezoactuator and current transients to settle.

5.2.3 Choice of “In-Liquid” vs. “In-Air” Electrospotting

In this chapter two possible setups for CP electropolymerization have been investigated,
associated with the two distinct types of automated approach curves previously dis-
cussed in 5.2.2. For “in-liquid” electrospotting, a relatively large amount of aqueous
monomer solution is present in the electrochemical cell in addition to inside the micro-
pipette. This confers the advantage of an always-present feedback current (Figure 5.2A),
but also may lead to difficulties in localization of the electrospotting behavior (Figure 5.2B)
due to diffusion considerations and distribution of the applied potential.

Conversely, the “in-air” technique suffers from the drastic ON/OFF approach curve
shown in Figure 5.2C, but benefits from localization of the monomer and electric field
to the droplet formed at the micropipette tip. The resulting morphologies of “in-liquid”
and “in-air” electrospotting were determined by AFM, as shown in Figure 5.2B and 5.2D,
respectively. Both positioned the micropipette in close proximity (i.e., within microns)
to an ITO-coated glass substrate, and both applied a constant potential for 5 seconds.
This is somewhat longer than analogous polymerization reactions that take place in more
conventional setups, a necessity that was attributed to the very small aperture of the
micropipette.

The morphology of the PEDOT electropolymerization results was influenced by the
type of SICM setup, with the “in-air” setup resulting in microrings, while the “in-liquid”
setup resulted in microspots. In both cases, the outer physical dimensions of the elec-
tropolymerized PEDOT microstructures were related to the outer diameter of the micro-
pipette, but the microspot resulting from “in-liquid” electropolymerization was larger
and thicker, with increased surface roughness and with a circularity that was not as well
defined as the “in-air” result. These differences in morphology are perhaps attributable
to the lowered confinement effect of the “in-liquid” setup, with its relatively large volume
of solution. Moreover, it was found that the effectiveness of the technique dropped off af-
ter the first 4 electrospots, perhaps because during the electropolymerization process, the
applied potentials may lead to additional growth at previously patterned electrospots, as
opposed to directly solely new growth directly beneath the micropipette tip. Due to these
concerns, the remainder of this chapter focuses on the “in-air” technique, with Section 5.4
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exploring it in further detail.

5.2.4 Choice of Substrate

Five main conditions should be met by a substrate for compatibility with these proto-
cols. First, it must be conductive, as required by approach curves and by the choice of
substrate as working electrode for electropolymerization and electrochemical characteri-
zation. Second, good CP adhesion is necessary, so that electropolymerized microspots are
robust under washing and cycling processes. Third, resistance to the electrolyte of choice
(e.g., NaCl) and to the anodic polarisation required for polymerization is needed. Fourth,
the surface should be sufficiently hydrophobic, so as to limit liquid droplet spread upon
surface contact (note that voltage can affect wetting, a strategy for electrowetting-assisted
drop deposition [270]). Fifth, the surface should be sufficiently reflective to allow visual
control for rough positioning of the pipette along xy-plane and z-axis separation, prior to
automated approach curves. It was found that glassy carbon (GC) met all conditions: it is
conductive, reflective, electrochemically inert below 3 V, has excellent CP adhesion and
limits droplet spread (contact angles of approximately 70◦ were measured for droplets
in contact with the micropipette, as considered in more detail in the following chapter,
particularly in Figure 6.2). Indium tin oxide coated glass had poorer adhesion and poorer
hydrophobicity (although silanization [271] helps), while gold-patterned electrodes were
damaged by an applied-voltage NaCl electrolyte setup.

5.3 Experimental Details

5.3.1 Materials

The microspotted conducting polymers shown in Figures 5.3 and 5.6 were fabricated us-
ing a precursor solution containing 0.025 M monomer (i.e., 3,4-ethylenedioxylthiophene
or aniline, depending on the experiment; from Sigma-Aldrich, used as received), 0.1 M
NaCl and Milli-Q distilled water. No additives were used, and the solution viscosity
was similar to that of water. The solution was ultrasonicated for 30 seconds prior to
electrospotting, loaded into a 5 mL syringe, which was tipped with a freshly rinsed Mi-
croFil MF28G tip for backfilling of micropipettes. The solution used for characterization
consisted of the exact same constituents and concentrations, but did not contain any mo-
nomer.

5.3.2 SICM Setup for Localized Electrochemical Fabrication

The construction of this instrument was detailed previously in Section 3.1.
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5.3.3 Pipette Fabrication

The pipette fabrication protocols were detailed previously in Subsection 3.1.3.

5.3.4 Conducting Polymer Microspot Fabrication

For the fabrication of the CP microstructures shown in Figures 5.3, 5.4 and 5.6, a single-
barreled micropipette was backfilled with an ultrasonicated solution containing 0.025 M
monomer, 0.1 M NaCl and Milli-Q distilled water, to a level where the micropipette was
approximately 75% full. The pipette was then tightened into a Warner Instruments ESW-
F10N electrode holder whose Ag/AgCl electrode was freshly sandpapered and chlo-
rided. A new pipette was used for each experiment, with new solutions. The glassy
carbon substrate was clamped in place using a custom-made holder, and a pogo-type
pin was used to make electrical contact. The voltage applied was through a custom-
made battery-powered potentiostat in 2-terminal mode, controlled through a custom-
made LabVIEW program.

For the microspotting experiment shown in Figure 5.3A, 2.5 V was applied for 7 sec-
onds; in Figures 5.3B,C,E-H, 2.5 V was applied for 5 seconds; in Figures 5.3D, 2.5 V was
applied for 2 seconds; in Figure 5.5, six potentials levels between 2.25 V and 3.5 V were
applied for 10 seconds. During these experiments, there was no pipette movement ex-
cept for automated approach curves, where the contact threshold was set to a level of
5 nA, and the z-approach pipette step size was 50 nm, with data sampled at 4000 Hz.
For the microspotting experiment shown in Figure 5.6, the applied voltage was 2.5 V,
and the electropolymerization time per spot was 10 seconds. The lateral step size in be-
tween spots was 20 µm for Figures 5.6A,B and 5 µm for Figures 5.6C,D. For Figure 5.7,
the z-axis retraction speed after contact was made was 0.2 µm

s , with the voltage of 2.5 V
still applied. For Figures 5.7A,B, 25 repeated z-axis approaches/retractions were made
to/from the surface, while keeping the micropipette in the same xy position.

5.4 Microscale Electropolymerization of Conducting Polymers

5.4.1 2D PEDOT Microspots

Figure 5.1A shows the two-terminal potentiostat setup used to electropolymerize PE-
DOT microspots from an EDOT/NaCl solution loaded inside single-barreled pipettes
(approximately 1 µm to 2 µm tip diameters). A representative electropolymerization cur-
rent trace is shown in Figure 5.3A, corresponding to Vdep = 2.5 V, showing that the time
to pattern each microspot was 7 seconds of electrospotting. (When approach curve time
is also counted, the total is approximately 15 seconds.) In Figure 5.3A, prior to the 10 sec-
ond mark the pipette was not in surface contact; the electrical circuit was open, yielding
sub-nA currents (background noise).
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An approach curve program lowered the pipette, with a stop condition threshold
value above the noise. A 300 ms transient current spike of over 500 nA was observed
upon contact (Figure 5.3A, 10 second mark). This transient spike provided a clear and
characteristic threshold condition that was an order of magnitude higher than the sub-
sequent electropolymerization current (Figure 5.3A, 10.5 seconds to 17 seconds). The
course of polymerization started with a rapid rise in current during the initial 2 seconds,
followed by a plateau. It was found that electropolymerization charge scales exponen-
tially with applied voltage, as detailed in Figure 5.5, where the integrated currents of six
separate experiments of fixed polymerization time are plotted as a function of voltage
applied (2.25 V to 3.5 V). Pipette retraction led to an instant current drop; the pipette was
then moved to the next location for further microspotting.

This technique is highly repeatable and robust, enabling the writing of “PERC” –
Polymer Electronics Research Centre, the name of the laboratory where this thesis was
undertaken – as shown in Figure 5.3B, as well as the precise arraying of 2×2 and 4×4
microspots in Figure 5.3C. Due to the relatively low volume used per microspot, as com-
pared to total micropipette volume, liquid reservoir depletion was never encountered,
even after hundreds of microspotting cycles. The availability of ported micropipette
holders does also enable connection to syringe-pumped reservoirs for additional mo-
nomer/electrolyte, should this be required. SEM images of initial growths and arrays are
shown in Figures 5.3D-F, while AFM imaging is shown in Figures 5.3G-H.

The SEM imaging suggests two regimes of PEDOT microspot growth: (i) vertical
thickening (Figure 5.3D), followed by (ii) diameter increase (Figure 5.3F). The explana-
tion proposed is based on tip-substrate separation geometry. When the pipette is in air, a
monomer/electrolyte droplet extends beyond the tip, as determined by solution viscos-
ity and pipette wettability. For correct approaches there is no physical contact between
pipette and surface – rather, a monomer/electrolyte liquid layer of height h bridges the
final tip-substrate separation, acting as an electrical circuit current path. The diameter
of this bridging liquid layer is determined by tip size plus substrate and pipette wet-
tability. For the GC substrate and borosilicate capillaries of this chapter, no significant
droplet spreading was observed, so that initial electropolymerization diameter reflected
the pipette tip (e.g., 2 µm in Figure 5.3D).

After 1.5 s of electropolymerization time, the gradually increasing microspot height
spanned the tip-substrate distance h: the microspot made physical contact with the pi-
pette tip, leaving a visible imprint in the microspot (Figure 5.3F) prior to growth along the
xy-plane that gives rise to the classic ‘coffee ring’ pattern. This pattern may be minimized
by containing the growth regime to the initial vertical thickening behaviour (e.g., sub-2-
second electrospotting duration, as in Figure 5.3D). It is hypothesized that the very small
current kink at the 12 second mark in Figure 5.3A may be a change in growth regime,
i.e., rather that continuing to grow upwards, into the pipette, the electropolymerization
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Figure 5.3: (A) Electropolymerization current trace of the PEDOT microspotting process: V dep = 2.5
V, 7 seconds, single-barreled pipette, 2-terminal mode, filled with EDOT/NaCl solution. The microspot
growth started as defined by pipette tip size, as in (D) a 2 µm diameter microspot, which was followed
by (F) gradual expansion. Technique repeatability allowed the writing of (B,E,G) “PERC” and (C) 2×2,
4×4 arrays. “PERC” was imaged using (B) a high magnification camera, (E) SEM (edited to increase
contrast) and (G) AFM. (H) Representative AFM cross-section of a typical PEDOT microspot.
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spread outwards from microspot edges, expanding its diameter (SEM and AFM images
in Figures 5.3F and 5.3H, respectively).

As shown in Figure 5.4, it was found that the pipette-localized electropolymerization
of CPs at the microscale is a clear and controllable time-dependent process. Applying an
electropolymerization potential of 2.5 V yields a current of about 4 nA, which increases to
35 nA and 75 nA by the 14 second and 140 second marks, respectively. The total charge
passed can be used as an estimate of repeatability, i.e., the microspots of Figure 5.4A
corresponded to 5.3 ± 1.2 nC (average of n = 5 microspots) while those of Figure 5.4C
corresponded to 6.1 ± 1.0 µC (n = 5). Within the first second (Figure 5.4A) a thin film is
formed within the area defined by the micropipette meniscus contact patch, with a height
of approximately 80 nm and a diameter of 3 µm. As the height of the CP spot grows with
electropolymerization time, its top surface reaches and is blocked by the pipette tip, thus
forcing the growing microspot to expand radially (Figures 5.4B,C). AFM measurements
confirm this, with the heights increasing from approximately 80 nm in Figure 5.4A to 300
nm in Figures 5.4B,C, while the diameter increased from 3 µm to 6 µm and over 9 µm,
respectively.

The voltage dependency of microspot diameter was also explored, with results shown
in Figure 5.5 – in short, 10 seconds of applied voltage in the range of 2.25 V to 2.75 V yield
diameters below 5 µm, but at 3 V and above the diameters quickly increase to over 15 µm.
Thus, it was found that pipette-localized electropolymerized PEDOT microspotting has
the following benefits: (i) highly repeatable spot sizes, controllable by electropolymeriza-
tion time and voltage; (ii) positioning accuracy for microspot arraying; (iii) spot diameter
defined by pipette tip size, which should enable scaling down towards nanometer di-
mensions; and (iv) transition between vertical and planar growth regimes can be under-
stood in terms of separation geometry, and can be identified in the electropolymerization
current trace.

5.4.2 PEDOT Microribbons

Certain applications benefit from elongated wiring, which is demonstrated in Figure 5.6.
The technique is conceptually simple: when moving the pipette, if lateral step size is
small enough then individual microspots will overlap, connecting to form CP “microrib-
bons”. By choosing appropriate micropipette sizes and electropolymerization times, it
was found that millimeter-long, nanoscale-height CP microribbons (Figure 5.6A) can be
deposited at a rate of approximately 5 µm

s . In a separate experiment (Figure 5.6B), it was
shown that microscale widths can be achieved with suitably small tip diameters, albeit
with a speed tradeoff (speed of 1 µm

s ). There is no theoretical limitation to microribbon
length, nor to its pattern. Speed improvements can be obtained by simply dragging the
pipette along the surface, which for rough or tilted substrates may require modulated-
height control algorithms [58, 67]. Overall, the customizable length and positioning ac-
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Figure 5.4: Time dependency of PEDOT microspot deposition, electropolymerized using a single-
barrelled pipette filled with an EDOT monomer solution (2-terminal potentiostat mode, 2.5 V applied):
(A) 1.4 seconds electropolymerization time, corresponding to 5.3 nC (average of n = 5 microspots)
and 80 nm height; (B) 14 seconds, 511 nC (n = 5); (C) 140 seconds, 6.1 µC (n = 5). The insets are
SEM and AFM images of the final products, while the traces are of the electropolymerization process
(current is as passed by potentiostat), where t = 1 s was normalized as the point of pipette contact to
glassy carbon substrate, i.e., start of electropolymerization.

curacy of these CP microribbons should enable scalable automated fabrication of sensor
devices between standard interdigitated metal electrodes [132].

5.4.3 Extruded PANI Microstructures

Beyond microspots and microribbons, it was found pipette-localized electropolymeriza-
tion amenable to extruded microstructure formation. The concept is that once pipette-to-
surface contact is made, gradually retracting the pipette without breaking the intermedi-
ary droplet contact will lead to elongated microstructures, as electropolymerization pro-
ceeds along the z-axis. The key parameter is balancing pipette retraction speed against
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A B

Figure 5.5: Microspotting voltage dependency: six potential levels, from 2.25 V to 3.5 V, were used
to electropolymerize microspots, with the potential applied for 10 seconds. (A) The charge passed
followed an exponential relationship: Q ≈ 9.8·10−5·e4.89E , where the charge Q is in nC units and
the potential E is in volts. (B) The resulting spot diameter is less clearly fitted, likely because of the
complex physical morphology of electrodeposited volume (e.g., Figures 5.4B,C).
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Figure 5.6: (A) Overlapping microspot electropolymerization leads to high aspect ratio ribbons, with
various dimensions possible: (A) over 1 mm in length; (B) diameter below 10 µm. Magnifications of
(A,B) in (C,D), respectively.

electropolymerization rate. Since the instrument monitors current, any pipette retraction
rate problems can be instantly identified by a break in the circuit: no droplet contact leads
to zero current.

However, as shown in Figure 5.7 it was also found that liquid droplet content, specif-
ically monomer, electrolyte and dopant types, determine the feasibility of pipette retrac-
tion electropolymerization. For the EDOT and NaCl solution used in preceding sections,
retraction experiments were relatively unsuccessful, with the course of electropolymer-
ization proceeding radially across the xy-plane (increasing microspot diameter) rather
than along the z-axis. After 25 repeated gradual approaches/retractions to/from to the
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Figure 5.7: Pulling the micropipette back while electropolymerizing yields different structures depend-
ing on the monomer: (A,B) aqueous EDOT/NaCl spreads outwards, forming flat, large 2D microspots,
while (C-E) aqueous aniline/NaCl forms extruded microstructures. (C,D) The same microstructures,
at different tilts: (C) 0◦ stage tilt, all others 40◦. (B) Magnification of PEDOT structure shown in (A),
revealing changing PEDOT morphology with increased electropolymerization time. (E) Magnification
of an extruded PANI microstructure, showing a smooth outer wall and nanofibrillar/granular porous
inner morphology.

same point, a relatively flat PEDOT microspot over 100 µm in diameter was obtained
(see Figure 5.7). It is interesting to note, however, that this ‘failed’ experiment of repeated
surface wetting and electropolymerization revealed the course of PEDOT growth in a sin-
gle SEM image (Figure 5.7B), understood as showing changing PEDOT morphology and
thickness as a function of increased electropolymerization time: individual nanoparticles
near the top of the image, where growth time corresponds to milliseconds of applied
voltage, towards fibrils and mounds in the centre, and finally a thick, cracking film near
the bottom.

Successful extruded microstructure growth (Figures 5.7C-E) was achieved using ani-
line and NaCl (0.025 M and 0.1 M, respectively). This yielded drastically different re-
sults, despite using the same pipette retraction parameters, with heights over 10 µm
(Figure 5.7E). Interestingly, the morphology shows smooth outer walls and nanofibril-
lar/granular porous inner morphology. This agrees with the reported intrinsic nanofib-
rillar nature of polyaniline [272, 273], which has been shown to mediate superior per-
formance in chemical sensors [273]. The mechanism of PANI electropolymerization is
known to have a nonlinear dependence on growth time and cycle number, and can be
tuned based on monomer concentration and dopants [274]. The potential impact of this
extruded PANI microstructure is that it combines the sensing benefits imparted by nanos-
tructuring [273] with a microspotting technique that is highly localized and controllable:
essentially, nanofibrillar morphology can be selectively arrayed at programmable posi-
tions. Additionally, electronic interconnect applications [72, 162] should also be possible
using this pipette retraction technique, via: (i) longer retraction/electropolymerization
periods; (ii) combining z-axis retraction with gradual xy-plane pipette movement, to
span the electrodes; (iii) pipette modifications such as focused ion beam milled 90◦ side
cuts [162].
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Figure 5.8: (A) Electropolymerization at 2.5 V of a solution of aniline and PSS led to high-aspect
ration 3D wiring, imaged here optically. SEM images of (B) the beginning of the pulling process, (C) a
long wire, (D,E) wiring featured bulbous regions, obtained through pausing of micropipette reaction to
allow for deposition to occur. (F-K) Time-lapse video stills of the pulling process, demonstrating that
the wiring was flexible and allowed for lateral movement and curves to form. The scale of (F-K) is the
same as that of (A).

5.4.4 Towards 3D Wiring: PSS-Supported Electropolymerization

Improving upon the results of the preceding sections may require, in part, moving be-
yond simple aqueous solutions, and towards different solvents [72, 275] or copolymer-
ization. To assist the fabrication of pipette-pulled 3D wiring [162] of conducting poly-
mers [72] through the electrochemical techniques introduced in this chapter, the addition
of poly(styrenesulfonate) (PSS) in a copolymer role to the aniline monomer was also ex-
plored, with preliminary results summarized in Figures 5.8 and 5.9. As shown in Fig-
ures 5.8A-C, high-aspect ratio 3D wiring was obtained through this technique. More-
over, pausing the pipette retraction allowed for the deposition of bulbous regions (Fig-
ures 5.8D,E). The wiring proved to be flexible and allowed for lateral movement and
curves to form, as shown in Figures 5.8F-K, which are still images taken from a time-
lapse video of the pulling process.

However, control experiments showed that even the sole presence of an aqueous PSS
solution was sufficient to pull wires similar to those shown in Figure 5.8, although an
applied voltage was still required. It is possible that due to the narrow micropipette tip
diameter and the lack of humidity control, the PSS may begin to coagulate in the tip re-
gion. Further work is this required to improve the integration of the aniline monomer
with the added PSS, to optimizing solution dispersion protocols and determine the opti-
mum ratios, as well as to refine the pulling rates (i.e., the micropipette retraction rate).
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Figure 5.9: (A) PANI/PSS microarch, fabricated through a multi-step micropipette movement process.
Localized Raman analysis showed (B) PANI presence in (C) the arch base, but in (D) the top of the
arch only (E) PSS was present. This approach can also pull (F,G) nanowires.

Localized Raman spectroscopy can prove a useful development technique in achiev-
ing this goal, as shown in Figures 5.9A-E: in the current unoptimized state of the solution,
a microarch (Figure 5.9A) features some PANI in the arch base [124] (Figures 5.9B,C) but
only PSS in the top of the arch [276] (Figures 5.9D,E). In order to achieve greater con-
sistency, avoiding chemical polymerization or electropolymerization altogether may be
pursued, such as the use of already fabricated dispersions such as PEDOT/PSS. Indeed,
approximately half a year after the above experiments were carried out, a group indepen-
dently published a report where commercial 1-2% PEDOT/PSS dispersions were loaded
into micropipettes for the fabrication of 3D micro- and nano-arches [277].

5.5 Conclusions and Outlook for Pipette-Defined Fabrication

This chapter introduced to the CP field pipette-localized electrochemical fabrication at the
microscale. This controlled microscale growth and testing of CPs has been traditionally
limited to microelectrodes, e.g., single 10 µm Pt microelectrodes2. The advantages of
these micron-scale CP electrospotting techniques are threefold: (i) choice of substrate and
form factor; (ii) choice of electrospotting position, pattern and arraying; (iii) fine control
over dimensions and morphology, from thin microspots to elongated microribbons to
extruded microstructures. It may be of interest for future work to refine this technique
through treatment of the glass surfaces with a hydrophobic-coating process [278, 279],
or by exploring growth via short, repeated pulses [244] instead of a constantly applied
potential.

2It is worth noting that shortly after the publication of our work describing this pipette-enabled electropoly-
merization of CP microspots [74], another publication appeared [210], independently of us, describing the
use of a commercial NanoInk Nscriptor dip-pen nanolithography system for micron and sub-micron depo-
sition of CPs, namely PEDOT/PSS structures as small as 600 nm in width and 10 nm in height, arranged in
patterned arrays [210].



6
Microscale Cyclic Voltammetry and Mapping

of Conducting Polymers

Building upon the SPM setup of the preceding Chapter 5, a setup is now considered1

that is tipped with a double-barreled micropipette to carry out localized microspot cyclic
voltammetry (“µCV”). The micropipettes are filled with aqueous saline solutions in con-
tact with Ag/AgCl electrodes, and form a thin meniscus of solution at the micropipette
tip, which enable an automated approach in air and subsequent contact with the surface
being electropolymerized onto or characterized.

The flexibility of this novel characterization technique is demonstrated herein by ap-
plying it extremely localized CVs, characterizing a small segment of an individual nano-
wire, along with microstructures and macrostructures. Finally, by setting up a dynamic
electrochemical cell that allows for voltammetric-amperometric imaging, it is shown that
this multifunctional technique can simultaneously map the morphology and current re-
sponse of CPs. Future refinements towards the nanoscale through the fabrication of
smaller-tipped pipettes should open up new opportunities for detailed voltammetric re-
sponse mapping of individual CP nanotubes, nanosheets and nanoparticles. Possible
applications include biosensors such as those for DNA detection, with one such device
briefly introduced.

This chapter is conceptually descended from a number of loosely related forebearers,
starting with classic microelectrochemical experiments that used electrolyte-filled micro-
electrode capillaries sealed with silicone [280]. More recent SICM adaptations include
“in-air” scanning [66, 67], as well as nanoscale double-barreled pipettes [104] to con-
trollably deposit biomolecules [91] and water droplets [175]. Finally, it is important to
note advances in the simultaneous imaging of topography and electrochemical activ-
ity [67, 68, 281], and electrochemical investigations of thin CP films on insulating sub-
strates [282]. Such techniques are rapidly pushing forward the range of applications and

1This chapter is based on [a] C. Laslau et al., Advanced Functional Materials, 21, pp. 4607–4616, 2011, and
[b] B. Kannan, D. E. Williams, C. Laslau and J. Travas-Sejdic, Biosensors & Bioelectronics, 35, pp. 258–264,
2012. Details of author contributions can be found in Appendix B.
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materials being studied – and this chapter is the first such study on conducting polymers
at the microscale.

6.1 Experimental Details

6.1.1 Materials

The self-assembled polyaniline thin film shown in Figure 6.1 was synthesized by mixing
droplets from two solutions. The first contained 0.5 M aniline and 1 M acetic acid in Milli-
Q purified water, while the second contained 0.5 M ammonium persulfate (APS) also in
Milli-Q water (all from Sigma-Aldrich, used as received). A 100 µL droplet of the aniline
and acetic acid solution was deposited on GC, followed by 100 µL of the APS added into
the preceding droplet. The resulting 200 µL total droplet was allowed to react overnight,
at room temperature, drying in the process.

6.1.2 SICM Setup for Microscale Cyclic Voltammetry

The construction of this instrument was detailed previously in Chapter 3.1.

6.1.3 Pipette Fabrication

The pipette fabrication protocols were detailed previously in Chapter 3.1.3.

6.1.4 Conducting Polymer Characterization Using Micropipettes

For the characterization of the CP structures shown in Figures 6.1-6.6, single- and double-
barreled micropipettes were backfilled with a solution of 0.1 M NaCl and Milli-Q distilled
water, to a level where the micropipette was approximately 75% full. The pipette was
then tightened into Warner Instruments electrode holders whose Ag/AgCl electrodes
were freshly sandpapered and chlorided. As before, a new pipette was used for each
experiment, with new solutions, and the glassy carbon substrate was clamped in place
using a custom-made holder, with a pogo-type pin used to make electrical contact. In
the case of the prefabricated nanowire between gold contact pads on a glass slide (Fig-
ure 6.4) the contact was made using alligator clips. The voltage applied was through
a custom-made battery-powered potentiostat in 3-terminal mode, controlled through
custom-made LabVIEW programs (one for applying a constant voltage of 1.5 V while
scanning along the xy-plane, another for applying a changing voltage at 20 mV per sec-
ond while keeping the xy position constant).

For Figures 6.1-6.4, the xy position was set manually using a combination of transla-
tion stage and piezocrystal. Specifically, a Thorlabs XYR1/M two-axis linear translation
stage, bolted down to an air table was used for rough positioning, and a P-611.3 Nano-
Cube XYZ Piezo Stage, manually controlled through the knobs of a PI E-664 NanoCube
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Piezo Controller, was used for fine positioning. Z-axis automated approach curves fol-
lowed the same thresholds as described above: contact threshold level of 5 nA, with
a vertical pipette step size of 50 nm. After a successful automated approach was made,
then the custom CV program was started, stepping from−0.8 V to +0.8 V and back again
(Figures 6.1 and 6.4) at a rate of 20 mV per second, and from−1 V to +1 V and back again
(Figure 6.3) at a rate of 100 mV per second. For Figures 6.1 and 6.3, following each CV, the
pipette was retracted, the xy position changed and another automated vertical approach
curve begun.

For Figure 6.6, the voltage of 1.5 V was applied in a 3-terminal mode using a double-
barreled micropipette and glassy carbon substrate. Automated approach curves were
done for each of the 121 points, again with a contact threshold level of 5 nA and a vertical
pipette step size of 50 nm. In between each point, i.e., prior to each approach curve,
the pipette was retracted 20 µm from its previous maximum z-extension towards surface
contact, in order to avoid collisions that may damage/break the tip.

6.2 Pipette-Localized Microscale Cyclic Voltammograms (CVs)

6.2.1 Microscale CVs of Self-Assembled Polyaniline Films

Adapting the SPM setup from electrospotting to localized cyclic voltammetry (“µCV”)
analysis simply requires (i) a pipette electrolyte such as aqueous NaCl (no limitation on
type, e.g., ferri/ferrocyanide redox couples can be used), (ii) a switch to double-barreled
pipette for 3-terminal cyclic voltammetry, and (iii) applying a cycled rather than fixed
potential.

The most significant difference observed between setups was due to the substrate
change: whereas GC is relatively dense and hydrophobic, containing the aqueous droplet
to approximately the same diameter as the pipette tip, changing to a porous CP film led
to increased wetting. This blurs localization, since the amount of material contributing to
the µCV signal is increased.

To demonstrate experimentally micropipette-wetting phenomena on porous CP films,
a large micropipette was setup (100 µm tip, double-barreled) for the analysis of a large
sample (3 mm diameter PANI thin film) that was formed in situ and self-assembled onto
GC by pipetting a droplet of oxidant into a droplet of aniline solution on the surface and
then leaving this to react, evaporating as it did so. The goal of such a synthesis was obtain
a large spot with varying PANI states through the varying rates of electropolymerization
to which an evaporating droplet is subjected, for a proof-of-concept demonstration that
the scanned pipette technique is capable of identifying local differences in CV character-
istics, despite micropipette-wetting effects. These differences in PANI states were mea-
sured via a seven-point ‘cross-section’ (Figure 6.1) consisting of µCVs taken at 20 mV

s .
Figure 6.1 plots the resulting µCVs on the same scale, showing a clear trend of decreas-
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Figure 6.1: PANI film, self-assembled through reactant dropcasting and investigated using a double-
barreled pipette (100 µm tip). Pipettes wetted the porous PANI surface upon contact, yet allowed for
localized 3-terminal µCVs. The 7 locations shown with white circles correspond to the 7 µCVs along
the bottom of the figure; all µCVs graphed on the same scale.

ing current intensity from the PANI edges towards the centre. The outer two points were
bare GC control experiments.

Images taken of droplet wetting as a function of µCV time (Figures 6.2L-O) showed
that after 60 seconds the CP film is darkened by diffusing micropipette electrolyte. If the
droplet spreading was excessive (and the ion transport rate sufficiently high) then all the
µCVs in Figure 6.1 would be of similar current intensity, or even show a gradually in-
creasing intensity corresponding to increased CP film wetting. However, this trend was
not observed. Taken altogether, the results of Figures 6.1 and 6.2 indicate that although
spatially-distinct µCV measurements can be obtained despite significant droplet spread-
ing, the porosity of CPs does lead to notable wetting for large micropipette diameters.
Thus, it is important to limit wetting for truly precise and localized µCV measurements;
the following are suggested: (i) smaller pipette tips, (ii) smaller CP structures, and (iii)
decreased CP porosity. These strategies are explored in the next sections.

6.2.2 Microscale CVs of Electropolymerized PEDOT Microspots

In downsizing the µCV protocol towards individual CP microspots, two routes are plau-
sible. The first uses a pipette whose tip diameter is larger than the microspot, so that the
resulting droplet takes an entire microspot representative µCV (plus some contributions
from the surrounding GC substrate). The second option uses a pipette whose tip diame-
ter is smaller than the microspot, so that the droplet locally addresses microspot regions.
Herein this latter, more difficult case is demonstrated, while noting that the former is
better suited for simultaneous characterization of large arrays (e.g., 4×4 grids).

Figure 6.3 shows the PEDOT microspot chosen for this µCV demonstration: 20 µm in
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Figure 6.2: Contact angle measurements on (A) bare GC substrate and (B) self-assembled PANI
thin layer on GC substrate. The pipette was a sub-100-µm double-barrelled micropipette filled with
0.1 M NaCl solution. On bare GC, the (C) micropipette contact was followed (D) partial micropipette
retraction and (E) droplet formation, corresponding to contact angles of approximately 71◦, 66◦ and
35◦, respectively. The droplet then quickly evaporated because of its minute volume. For the PANI
deposited on GC, the (I) micropipette contact did not lead to visible droplet formation, nor upon (J,K)
retraction, due to the high porosity of the PANI film. (L-N) Similar PANI film, self-assembled through
reactant dropcasting and investigated using a double-barreled pipette (100 µm tip). The pipettes
wetted the porous PANI surface upon contact (the 60 s panel shows a darkened film), but still allowed
for localized 3-terminal µCVs, as shown in Figure 6.1. Note that this substantial porous-surface wetting
was observed for large pipette sizes (e.g., 100 µm) but not for those an order of magnitude smaller.

diameter, 100 nm thick, imaged by digital camera (Figure 6.1A) and AFM (Figure 6.1B)
prior to µCV experiments (Figures 6.1C-F). A 1 µm tip single-barreled pipette was cho-
sen to demonstrate the feasibility of two-terminal µCVs. Five µCVs were taken (Fig-
ures 6.1C-F), with three on the microspot itself and two on GC. The resulting µCVs
taken on PEDOT are consistent with the capacitive-like current “body” of typical PE-
DOT CVs that have been previously reported [269, 283–286]. The observed broad ca-
pacitive wave, normally seen in bulk polymers that possess microstructure, is indicative
of a broad range of dopant environments or polymer-trapped charges, coupled with the
formation of polymer chain polarons and bipolarons. The waves observed at positive po-
tential can be attributed to p-doping, while those at quite negative potentials arise from
n-doping [283, 285] (although it should be noted that the current increase which can be
seen beyond−0.6 V, particularly in Figures 6.3D-E, may be due to hydrogen evolution or
oxygen reduction). Given the total control over electrospotting time that the micropipette
protocols described herein allow for, it will be interesting for future work to determine
whether µCV characteristics can be tuned via microspot diameter, thickness, spacing,
dopant and monomer concentration.

Additionally, two technique-related conclusions can be drawn from Figure 6.3: (i)
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Figure 6.3: (A) PEDOT microspot on a GC substrate, locally addressed using a single-barrel pipette
(2-terminal) µCV setup. (B) AFM image of 20 µm PEDOT microspot, analyzed at three points (D,E,F)
using µCV, compared against (C,G) two µCV control experiments on GC.

µCV current magnitudes decrease dramatically with pipette and sample size, from over
100 µA peak-to-peak (Figure 6.1) to below 100 nA peak-to-peak (Figure 6.3E), and (ii) the
upper bound on droplet spreading from 1 µm tipped diameter single-barrel pipettes on
GC near PEDOT microspots is less than 10 µm, since adjacent µCVs – specifically Fig-
ures 6.3C,D and 6.3G,F – are distinct. It should also be noted that increasing µCV sweep
rate (from 0.1 V

s in Figure 6.1) will shorten acquisition time, thus minimizing droplet con-
tact and wetting effects. It must also be emphasized that there is a registry challenge as-
sociated with high-quality, multiple-technique µCVs interpretations, specifically how to
(i) fabricate microspots with one pipette (monomer-filled), then (ii) take µCVs of the same
microspot with another pipette (electrolyte-filled), and finally (iii) obtain additional in-
formation through SEM/AFM imaging. At the scale demonstrated in Figure 6.3, namely
microspots of 20 µm, the registry problem is solved with a low-cost high-magnification
digital camera. However, as the technique is downsized to sub-micron diameters, or
to thicknesses under 50 nm, then registry will require new solutions. This is particu-
larly important if the true potential of this technique – correlating localized µCVs with
AFM/SEM imaging of CP morphology – is to be accurately realized.

6.2.3 Microscale CVs of Electropolymerized PEDOT Nanowires

Figure 6.4 demonstrates how this CP µCV protocol can be applied to a single PEDOT
nanowire (approximately 600 nm diameter) contacted by a double-barreled pipette (Fig-
ure 6.4C). For fabrication of the assembly, which consists of a wire between gold elec-
trodes on glass, directed electrochemical nanowire assembly (DENA) was used, a tech-
nique previously used to grow metallic nanowires [287–289]. Under the influence of AC
electric field, the transport of ions causes electromigration and diffusion, which is greatest
at the tip of the electrode and leads to wire formation. Standard cleanroom photolithog-
raphy techniques were used to fabricate gold electrodes consisting of approximately 50
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Figure 6.4: (A) PEDOT nanowire, 600 nm diameter, in between gold contacts (glass substrate).
Insets show (B) pipette approach, (C) contact without droplet spreading, and (D) removal, leaving a
whitish salt residue indicating droplet measurement localization. (E) PEDOT nanowire double-barrel
pipette (3-terminal) µCV. The current peak around zero V is an artifact, possibly related to an Ag/AgCl
plating effect.

nm thick base layers of Cr and 100 nm thick top layers of Au. Gaps as wide as 100 µm
were lithographically fabricated prior to use in the experimental setup, with all experi-
ments done under an optical microscope to monitor the wire growth. A 2 µL aliquot of
aqueous solution containing 0.01 M of EDOT and 1 µM PSS was deposited between the
electrode gaps. To induce nanowire growth, a square-wave voltage signal± 7 V, 220 kHz
was applied to one electrode using a functional generator, while the other electrode was
grounded. The amplitude was slowly tuned down to 0 V as soon as the nanowire ap-
proached the other electrode. Further details of the parameter space (such as alternating
field frequency and amplitude, monomer concentration, solvent, electrolyte conductiv-
ity) are detailed in a related publication [290].

The resulting nanowires were investigated using 3-terminal µCVs taken with a double-
barrelled micropipette, with a representative result shown in Figure 6.4E; gold contact
pads were connected as working electrodes, providing a current pathway to the nano-
wire. (Note that there is a current peak around 0 V, which control experiments on bare
glassy carbon and with alternate electrode materials indicate to be an artifact, possibly
related to an Ag/AgCl plating effect. Future refinements of the technique should inves-
tigate the use of a palladium-hydrogen quasi-reference electrode [68].) A full µCV study,
based on varying nanowire dimensions, growth conditions and electrolyte/dopant types,
is beyond the scope of this work. Here three findings related to the scanned micropipette
methodology are emphasized: (i) “in-air” micropipette approach curves are successful
even when most of the substrate is insulating (e.g., glass in Figure 6.4), indicating that
the contact patch and resulting current pathway provided by an individual nanowire is
sufficient for automated approach curves; (ii) surface wetting is not significant, as show
in Figures 6.4B-D (note the whitish crystallized NaCl residue); and (iii) µCVs are particu-
larly useful for nanowire-between-electrodes setups, since µCVs avoid Au/Cr electrode
pad contact regions, thus representing only nanowire response.
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Figure 6.5: µCV application to a copolymer single-nanowire DNA biosensor. (A) Experimental setup
of the SICM as for DNA biosensing, using a bipotentiostat, double-barrelled micropipette and PBS
buffer. (B) Optical microscope image of the probe oligonucleotide-grafted copolymer nanowire with the
SICM pipette. The inset shows the automated approach of the pipette to the centre of the nanowire.
(C) Overlay of the I-V curves of a probe-oligonucleotide modified nanowire after hybridization with
different (increasing) concentration of the complementary target oligonucleotide: (i) 0.023 pM, (ii) 0.5
pM and (iii) 33.3 pM. The length of copolymer nanowire used was approximately 15 µm.

6.2.4 Application to a Copolymer Single-Nanowire DNA Biosensor

In this subsection2, the application of the SICM localized electrochemistry setup is demon-
strated for a copolymer single-nanowire DNA biosensor. While the details of the copoly-
mer fabrication and functionalization are beyond the scope of this thesis, a brief overview
will be given prior to presenting the SICM-related results. In short, single nanowires ap-
proximately 15 µm in length were copolymerized comprising of PEDOT and carboxylic-
group functionalized PEDOT, in between gold electrodes (see Figure 6.5), through a non-
lithographic deposition process similar to that described in Subsection 6.2.3. This step
was followed by the covalent attachment of an amino-modified probe oligonucleotide,
specific to Homo sapiens breast and ovarian cancer cells, with the goal of ultra-sensitive
and selective direct electrical detection (that is, at pM and sub-pM concentrations, and
with the ability to discriminate against non-complementary oligonucleotides).

To complement conventional ex situ measurements based on a two-terminal device
setup, SICM-based in situ were performed, as shown in Figure 6.5. The target oligonu-

2The text and figure of this Subsection 6.2.4 are based on B. Kannan, D. E. Williams, C. Laslau and J. Travas-
Sejdic, Biosensors & Bioelectronics, 35, pp. 258–264, 2012. Details of author contributions can be found in
Appendix B.



86 MICROSCALE CYCLIC VOLTAMMETRY AND MAPPING OF CONDUCTING POLYMERS

cleotides were prepared in different concentrations using a PBS buffer solution – 0.023
pM, 0.5 pM and 33.3 pM – with the resulting I-V curve results presented in Figure 6.5C
(i)-(iii), respectively. The results indicate a resistance change that is concentration de-
pendent and highly sensitive, with sub-pM detection of the target oligonucleotides. The
fundamental mechanism underlying this biosensor is the concept of a change in charge
at the nanowire surface, which occurs upon the binding (and subsequent dissociation)
of the analyte molecule to be detected, and results in an observable conductance change.
Specifically, changes in the energy or density of nanowire surface states may arise from
the introduction of an analyte into the local solution environment, particularly up to
around 100 nm from the surface in what can be termed a space charge double-layer re-
gion [291].

In contrast to ex situ experiments, the application of the SICM to this problem enables
the localized measurement of a copolymer nanowire segment: in other words, the ob-
served conductance change arises from the nanowire itself, resting on a non-conductive
glass substrate, as opposed to a conventional immersed-bath setup where the gold con-
tact pads and additional elements may also contribute to the observed results. In this
case, note that the SICM micropipette (a double-barrelled pipette approximately 10 µm
in tip diameter) was filled with the PBS buffer solution, and featured an Ag wire as the
quasi-reference electrode and an Ag/AgCl wire as the counter electrode. As the bias
between the two working electrodes was swept between −0.4 V to +0.4 V, it was ob-
served that the nanowire resistance increased as a function of increasing complementary
target oligonucleotide (that is, the slope of Figure 6.5C (iii), the 33.3 pM experiment, in-
dicates the highest resistance). This modulation of conductivity is proposed to arise from
immobile trapped charge carriers, specifically due to oligonucleotide caused conducting
polymer backbone distortions and chemical interactions of the nanowire with the solvent.

6.3 Simultaneous Current and Height Mapping of Conducting Poly-

mers

6.3.1 Mapping of Self-Assembled Polyaniline Films

The final methodological development presented in this chapter is spatial mapping of
CP voltammetric response at the microscale. As before, to outline the essential principles
a self-assembled, mm-scale PANI thin film is used as the starting point (Figure 6.6A).
The spatial mapping concept relies on approach curves giving two distinct pieces of in-
formation: (i) the sample height (given by piezoactuator position), and (ii) the sample
current response (given by the potentiostat). Note that this data is obtained simultane-
ously, with no registry problems arising when correlating morphology and voltammetric
response. A demonstration 121-point scan of a 100 µm × 100 µm area is setup, using a
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Figure 6.6: (A) Double-barreled pipette hovering above an area containing both exposed GC (GC)
and a self-assembled PANI film, prior to mapping in the xy-plane. Scanning parameters: 121-point
(11x11) grid with 10 µm spacing between points, 1.5 V potential applied in a 3-terminal setup. Result-
ing (B) sample height and (C) current response, which were obtained simultaneously during the same
scan. Note that the left parts of (B,C) correspond to bare GC, and the right to PANI/GC.

three-terminal potentiostat, double-barreled micropipette, and 1.5 V potential. The re-
sulting morphology and current response maps are plotted in Figures 6.6B and 6.6C,
respectively. The materials imaged consisted of GC (on the left sides of the graphs) and a
PANI thin film on GC (on the right sides of the graphs).

From the morphological mapping (Figure 6.6B) it can be seen that the PANI thin film
gradually rose above the GC substrate by over 10 µm, while the current response map-
ping (Figure 6.6C) shows a drastic contrast between the two materials: PANI current
response is over 2000 nA, versus less than 100 nA for GC. As a general trend, the PANI
currents show an increase with film thickness, but there are also interesting current drops,
as seen around (x,y) coordinates (85,10) and (100,50) in Figure 6.6C. Two possible reasons
for this behaviour are proposed. First, it is well known that PANI self-assembly, which
yielded the film shown in Figure 6.6A, can give rise to an interesting variety of morpholo-
gies, ranging from oligomeric nanosheet to well-conducting polyaniline nanotubes and
granular particles [10, 12, 51, 155].

The size dimensions and shapes of the low-current regions mapped in Figure 6.6C
could be consistent with low-conductivity oligomeric morphological aggregates; if so,
then a protocol for correlation with SEM techniques would be a useful extension of this
finding. Alternatively, the difference in current response may also arise from more subtle
differences in PANI states (i.e., emeraldine vs. leucoemeraldine vs. pernigraniline), in
which case correlation with localized spectroscopy tools such as Raman and infrared
analysis would be a useful extension of this proof-of-principle study. Note that this
technique can be downsized to smaller structures, as shown by mapping an individual
PEDOT microspot in Figure 6.7. The drying of the NaCl electrolyte demonstrates that
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Figure 6.7: Two PEDOT microspots on a GC substrate, the bottom one mapped using a double-barrel
pipette (3-terminal) setup, with the inset showing the microspot (A) before and (B) after the 81-point
(9x9) scan in the xy-plane. The applied voltage was 1.3 V. Note the grid of salt residue in (B) showing
the points mapped. (C) Resulting current-response map of the PEDOT microspot.

droplet wetting was limited, thus localizing voltammetric response. This claim was also
supported by analysis of raster direction: the spot order does not correlate with current
signal strength.

6.4 Conclusion and Outlook for Mapping Polymer Nanostructures

Having demonstrated the applicability of this mapping technique at the microscale, it is
anticipated that the next major application will be analysis of individual self-assembled
nanostructures such as PANI nanotubes, nanofibrils and nanosheets [10, 12, 50, 51, 155,
156, 292, 293]. The current-response characteristics of individual CP nanostructures is
currently unknown, save for limited reports of nanowires trapped between prefabricated
individually addressable metal electrodes [132, 133, 294]. Applying the technique shown
in Figure 6.6 of voltammetric response spatial mapping towards the nanoscale will re-
quire addressing two significant challenges. The first is increasing the number of sample
points and decreasing pipette diameter while still maintaining practical scan times: the
121-point scan shown in Figure 6.6 was obtained within minutes, but to image a repre-
sentative dispersion of CP nanotubes over a 10 µm× 10 µm area with 10 nm spacing will
require a million points.

Meeting this challenge means developing robust environmental parameters – e.g.,
precise humidity control to prevent electrolyte evaporation/crystallization at the tip, and
fine-tuned approach curve parameters that ensure extremely long nanopipette tip life-
times – as well as an increased sophistication of distance-control algorithms for greater
imaging speed, likely incorporating techniques such as a modulated feedback based on
SICM advances [58, 67]. Lowering scan times may also require a combination of instru-
ments and techniques to first narrow the planar region of interest – for example, using
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an SEM to image dispersed nanostructures, then a focused ion beam to lay down align-
ment marks defining a small area (e.g., 1 µm2) for final nanopipette mapping analysis.
The second major challenge will be one of registry between multiple characterization
techniques: the ideal study on CP nanostructure voltammetric response spatial mapping
would include correlation with AFM, SEM, localized FTIR and Raman spectroscopy. Pre-
cisely aligning five or more such sets of measurements will require a strong registry sys-
tem, which may be met using the microspotting techniques described in Chapter 5 of
this thesis, albeit likely downsized towards the nanospotting of precise alignment marks;
alternatively, standard photolithography techniques could be used for alignment marks.

Thus, in this proof-of-concept demonstration of localized µCVs and electrochemical
mapping it was found that the main technical challenges encountered were surface wet-
ting and inter-technique registry, and that these can be addressed with appropriate choice
of substrate, pipette size and alignment marks. It is anticipated that this new toolbox of
micropipette-localized strategies, together with those introduced in the preceding Chap-
ter 5, will provide novel opportunities for CP researchers, and that with further devel-
opment the high-throughput fabrication and mapping of individual CP nanostructures
should be feasible.



7
Synchrotron Studies on Polyaniline Nanotube

Self-Assembly

This chapter1 provides a foray into synchrotron science2, by investigating the self ass-
embled PANI nanostructures through high-resolution, high-throughput powder X-ray
diffraction and soft X-ray spectroscopy. The crystallographic and electronic structure of
conventional PANI is fairly well understood [2,295,296], but that of PANI nanotube self-
assembly [50,53,292,297,298] is not [48,49]. This is despite significant research efforts over
the past decade, an intractability which can be attributed to two factors: first, the funda-
mental complexity of the multiple-stage interactions underpinning PANI nanostructure
self-assembly [48, 49], and second, the tools employed by researchers [299, 300].

This proof-of-concept study contributes towards the second factor, by reporting that
synchrotron X-ray diffraction (XRD) and soft X-ray spectroscopy can reveal unprece-
dented crystallographic and electronic structure detail for critical early-stage self assem-
bled PANI nanostructures. This is due to two specific advantages of a synchrotron X-ray
source over a conventional laboratory X-ray source. The first ability to obtain higher
resolution diffraction and spectroscopy patterns. The second, and perhaps most impor-
tant to this particular problem, is lowering the sample quantity requirement by orders of
magnitude, thus enabling investigation of low-yield early-stage products. Herein these
benefits are demonstrated by observing previously unreported XRD peaks associated
with the structural evolution that leads to PANI nanotubes.

7.1 Studying Polyaniline Self-Assembly via Diffraction

The overall motivation is that CP nanostructures – specifically, PANI nanotubes, nanofi-
bers and nanosheets – are novel materials with a wide range of applications, including
sensors, transistors and actuators, due to their unique and tunable electrical, chemical

1This chapter is based on C. Laslau et al., Synthetic Metals, 161, pp. 2739–2742, 2012. Details of author
contributions can be found in Appendix B.

2Successful application of these techniques indicate their potential future applicability to the SICM-
fabricated CP structures described in the preceding chapters.
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and physical properties [10, 238, 241]. However, synthesis pathways remain a problem,
beset by complicated processes and low yields (i.e., templates, electrospinning, lithog-
raphy) while others are marred by poor repeatability (i.e., self-assembly) [10, 48, 50, 156,
301]. Self-assembly may prove to be the optimal PANI nanostructure synthesis strat-
egy (it may combine high yields with a straightforward setup), but its poor repeatability
must be understood and addressed [49, 50, 155, 302]. In particular, the early stages of
self-assembly appear to be critical: very recently it was discovered that key nanosheet
structural changes occur within the first minutes of aniline polymerization, affecting the
course of subsequent PANI nanostructure self-assembly [155]. At this early stage conven-
tional analysis techniques struggle, since they require relatively large amounts of sample
be extracted and dried, a limitation affecting many tools typically used in PANI stud-
ies [50, 155].

Among PANI nanostructures, nanotubes have received continuing attention because
the mechanism of their growth is still open to discussion [48, 49, 51]. Polyaniline nan-
otubes with rectangular cross-section [293, 303–312] represent a special sub-group. It has
been proposed that crystalline aggregates produced by aniline oligomers serve as a tem-
plate for the subsequent deposition of PANI that creates the nanotube walls [48, 303].
The crystals formed by reaction intermediates or various insoluble salts generated in the
medium may also serve as such templates. Similar rectangular nano/microtubes has
been produced also by polypyrrole [313–316] and through oxidation-related products of
o-phenylenediamine [317]. The chemical nature and properties, and especially the crys-
tallinity of the first aniline-oxidation products is thus of special interest.

7.2 Experimental Setup for Synchrotron X-Ray Diffraction

To address this problem, synchrotron powder diffraction has been used, which with its
high flux source enabled rapid, detailed data collection from small sample quantities.
This yielded X-ray diffraction patterns of products formed during the first minutes of self-
assembly, an approach particularly relevant to the PANI system since there are known
correlations between the crystalline properties of oligoaniline nanostructures and their
resulting conductivities [155]. This is the first application of synchrotron X-ray diffraction
to the time-resolved study of PANI nanostructure self-assembly [318–320]. The experi-
ment involved three steps, namely (i) sample synthesis, (ii) synchrotron XRD analysis
and (iii) SEM and FTIR spectroscopy characterization.

7.2.1 Self-Assembly of Rectangular Cross-Section Polyaniline Nanotubes

The synthesis followed standard self-assembly protocols [155, 300, 303]: aniline, ammo-
nium persulfate (APS) and hydrochloric acid (HCl) were mixed together in distilled wa-
ter, with the ensuing chemical oxidation of aniline allowed to proceed for a set amount of
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Figure 7.1: SEM images of aniline chemical oxidation self-assembly products formed via “B1” syn-
thesis conditions after (A,B) 5 minutes and (C-E) 8 hours of reaction time. Panels (A,B) are of the
same area, at different magnifications, as are panels (C,E). (D) Detail of square cross-section.

time (5 minutes, 15 minutes, 4 hours and 8 hours, plotted in the figures as “5m”, “15m”,
“4h” and “8h”, respectively). Three sets of synthesis conditions were investigated, fol-
lowing the reports of Ding et al. [303]: “B1” had 0.2 M aniline, 0.05 M APS and 0.2 M HCl
for PANI nanotubes; “B2” had 0.1 M aniline, 0.1 M APS and 0.05 M HCl for nanoflakes;
and “B3” had 0.1 M aniline, 0.1 M APS and 0.1 M HCl for nanorods [303].

7.2.2 Sample Processing and Analysis

Synthesis was followed by (i) sample centrifugation, (ii) rinsing with water, (iii) drying
until powdery, (iv) gentle grinding into a fine powder with a pestle and mortar, and
(v) loading into 0.5 mm diameter borosilicate capillaries for synchrotron XRD. This was
conducted at the Australian Synchrotron on the Powder Diffraction beam line, using an
X-ray wavelength of 0.61855 Å (about 20 keV, calibrated using a LaB6 NIST 660b stan-
dard). Data were collected using a Mythen detector spanning 80◦ (2θ) of arc, with 10
minute sample exposure times and the capillary continuously spinning throughout the
measurement. Part of each sample was kept for subsequent SEM imaging and FTIR char-
acterization, with SEM results of synthesis B1 shown in Figure 7.1: (A,B) after 5 minutes
the sample morphology is, as expected [50,155,300,303], largely consisting of nanoflakes
and nanoribbons, while (C-E) after 8 hours the sample morphology includes rectangular
cross-section nanotubes [303].
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Peaks (2θ) 5-15 min 4-8 h Previous assignments [155, 300]
5.7◦, 6.0◦ X –

6.4◦ X X Aniline/dopant acid salt penetration
17.8◦ X –
18.4◦ X X Periodicity parallel to polymer chain
19.0◦ X –
21.4◦ X –

23.2◦, 23.4◦ X π–π stacking of phenazine-like structures
25.7◦ X X Periodicity perpendicular to polymer chain

26.2◦, 26.5◦ X –
28.4◦, 28.6◦ X X π–π stacking of phenazine-like structures

Table 7.1: Previously known and new XRD peaks of self-assembled PANI nanostructures, arranged
in order of ascending 2θ value.

7.3 Results and Discussion of Synchrotron X-Ray Diffraction

Since PANI does not form a well-defined crystal structure as such, specific features in
the diffraction patterns must be analyzed as a function of time. Here synchrotron XRD
results obtained at various reaction times are highlighted, and compared with labora-
tory XRD results [300]. To enable this comparison, the Bragg equation was used to con-
vert the synchrotron data to the Cu Kα wavelength typically used by laboratory instru-
ments [300]. Laboratory XRD studies on PANI nanostructures studies typically find less
than 8 peaks [155, 298–300]; synchrotron XRD yielded significantly more, as shown in
Figure 7.2.

These new peaks, specifically those at 5.7◦, 6.0◦, 17.8◦, 19.0◦, 26.2◦ and 26.5◦, were
found in the early stages of the reactions (Figure 7.2, 5m and 15m patterns), times at
which sample amounts may have been insufficient for detection with conventional lab-
oratory XRD. Furthermore, peaks that were found to be distinct in synchrotron XRD
patterns, such as those at 23.2◦ and 23.4◦, were previously indistinguishable as separate
peaks using laboratory XRD. However, it was also found that some sharp peaks corre-
spond to highly crystalline material, as marked with asterisks in Figure 7.2, which are
attributed to contaminant byproducts. (Analysis of these asterisked peaks suggested at
least two phases, possibly a dihydro-1,2,4-triazine [321] and (E)-2-Phenylbenzaldehyde
oxime [322], although caution is urged, as there is a lack of support for these in the chem-
istry of aniline oxidation. Table 7.1 summarizes the main peaks found, with contaminants
excluded, and compares them with previous reports and assignments.

In addition to new peaks found in the 5m and 15m patterns of Figure 7.2 for the early-
stage products corresponding to oligomeric nanoflakes and nanoribbons [50,155,300,303]
results are also shown, in the 4h and 8h patterns of Figure 7.2, for the time-evolution
leading to the square cross-section PANI nanotubes of Figures 7.1C-E. Consistent with
previous findings [155, 300], the general trend with increasing reaction time is a disap-
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Figure 7.2: Synchrotron XRD patterns of square nanotube PANI nanostructure self-assembly (syn-
thesis conditions “B1”), as a function of reaction time. The asterisks denote highly crystalline contam-
inants.

pearance of sharp XRD peaks and the emergence of broader features, corresponding to
polymerization and giving rise to less well-ordered structures [155, 300]. It was found
that the remaining peaks (6.4◦: aniline/dopant acid salt penetration, 18.4◦: periodicity
parallel to polymer chain, 25.7◦: periodicity perpendicular to polymer chain) in the 8h
pattern were joined by a new peak at 21.4◦, whose assignment is unknown. This 21.4◦

peak was present in all 3 synthesis conditions (see Figure 7.3A, 8h patterns of B1-B3), but
was strongest for the square cross-section PANI nanotubes of sample B1.

Meanwhile, the 17.8◦, 19.0◦, 26.2◦ and 26.5◦ peaks were strongest for sample B2 5m
(Figure 7.3A), suggesting that these peaks may be attributable to the nanoflake morphol-
ogy associated with the B2 synthesis conditions [303]. Finally, one of the strongest re-
maining peaks in all 8h samples was 25.7◦; in a high-profile study on metallic transport
in PANI [2] it was found that optimally conducting samples had increased peaks around
25◦, which was assigned to face-to-face interchain stacking between phenyl rings (i.e.,
π-π interchain stacking). This implies planar chain conformation, where reduced torsion
angles between phenyl ring and backbone plane lead to an elongation of effective conju-
gation length (i.e., improved carrier transport) [2].

Figure 7.3B shows Fourier-transform infrared (FTIR) spectroscopy results for the same
PANI nanostructure self-assembly products, with two types of spectra clearly observ-
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Figure 7.3: (A) Synchrotron XRD patterns for various PANI nanostructure self-assembly synthesis
conditions (B1-B3), as a function of reaction time. (B) Corresponding FTIR spectra for the same
samples.

able: early-stage (5m and 15m) and final-stage (8h) samples. The latter are typical of
PANI nanostructures (e.g., strong electronic band at around 1160 cm−1), so herein the
focus is instead on the features of the early-stage spectra. The 1622 cm−1 peak may be
due to a hydrogen-bonded C=O stretch [300] (C=O· · ·H-N), or tri- and tetra-substituted
aromatic groups [323]. The bands at 1415 cm−1 and 1445 cm−1 have been assigned
to branched structures [300], which diminish as the reaction finishes due to increased
para-coupling [51]. The presence of short-chain oligoanilines is suggested by out-of-
plane C−C deformation (694 cm−1) and by out-of-plane C−H bending (740 cm−1) in
mono-substituted aromatic rings [300, 324]. Finally, the 862 cm−1 has been assigned to
branched 1,2,4-trisubstituted ortho-coupled benzene rings [300]. It is interesting to con-
trast the analysis of the same samples using different techniques (synchrotron XRD in
Figure 7.3A and FTIR in 7.3B): the FTIR spectra of the 5m and 15m samples are nearly
identical, even for the various synthesis conditions B1-B3 (only minor differences appear,
e.g., in 740 cm−1 intensity), but were found to differ significantly under synchrotron XRD
analysis, highlighting the usefulness of the technique.

Although a full PANI nanostructure crystallographic analysis of these synchrotron
XRD patterns is beyond the scope of this initial study, it is proposed that the new peaks re-
vealed at 5.7◦ may be attributed to the layered structure of aniline-based tetramers [325–
327], with the units arranged in layers that feature a 15.5 Å periodicity perpendicular to
the layers. The 17.8◦ and 19.0◦ peaks may also correspond to these layered oligomeric
tetramers, which, as a consequence of the increasing polymerization time, are replaced
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by prolonged polymeric chains, leading to the disappearance of the early-stage peaks.
Nonetheless, their initial arrangement into a liquid crystalline nematic phase influences
the subsequent self-assembly towards the observed polyaniline nanostructures.

7.4 Extension to Synchrotron Soft X-Ray Spectroscopy

In addition to the aforementioned XRD, one of the other techniques that greatly bene-
fits from synchrotron light sources is soft X-ray spectroscopy. Generally speaking, the
intense and tunable X-rays available at synchrotrons can penetrate relatively deeply into
solids, that is, beneath the immediate surface, and thus are not intrinsically limited to
being surface sensitive [328]. In this section, we describe experiments that investigated
self-assembled PANI nanostructures previously synthesized in earlier experiments from
our laboratory, complementary to those earlier studies [50,155] and to the preceding sec-
tions. Since these previous studies [50, 155] contained relatively thorough characteriza-
tion methods such as electron microscopy, FTIR and conductivity measurements, this
section concentrates solely on the soft X-ray spectroscopy methodology and its results.

Spectra obtained through NEXAFS (Near Edge X-ray Absorption Fine Structure) –
also known as XANES (X-ray Absorption Near Edge Structure) – measure the absorp-
tion of X-ray radiation by the sample3, with the results shown as a function of photon
excitation energy. The NEXAFS technique essentially involves the excitation of core elec-
trons through the absorption of an incident X-ray photon. These excited core electrons
are then promoted to usually-empty energy levels. The technique requires a tunable in-
cident photon source, hence it can only be done at a synchrotron. In the PANI context,
NEXAFS is an excellent technique for distinguishing nonequivalent nitrogen atoms and
different oxidation states. In particular, the focus is around the excitation energies asso-
ciated with the core levels of a particular atom of interest – for example, in PANI, the
nitrogen K-edge in the 395 eV to 415 eV range.

Like the previous sections, this experiment was also carried out at the Australian Syn-
chrotron, but this time on the soft X-ray spectroscopy beamline4. NEXAFS spectra were
recorded at a 90◦ (normal) angle of incidence, measuring 9 channels, of which the drain
current is plotted in this section, normalized by the I0 signal (current with zero absorp-
tion, as measured through a gold mesh inserted in the excitation beam). The step size for
the excitation energy was 0.1 eV, the dwell time was 5 seconds per step, and the cham-
ber pressure was approximately 10−9 mbar. The SPECS GmbH SpecsLab software suite
was used during data acquisition and processing. The PANI samples were prepared as

3Note the contrast here with XPS (X-Ray Photoelectron Spectroscopy), which does not measure absorption,
but rather, the ejection of photoelectrons upon X-ray excitation. XPS is also inherently surface-sensitive,
since the electrons being ejected interact strongly with matter.

4Under proposal ID M4876 for the soft X-ray spectroscopy; the X-ray crystallography work was conducted
under proposal ID M3207.
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dry powders, and were mounted using double-sided carbon tape to a gold disc sample
holder. The focused beam size was approximately 0.3 mm2, and comparison of repeated
scans indicated that no apparent beam damage or photo-oxidation was occurring.

The NEXAFS technique was used herein to characterize a wide variety of PANI sam-
ples, looking at both the carbon K-edge and the nitrogen K-edge of the materials, as
shown in Figures 7.4A and 7.4B, respectively. The samples included PANI made at vari-
ous acidity levels – in low-pH HCl solution [4], in a falling-pH environment [155] and at
constant pH (“pH-stat”) [50] – and consisting of a range of dopants, from the amino acid
alanine to p-TSA (p-Toluenesulfonic acid) to the ionic liquid [bmim]Cl (1-butyl-3 methyl
imidazolium chloride). This gives a broad representation of PANI types, not only in
terms of electronic properties, but also morphological features – for example, falling-pH
synthesis yields the nanostructures previously discussed in this chapter.

Before discussing the various peak features of Figure 7.4, it is worth noting that unlike
XPS, which can be curve-fitted quantitatively with reasonable success, NEXAFS analy-
sis is more qualitative, and is typically done in relation to the literature. While there is
growing interest in the electronic structure characterization of conducting polymers us-
ing NEXAFS [331, 332], there have been few such studies done on PANI [329, 330, 333],
and none on the nanostructured morphology of this material (recall Figure 7.1).

As shown in Figure 7.4A, the carbon K-edge NEXAFS spectra had peak features at
around 285.0 eV, 286.6 eV, 287.5 eV, 288.3 eV and 291 eV, although the 291 eV peak is
likely affected by a normalization artifact related to carbon presence in the synchrotron
beamline. A useful control experiment is the bare carbon tape spectrum shown as the
bottom-most trace in Figure 7.4A: due to the sample mounting of the PANI as powders
onto a carbon tape, some of this tape background will inevitably be present in the carbon
K-edge NEXAFS spectra5. Present in all of the spectra is the intense peak at 285.0 eV,
which corresponds to the lowest unoccupied π* molecular orbitals [329]. There is also
a shoulder present at around 284.5 eV, particularly prominent in the pH-2-stat sample,
which is attributed to quinoid ring C=N double-bonding [329]. These results indicate that
during falling-pH self-assembly, this type of quinoid ring bonding may appear during
the latter, lower-pH stages of the reaction. The relatively diminished intensity of this
peak in the doped p-TSA sample may be due to the breakup of the C=N double-bonding
upon protonation.

There is a strong difference in the relative intensities of the peak around 288.3 eV be-
tween the pH-stat samples and the PANI doped with p-TSA – the peak is thought to be
attributed to π* character ring carbon excitations [329], although as shown by the carbon
tape control spectrum, it can be difficult to accurately interpret this feature. Finally, the

5A possible solution is compressing the powders into pellets, but this brings about its own difficulties, most
notably the increased sample quantity required and strong (time-consuming) outgassing during pump-
down to ultra-high vacuum conditions. This issue is not present for the nitrogen K-edge NEXAFS spectra,
since there is nitrogen content in the carbon tape background.
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Figure 7.4: Synchrotron soft X-ray spectroscopy using NEXAFS at the (A) carbon K-edge and (B) ni-
trogen K-edge. Key features in these spectra include the lowest unoccupied π* molecular orbitals at
285.0 eV [329], π* bonding in the =N– quinoid ring at 397.4 eV [330] and the superimposed peaks at
398.6 eV and 400.1 eV, attributable to imine and amine π* bonding, respectively [329].

broad peak starting at around the higher 295 eV photon energy mark may be attributable
to σ* characteristics and superimposed multielectron excitations [329], although this re-
gion is somewhat difficult to interpret due to the artifact around 291 eV, particularly for
the poorly conducting oligomer-like pH-4-stat and pH-6-stat samples.

The nitrogen K-edge NEXAFS spectra shown in Figure 7.4B has peak features at
around 397.4 eV, 398.6 eV, 400.1 eV and 402.6 eV, plus a broad peak starting at around
406 eV. The superimposed peaks at 398.6 eV and 400.1 eV may be attributable to imine
and amine π* bonding, respectively [329], and thus through the comparison of their rel-
ative intensities can enable the determination of a mixture of nitrogen bonding types.
It appears that the pH-2-stat sample, which consists of well-conducting PANI that is
nanotubular in morphology, has a fairly equivalent amount of imine and amine bond-
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ing, unlike the higher-pH oligomer-like samples (pH-4-stat and pH-6-stat), where amine
bonding appears to dominate. Note that this is consistent with the aforementioned find-
ing in the carbon K-edge NEXAFS spectra, where the peak around 284.5 eV attributed to
quinoid ring C=N double-bonding was particularly prominent in the pH-2-stat sample.
It appears that the other types of PANI – doped with p-TSA, alanine and ionic liquid –
also have fairly equivalent amounts of imine and amine bonding, except for the ionic
liquid PANI synthesized with HCl in low-pH conditions, where, interestingly, the imine
bonding appears to dominate.

Particularly prominent in the pH-4-stat and pH-6-stat samples is the peak around
397.4 eV, which has been assigned to the π* bonding in the =N– quinoid ring [330], par-
ticularly in the emeraldine base form of PANI [333], which would be consistent with
the non-conductive state of these higher-pH samples. Finally, the broad peak above 406
eV may be due to delocalized σ* resonances [329], and appears to be present in all of the
sample investigated.

7.5 Conclusions and Outlook for Synchrotron Studies on Polyani-

line

Overall, the adoption of synchrotron techniques for the analysis of CP nanostructure self-
assembly yielded some significant advantages over laboratory XRD and conventional
soft X-ray spectroscopy such as XPS: (i) higher peak resolution; (ii) orders of magni-
tude less sample required, enabling analysis of low-yield early reaction time products;
(iii) much quicker, leading to high throughput of samples. However, these benefits are
counter-balanced by limited access to synchrotron facilities, access often awarded on a
competitive basis and preceded by long waiting periods and application rounds.

Laboratory XRD and XPS will thus continue to be main workhorse techniques for
PANI crystallography and electronic analysis, but, as has been shown in these proof-of-
concept studies, it should be complemented by synchrotron XRD and NEXAFS when
early-reaction time self-assembly information is required. It is recommended that such
synchrotron techniques be applied selectively to the main types of PANI nanostructure
self-assembly – e.g., nanofibers [120], microspheres [11] and nanosheets [334], with var-
ious dopant types – since, as noted by Nobel laureate Alan G. MacDiarmid, “there are as
many different types of polyaniline as there are people who make it.” [335]

It is also worth noting that such techniques may prove applicable to the SICM elec-
tropolymerized CP structures described in the preceding chapters, particularly via anal-
ysis using the synchrotron X-ray fluorescence microscopy beamline, where X-ray fluores-
cence techniques can be targeted to the micron and sub-micron length scales [336]. The
next step beyond these proof-of-concept studies will be combining synchrotron tools
such as the aforementioned electronic absorption structure information with conven-
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tional characterization techniques such as electron microscopy for morphology determi-
nation, 4-point probing for electrical conductivity values, and elemental analysis.



8
Conclusions and Outlook

This concluding chapter summarizes the contributions made by the research underpin-
ning this thesis, and suggests possible avenues for future work that may extend this re-
search direction. Note that since the custom SICM instrument that enabled this work, as
constructed during the course of this Ph.D. thesis, will remain at the University of Auck-
land after my departure (with detailed operating instructions included in Appendix A),
the below findings and contributions can be readily extended.

8.1 Summary: Scientific Contributions of This Thesis

8.1.1 Measuring the Ionic Flux of Electrochemically Actuated Polymers

Chapter 4 introduced a novel SICM modification, namely the incorporation of an oper-
ating electrochemical cell featuring the capability of probing an electrode. This enabled
the electrochemical oxidation and reduction of a CP PEDOT electrode, while a nearby
micropipette tip measured the resulting variations in salt concentration. Two stage ion
exchange was observed, and correlated with in situ AFM measurements. Additional phe-
nomena observed in the course of these experiments included spatial composition vari-
ations of the film, which may be caused by redox current distribution over the surface.
Finally, simulations were performed to explore the plausibility of a modified SICM de-
sign capable of simultaneous ion flux and topography measurements, which suggested
that the micropipette proximity should be the same as the magnitude of the actuation
itself. The applicability of the methodology developed is to the field of artificial muscles
and biomedical devices, particularly for the direct measurement of ion flux, its correlation
with actuation and its dependence on sample history.

8.1.2 Pipette Techniques for Highly Localized Electrochemical Fabrication

Chapter 5 demonstrated the first microscale electrochemical fabrication of PEDOT and
PANI features, as enabled by the adaptation of the SICM setup via CP monomer filled
micropipettes. The electropolymerization process for PEDOT features used an applied
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voltage Vdep = 2.5 V, for 7 seconds, using a single-barreled pipette in 2-terminal poten-
tiostat mode, filled with EDOT/NaCl solution. Through the fabrication of highly repeat-
able and precise arrays of microspotted CPs, the methodology was shown to robust and
well-integrated: it enabled the writing of our laboratory name “PERC”, as well as 2×2
and 4×4 arrays. It was found that the microspot growth started as defined by pipette
tip size, thus clearly indicating the future path towards further downscaling (i.e., to the
nanoscale). Moreover, in addition to microspots, more complex conducting polymer pat-
terns were also demonstrated, in a variety of aspect ratios that ranged from ribbons to
extruded morphologies. Overall, the customizable length and positioning accuracy of
these electrospotted CP features should enable their scalable, automated fabrication for
sensor devices, such as in between standard interdigitated metal electrodes.

8.1.3 Microscale Cyclic Voltammetry of Conducting Polymers

Chapter 6 developed highly localized 3-terminal cyclic voltammetry based on the SICM
setup, demonstrating the applicability of both single-barreled and double-barreled micro-
pipettes. These micropipettes were filled with aqueous saline solutions in contact with
Ag/AgCl electrodes, and naturally formed a thin meniscus of solution at the micropi-
pette tip. This enabled an automated approach in air and subsequent contact with the CP
surface being characterized. The key issue of droplet wetting effects on CP films and sub-
strates was investigated, prior to the application of the technique to a number of materi-
als, including PANI films and PEDOT microspots. Given the control over electrospotting
parameters enabled by our SICM setup – such as programmable electropolymerization
time and voltage – it may be interesting for future research to investigate whether local-
ized CVs can be tuned via microspot diameter, thickness, spacing, dopant and monomer
concentration. Finally, the application of this technique was demonstrated to the de-
tection of oligonucleotides specific to Homo sapiens breast and ovarian cancer cells using
CP-based DNA biosensors, resulting in ultra-sensitive (sub-pM level) and selective direct
electrical detection.

8.1.4 Synchrotron Studies on Polyaniline Nanotube Self-Assembly

Chapter 7 investigated CP nanostructures using synchrotron science, specifically the in-
vestigation of self-assembled PANI nanostructures through high resolution, high through-
put powder X-ray diffraction. By probing time-dependent samples of CP nanotubes,
their evolution was observed through the detection of previously unknown crystalline
features detected during the critical early stages of self-assembly. With its successful
demonstration to the CP PANI system, it would interesting to apply this technique to
the characterization of SICM-fabricated CP microfeatures, as the suite of available tech-
niques is quite limited. In addition to the aforementioned “powder” X-ray diffraction,
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Figure 8.1: Implementing an inverted optical microscope into the SICM setup enables higher-
resolution observation of pipettes and fabricated features. (A) A double-barreled pipette approach-
ing the surface of a transparent glass slide: [i-ii] gradually becoming visible, [iii] making contact,
[iv-v] droplet spreading and [vi] remaining droplet after pipette withdrawal away from the surface.
(B,C) Using a conventional side-camera, small microspot arrays can be very difficult to see, while
(D) using an inverted microscope camera, the same array can be readily observed with single-micron
resolution.

techniques such as X-ray absorption near edge structure (XANES) and X-ray photoelec-
tron spectroscopy (XPS) may also be of interest. Finally, the microspotted SICM CP fea-
tures described in this thesis may be well-served by analysis using a synchrotron X-ray
fluorescence microscopy beamline, whose X-ray fluorescence techniques are targeted to
the micron and submicron length scales through the use of micro- and nano-probes.

8.2 Future Research Directions in the Combined SICM-CP Field

8.2.1 Implementation of an Inverted Microscope

As noted in Figure 3.1 and Table 3.1, one of the most recent additions to the SICM setup
constructed during the course of this research is a basic Accu-Scope 3035 inverted micro-
scope. During the course of SICM investigations on the imaging of cells, inverted mi-
croscopes have been combined with the SICM in order to allow for simultaneous optical
imaging [42,61,102,103]. However, this type of scanned pipette and inverted microscope
setup has not yet been reported for conducting polymer applications – an area we are
now beginning to explore. As shown in Figure 8.1, implementing an inverted optical
microscope into the SICM setup enables higher-resolution observation of pipettes and
fabricated features.

The top row of the figure, i.e., panels (i)-(vi) of Figure 8.1A, show the approach of a
double-barreled pipette to the surface of a transparent glass microscope slide. In panel
(i) the pipette is relatively far from the glass surface (dozens of microns away from the
point of focus), and thus is not readily visible. As it approaches – that is, as the pipette
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is lowered along the z-axis – the two barrels become distinctly visible, as can be seen in
panel (ii); the tip diameter is approximately 10 µm. Panel (iii) shows contact being made
to the surface, followed by (iv)-(v) droplet expansion, and in (vi) retraction of the pipette
away from the glass surface, leaving a droplet behind. It is evident that this technique
can become a useful tool to study the relationship between pipette tip size and resulting
droplet size, as a function of substrate and solution properties.

It is also possible to use the technique to observe the electropolymerized microspot-
ting of arrays, whose principles were introduced in Chapter 5. Figure 8.1B shows the
side-camera observation of an array being electrospotted, but the microspots are hardly
visible, even in the inset of Figure 8.1C, where the microspotted region is magnified and
adjusted for brightness and contrast. By comparison, the use of the inverted camera to
image the same region results in a much clearer observation of the same microspots, as
shown in Figure 8.1D (the spots are approximately 5 µm in diameter). Both cameras can
be operated simultaneously and used to record movies, thus enhancing the capabilities
of the SICM described in this thesis.

8.2.2 Fabrication of Individual CP Nanostructures

The theoretical possibility of electropolymerizing CP nanostructures using the SICM is
completely plausible: as noted in Chapter 5, when the pipette is in air, a monomer and
electrolyte droplet extends beyond the tip, as determined by solution viscosity and pi-
pette wettability, with its size dictated by the tip radius itself. Upon successful approach
curve, a monomer and electrolyte liquid droplet bridges the tip-substrate separation.

The diameter of this bridging layer is determined principally by tip size, as well as
considerations of substrate and pipette wettability. When using a GC substrate and
borosilicate capillaries, no significant droplet spreading was observed, so that the elec-
tropolymerization diameter was a function of pipette tip size. Thus, with the fabrication
of substantially smaller (nanoscale) pipette tips, the fabrication of individual CP nanos-
tructures should be possible.

However, it must be noted that as pipette tip sizes decreases, there must be signifi-
cant improvements made in noise shielding and current amplification (to compensate for
pA-level signals), as well as order-of-magnitude improvements in control system preci-
sion (to avoid crashing the fragile pipette). Moreover, humidity control may very well
be required, as the monomer/electrolyte droplet extends beyond the tip will dry much
quicker for nanoscale tip sizes. Additional possibilities to explore include the treatment
of glass surfaces with a hydrophobic-coating process, or by exploring electrochemical
growth via short, repeated pulses (instead of a constantly applied potential).
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Figure 8.2: Overview of the combined TEM-STM characterization technique. First, (A,B) tungsten
STM probes were electrochemically etched to a nanoscale tip diameter, and imaged using SEM. Sec-
ondly, PANI was self-assembled onto (C) a bare gold substrate, resulting in randomly grown nanofib-
rillar structures, imaged by (D) SEM and (E) TEM. Finally, (E) the STM probe was brought into close
proximity to a PANI nanofibril; inset shows the tip probing a PANI film.

8.2.3 Modification and Characterization of Individual CP Nanostructures

In contrast to the preceding subsection, an alternate approach to SICM-based characteri-
zation of CP nanostructures is to fabricate the individual features using another synthesis
technique. That is, rather than using the SICM for both synthesis and characterization,
it may be more successful to use another technique for synthesis, and then the SICM for
characterization. Some initial steps in this direction as described herein, specifically on
TEM-STM (embedded scanning tunnelling microscopy in a transmission electron micro-
scope) and FIB-SEM (focused ion beam assisted deposition in a scanning electron micro-
scope)1.

The TEM-STM work is based on a TEM side entry sample holder that incorporates
an STM-like tip, for in situ three dimensional SPM imaging. Essentially, it is possible to
actuate a probe tip inside a TEM, bringing it in contact with the nanostructure to be inves-
tigated, using piezocrystal actuators, to investigate the electronic transport characteristics
of the material. As the system has seen initial application to carbon nanotubes [337] and
semiconductor nanowhiskers [338], its application to self-assembled CP nanostructures
was investigated, as shown in Figure 8.2. Tungsten STM probes were electrochemically
etched to a nanoscale tip diameter (Figure 8.2A,B), and used to investigate PANI nanos-
tructures self-assembled on a gold substrate (Figure 8.2C,D). While it was possible to
bring the tip into contact with the PANI (Figure 8.2E and inset), the random self-assembly
of PANI led to uncertain substrate depth and constitution, rendering this method sub-
optimal.

An alternative approach was attempted instead, using the combined FIB-SEM fabrica-
tion and characterization of testbeds for PANI nanostructures [339]. The self-assembled
PANI nanowires shown in Figure 8.3A were fabricated using a conventional falling-pH
process [50], and dispersed in an aqueous solution via ultrasonication prior to drop-

1This work was initiated during a research internship in electron microscopy at Lund University.
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Figure 8.3: Overview of the combined FIB-SEM fabrication and characterization technique. First,
(A) self-assembled PANI nanowires were fabricated using a conventional falling-pH process [50],
and were imaged using SEM. Secondly, after ultrasonication in an aqueous solution, these PANI
nanowires were dispersed over an SiO2-coated Si wafer bit, prior to (B,C) FIB-assisted deposition
of Pt microleads and contact pads. (D) I-V curves of the PANI nanowire of (B,C), taken at various
temperatures. (E) Plot of resistance as a function of (inverse) temperature.

casting on SiO2-coated Si wafer bits. These samples were then loaded in a FIB-equipped
SEM for assisted deposition of platinum microleads and contact pads, as shown in Fig-
ure 8.3B,C: individual PANI nanowires were contacted via “testbeds” for subsequent
electrical characterization.

Following this FIB-SEM fabrication of contacts to individual PANI nanowires, temper-
ature dependent I-V curves were obtained in the temperature range of 233 K to 343 K, as
shown in Figure 8.3D,E. This approach was then extended to a wider range of PANI prod-
ucts, such as a large network of PANI nanowires (Figure 8.4A), a small network of PANI
nanowires (Figure 8.4B) and oligomeric byproducts of the PANI self-assembly process
(Figure 8.4C), with their I-V curves also obtained. The fabrication of such testbeds may
prove to be an ideal first step towards integration with the SICM described in this thesis:
it may be possible to carry out localized CV measurements or even doping/dedoping of
a single nanowire [340].

Moreover, work in understanding the fundamental electronic transport characteris-
tics of electrolyte-gated PANI nanowire field effect transistors [341] may be enabled by
such fabricated testbeds. Specifically, there is a class of demonstrated three-terminal tran-
sistor assemblies that consist of a drain, source and gate electrode, where the gate elec-
trodes are immersed in buffer solution [341]. The magnitude of the gate potential VG and
source-drain bias voltage VDS of the setup can then be varied, allowing for the study of
conductivity dependence, doping and protonation effects, degradation of properties and
any hysteresis characteristics. Whereas in conventional experiments the immersed-buffer
setup is achieved using a relative large pipette droplet (µL scale), this could be refined
by many orders of magnitude through the SICM micropipette: such studies could be car-
ried out at specific regions of the nanowire, rather than on the entire setup. Thus, the
combination of FIB-SEM fabrication techniques with the localized SICM characterization
capabilities may open new avenues in fundamental research on CP nanowires, with ap-
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Figure 8.4: The combined FIB-SEM fabrication and characterization technique applied to PANI nano-
wire networks and oligomeric byproducts: (A) a large network of PANI nanowires, corresponding to
many junction points, (B) a small network of PANI nanowires, corresponding to few junctions and
(C) oligomeric byproducts of the PANI self-assembly process (note that these structures are on the
microscale rather than nanoscale). (D) Room-temperature I-V curves of the setups imaged in (A-C),
as compared against the PANI single nanowire of Figure 8.3.

plications ranging from bioelectronics to electrolyte-gated molecular electronics. It is also
worth noting at this point that the measurement and mapping of dielectric properties as
a function of frequency may also be possible with scanned nanopipette setups – that is,
scanning localized electrochemical impedance spectroscopy [342].

8.2.4 Suggestions for Software and Hardware Optimization

As noted in Chapter 3, the basic data acquisition hardware and LabVIEW-based pro-
gramming that underpins this thesis is adequate for the experiments described in the
preceding chapters, but is not optimal for truly high-speed scanning, since real-time con-
trol has not been implemented. This has some key implications, such as the inability
to carry out AC-modulated scans on insulating substrates [68, 173, 174]. Thus, for fu-
ture iterations of the scanned pipette setup described in this thesis, it will be beneficial
to upgrade the software and hardware capabilities. An integrated solution capable of
addressing both upgrades may be the GXSM and Soft dB suite.

To take each in turn: GXSM is an open-source scanned probe microscopy software
project that has nearly a decade of development to its credit [343]. With capabilities
suitable for angstrom-resolution STM and AFM research, it is an ideal candidate for
customization for SICM purposes. Moreover, its ability to integrate additional hard-
ware bodes well for the implementation of electrochemistry potentiostats, stand-alone
digital cameras and other custom SICM components. However, since this open-source
software is C/C++ based, it is recommended that a student skilled in mechatronics or
computer engineering take on the project – that is, inter-faculty collaboration is highly
recommended.

On the hardware side, GXSM is matched well by Soft dB, a Canadian manufacturer
of stand-alone digital signal processing (DSP) units – specifically, the SPM open source
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controller model Mk2-A810. This unit, based on a Texas Instruments DSP, is designed
for real-time data processing featuring FPGA design and analog input/output capabil-
ities. Thus, it is recommended that the current SICM design described in this thesis be
upgraded with a custom implementation of GXSM coupled with the Soft dB Mk2-A810,
for improved speeds, reliability and AC-modulated scanning capability.

8.3 Final Notes, Caveats and Perspectives

While the SICM has the potential to impart an exquisite level of control over CP elec-
trochemistry, for example through its localized electropolymerization and cyclic vol-
tammetry capabilities, it is important to note that at this point its application to this field
remains novel, experimental and complex. Besides the publications associated with this
thesis, the other studies dealing with the SICM-CP topic are recent and few [72,245]. This
bodes well for the production of scientific findings, as there is much to be explored, but
also limits its current scope to a few laboratories [72, 74, 245] – for example, the mass-
production for biosensor applications of microspotted CP arrays through SICM-based
micropipettes remains a distant prospect. It would thus be very beneficial to develop
and commercialize2 a low-cost SICM system that may be taken up by more conducting
polymer and materials science research laboratories and companies around the world, to
greatly boost development of this nascent field.

2Towards the end of this Ph.D. project, I put forward one such proposal, entering it into the University
of Auckland Spark Entrepreneurship Challenge. In their ideas competition, the proposed scanned pipette
system based on this research won the special $2,000 Chiasma prize for best science commercialization idea.
At the time of writing, funding is being applied for, in the hopes of developing a customer-ready prototype
based on the research undertaken during the course of this Ph.D.



Appendix A: Operating Instructions

Developing a one-off, complex system such as an SICM inevitably leads to various id-
iosyncrasies, but also for the opportunity to outline many hints and tricks, in particular
for those members of the PERC laboratory that may wish to use this instrument for their
experiments in the future. They are included here in hopes that they may save future
users time in getting up to speed with SICM operation and familiarity.

This collection of instructions, hints and tricks is organized below as a step-by-step
outline, namely of how to run a typical experiment using the SICM instrument con-
structed for this thesis:

1. Turn on the SICM Piezoactuator Amplifier and Check Normal Operation:

The piezoactuators that drive the SICM pipette movement are powered by an am-
plifier (specifically, the PI E-664 NanoCube Controller, property ID tag UOA251365).
This is turned on using a switch on its back panel. The front panel should immedi-
ately light up, with the numerical displays reading 00.0 for all three axes, and the
three green OTG lights turning on.

OTG corresponds to on target, essentially indicating that the amplifier is able to
control the piezoactuators’ extensions as expected. The converse case is OFL, that
is, overflow, which is problematic and corresponds to the orange lights turning on.
If these orange OFL lights are on, then the SICM may not perform as expected. If
these orange lights are on, check that (a) the toggle switch below then is set to zero,
and (b) that there is no voltage coming in from a control program on a computer
(specifically, that there is no voltage over 10 V coming in, which would correspond
to an overflow of current leading to a piezoactuator overextension and possible
hardware damage).

Finally, if the numerical displays do not read 00.0 for all three axes, then again the
SICM may not perform as expected. To set the axes back to 00.0 readings (which in-
dicate the piezoactuators’ extensions, in units of µm), check the following three po-
tential sources of offsets: (a) that the displacement manual-adjustment black knobs
are not turned, that is, that they are in their zero position, (b) the toggle switches on
the amplifier unit are set to zero, and (c) that there is no voltage coming in from a
control program on a computer.
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2. Turn on the Potentiostat:

There are two identical battery-powered potentiostats available to use, which, de-
spite their age and build, work well. They must be charged frequently, and because
there is no battery life indicator, one must be mindful that the batteries may run
out during an experiment. Some signs that the potentiostat may be running out
of charge include (a) a non-zero, drifting current even when no electrical current
path is present, (b) an inability to deliver the requested voltage potential (e.g., if
the computer program is set for 0.8 V, but a voltmeter reading of the potentiostat
output reads 0.62 V), or (c) a notable decrease in the intensity of the green ON light
on the potentiostat front panel.

Another drawback is the lack of software for these battery-powered potentiostats.
While some basic programs to automate them were designed during the course of
this Ph.D. – such as, for example, a cyclic voltammetry (CV) program – these are
very crude and do not match the performance of professional software. Despite
these issues, the battery-powered potentiostats are excellent for their independence
from power-line related electrical noise. Thus, these potentiostats can be placed
inside the Faraday cage, close to the SICM experiment, without contributing signif-
icantly to noise.

An alternative to these battery-powered potentionstats that has been utilized is
a CHI 700D bipotentiostat (ID tag UOA263360), which in addition to its ability
to carry out complex electrochemical experiments (e.g., two working electrodes),
also features a software package from the manufacturer. This can often lead to
higher-quality CVs, for example, and is straightforward to use. However, cur-
rently no work has been done to implement the CHI 700D setup with the LabVIEW
program controlling SICM operation, precluding complex experiments and well-
synchronized data streams.

3. Turn on the Operating Computer and Start LabVIEW:

The SICM has a dedicated computer featuring custom LabVIEW programs de-
signed to control its operation. At the time of writing, this was a computer running
the Windows XP operating system, with the login SICM System and password sicm,
and had the property ID tag UOA237076. Upon logging on with this account, open
LabVIEW and from it load the sicm.vi program, which can be found in the Desktop
> SICM Program folder.

4. Tune the LabVIEW Operating Program Parameters:

Once loaded, the control program should look similar to Figure 3.2. This control
program can be run by pressing the Start button in the LabVIEW menu bar (it looks
like a play button). However, before starting the program, it is useful to tune some
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of the experimental parameters. First, the scan size can be adjusted based on the
experiment being performed, using the green array. For example, if a 3x3 array of
microspots is to be electropolymerized, then click the green array spots to design
the required pattern.

Electrodeposition is a parameter that refers to how long the voltage will be applied
for during the course of, for example, electropolymerization. A toggle switch exists
in the program front panel to switch between ms and nC, where the former refers
to time in milliseconds, and the latter to charge in nanocoulombs. That is, in this
program electrodeposition can either be controlled by a simple time measure (stop
electrodepositing after a certain amount of time has elapsed), or by an integrated
current measure (stop electrodepositing after a certain amount of charge has been
passed).

Spacing is a parameter that refers to the spacing in between individual spots. It is
useful at this point to recall that the piezoactuators have a maximum range (along
each axis) of 100 µm. Thus, the maximum spacing feasible for a 3x3 array is 50 µm
between each spot; for a 5x5 array, it would be 25 µm, and so forth. While there
is no real minimum spacing (the claimed piezoactuator positioning resolution is
sub-nanometer), there is the practical limitation imposed by pipette size: setting a
spacing smaller than the pipette tip size will lead to microspot overlap.

Step Size is a parameter that refers to the discrete jumps made along the z-axis,
defining the speed of the pipette’s approach curve towards the surface. That is,
any lowering of the pipette is done through individual steps, whose spacing can
be tuned: smaller steps result in a more precise approach curve, while larger steps
have the benefits of much improved speed. A practical compromise usually de-
pends on pipette tip size: aim for a step size that is an order of magnitude smaller
that the pipette diameter (e.g., for a micropipette with a tip diameter of 1 µm, choose
a step size of about 100 nm). Doing so will ensure that the computer program is able
to collect sufficient current readings during the approach curve, thus avoiding the
situation where the pipette is moving faster than the computer program’s ability to
keep it from crashing into the substrate.

Z-Ceiling is a parameter used to optimize scan speed. It works on the assumption
that a sample is relatively flat, and thus once the tip-pipette separation is known, it
is unnecessary to repeat a full retraction and approach curve during the next itera-
tion. That is, consider the following example: a 3x3 array will require 9 approach
curves. During the first approach curve, say the program extends the piezoactuator
87.8 µm in order to reach the surface. Rather than repeating the full approach curve
again (which will likely be similar to the previous point’s 87.8 µm), by setting the
Z-Ceiling to 10 µm, the next approach curve is started at around 10 µm from the
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surface (i.e., at an extension of 87.8 − 10 = 77.8 µm), thus significantly decreasing
overall scan time. No problem will occur if the surface roughness is less than the Z-
Ceiling parameter; 10 um is indeed usually a good value for this parameter, though
it naturally varies based on the sample.

Upper and Lower Thresholds are parameters used to stop the automated approach
curve at the appropriate point, that is, before the pipette crashes into the substrate.
The theory is that when the pipette is far away from the surface, then no electrical
path exists and the current signal is thus zero (if the experiment is done in air rather
than immersed in liquid); once contact is made through the meniscus that naturally
forms on the pipette tip, then an electrical path is formed and a current spike is
recorded. The threshold parameters must be defined such that this current spike
exceeds them, thus triggering a stop condition.

Thus, for example, if the Upper and Lower Thresholds are defined as +1 nA and -1
nA, respectively, and the current spike hits 3.3 nA, then the approach curve will
successfully stop. However, if the current spike only measures 0.8 nA, then the
approach curve will continue unabated and the pipette will break. It is thus crucial
to define appropriate threshold conditions. These will vary from experiment to
experiment, and will depend on the solution and substrate conductivity, the size of
the pipette, the electrolyte conductivity, and the Voltage parameter applied between
the working and counter electrodes.

In practical terms, the zero current – that is, when the pipette is far away from the
surface and no electrical path exists – will never be truly zero: noise often leads to
constant sub-nA readings, so that ± 0.1 nA is not uncommon. Thus, the thresholds
must be higher than this, in order to avoid being triggered by electrical noise, but
not much higher, as small pipette tips and low applied voltage potentials often lead
to very subtle current spikes. If no current spikes are detectable upon contact (a
live, continuously updated chart of current can be seen in the LabVIEW operating
program) then the following should be checked: (a) the pipette may be blocked, for
example by evaporation of salt around the tip leading to solid residue formation,
(b) an air bubble may be trapped in the pipette tip, prevent an electrical path from
forming, (c) the applied voltage potential may need to be increased, or electrolyte
concentration strengthened, or simply (d) a wire may be loose/disconnected or a
potentiostat may be off (or running low on batteries).

5. Turn on the LED Light Array and Camera Program:

In order to visualize the experiment, a strong light source must be positioned close
to the pipette and substrate. At the time of writing this was a relatively elementary
arrangement: a microphone stand component of flexible metal, easily contorted
into any arrangement, topped with an LED-array light and powered by a basic
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voltage supply set for 10 V DC. These light sources are relatively long-lived, and
can be easily replaced with spares (e.g., from Surplustronics near the university).
However, even with this intensity of LED light, obtaining a suitable reflection can
be difficult – the light must be around 1 cm or less from the substrate, and at a
particular inclination.

In order to determine the best position, load the Thorlabs camera program from
the Windows start menu, and click the Thorlabs SICM Camera item to initialize the
camera. Note that the auto-contrast and auto-color toggle switches in the program
menu bar may also be helpful. Then shift around the LED light array by moving the
flexible metal part around until an appropriate reflection is found. This will vary
widely based on material, but glassy carbon, glass and gold substrates are capable
of excellent reflectivity.

6. Prepare the Pipette Holder and Pipette for Loading:

The pipette holder is a plastic widget that has been housed in a lightweight custom-
made aluminum holder designed specifically for the PI NanoCube mounting holes.
Although 4 holes are present, we found that 2 screws are sufficient, providing a
good compromise between mounting speed and stability. If the pipette holder is
already screwed in from a previous experiment, then unscrew it gently, by simul-
taneously grabbing both screws (one with each hand) and turning anti-clockwise
until it can be pulled off the NanoCube. The screws should only be finger-tight,
as over-tightening is unnecessary and likely to cause damage. During this process,
take particular care to not touch the NanoCube, particularly the silver pieces, as
permanent damage to the piezoactuators may occur upon contact.

With the pipette holder removed from the NanoCube, unscrew the clear plastic
ring to the point that the glass pipette can slide out (note that it is unnecessary to
unscrew this piece totally). If this glass pipette from a previous experiment is not
to be reused, discard it in the sharps waste bin (if not broken, some pipettes can be
reused repeatedly). Check the silver electrode of the pipette holder: as an Ag/AgCl
electrode, its silver finish should be darker and duller, almost matte in appearance.
It is good practice to renew the AgCl surface layer every day, before the start of
experiments. To do this, rinse with distilled water, then use a fine grit piece of
sandpaper to gently scrape the silver to its shiny, lustrous normal appearance; rinse
again, and then immerse in a material such as bleach (e.g., Janola brand) for about
15 minutes; then rinse again.

To prepare the pipette for loading, its end must be fire-polished, since when they
are received, their ends are jagged and will easily tear the rubber gasket inside the
pipette holder. This fire-polishing can be easily done with a cigarette lighter: grip
the centre of the pipette with a pair of tweezers; flick the lighter on, and then posi-
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tion its flame underneath the pipette end; keep until the pipette end changes color
from transparent to reddish-orange-pink; remove flame. If the flame is kept there
too long, then the pipette ends may shrink in dimension or even fuse, preventing
effective backfilling of the pipette.

7. Prepare the Solution and Backfill the Pipette:

As detailed in Chapter 5, the solution used to fill the pipette must meet a number
of criteria, including appropriate viscosity and wettability – for example water is
good, but propylene carbonate too viscous, and acetonitrile too wetting – and suf-
ficient conductivity. In our experiments, 0.1 M NaCl in distilled water was used
almost exclusively, with the addition of monomers as required. The solutions were
freshly mixed (preferably ultrasonicated shortly) and then loaded into a small vol-
ume syringe (e.g., 1 mL).

Special syringe tips are required for backfilling the exceedingly small diameters
of the pipettes, and we have had good success with the flexible plastic MicroFil
MF28G tips. Their length must be trimmed to approximately that of the pipettes
(about 5 mm longer than them), and this can be done with a specialized blade or
knife. With the syringe tip mounted, shoot a bit of liquid out (to ensure no air
bubbles are present), and then insert the flexible syringe tip into the back of the
pipette, pushing it down all the way to the pipette tip. Extreme care and patience
must be exercised when doing this: the diameters involved are sub-mm, and the
flexible syringe tips are extremely easy to snap off (avoid this; they are expensive
and time-consuming to import in).

Filling the pipette well is crucial, as SICM experiments will often not work with
an ill-filled pipette. The most common problem is that the air bubbles form (or
remain) at the very tip of the pipette, where the diameter is narrowest. This is
not an issue for relatively large pipettes (10-100 µm or higher), where application
of sufficient pressure will often lead to a visible droplet forming or even stream
emanating from the pipette tip. For smaller pipettes, however, particularly those
around 1 µm or lower, it is extremely difficult to discern successful backfilling –
starting an experiment is in some cases the only way to determine whether a pipette
has been filled or not.

There are a number of tricks that one can try for the filling of small pipettes. One is
the application of high pressure, but this can be dangerous: the pipette may shoot
off, or the syringe tip may pop off, spraying the electrolyte solution all over the
experimenter (wear gloves and safety glasses!). Another is dipping the entire tip
of the pipette into a beaker containing the electrolyte. A third trick, related to the
previous, is to use the syringe tip to stream electrolyte on the outside of the pipette,
so that a droplet forms at the pipette tip. A fourth trick is that the sides of the pipette
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can be gently flicked with a fingernail in an attempt to dislodge air bubbles. Finally,
we recommend that capillaries with filaments be tried as well for the laser-pulling
fabrication of pipettes, as the filaments may help with wicking to the tip.

8. Mount the Pipette and Lower It:

Once the pipette has been filled, it is loaded back into the pipette holder – make
sure to screw the clear plastic ring to the point that the glass pipette cannot easily
slide out, but not too tight either – and then mount the entire assembly onto the PI
NanoCube. As before, the two screws used to do this need only be finger-tight in
order to be secure. Connect the counter and reference electrodes to the wire connec-
tion corresponding to the pipette Ag/AgCl electrode, and the working electrode to
the substrate.

The pipette and its surrounding assembly must now be lowered towards the sub-
strate, with the separation between them less than 100 µm. To do this, first make
sure that the Thorlabs camera program is open and active, as outlined previously,
with good lighting and focus (if the focus is off, you may need to move the camera,
both along the xy plane and in the z dimension.

Then, using the manual adjustment stage dedicated to the z-axis (it is the one that
the PI NanoCube is mounted), lower the pipette assembly until it is within 100 µm
of the substrate. To gauge how this small distance appears on the Thorlabs camera
program display, use the piezoactuator amplifier’s manual knobs to drive the z-
axis piezoactuator through its 100 µm of range (the line-drawing tool can be used
to mark the pipette position at 0 µm and 100 µm extension).

Finally, once the pipette is within 100 µm of the substrate, the LabVIEW program
can be started. Readings of pipette position, time and currents are automatically
logged and saved to a location on the computer’s hard disk; at the time of writing,
this location was set to the Desktop > SICM Program > save-files folder, with one file
created for each new experiment, and automatically named using a date and time
system.
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[310] S. Mentus, G. Ćirić-Marjanović, M. Trchová, and J. Stejskal, “Conducting car-
bonized polyaniline nanotubes,” Nanotechnology, vol. 20, p. 245601, 2009.

[311] C. Zhou, J. Han, and R. Guo, “Dilute anionic surfactant solution route to polyani-
line rectangular sub-microtubes as a novel nanostructure,” Journal of Physical Chem-
istry B, vol. 112, pp. 5014–5019, 2008.

[312] T.-M. Wu and Y.-W. Lin, “Synthesis and characterization of hollow polyaniline mi-
crotubes and microbelts with nanostructured walls in sodium dodecyl sulfate mi-
cellar solution,” Polymer Engineering and Science, vol. 48, pp. 823–828, 2008.

[313] J. Han, W. Yan, and Y. Xu, “Synthesis of long polypyrrole micro/nanotubules with
rectangular sections,” Chemistry Letters, vol. 35, pp. 306–307, 2006.

[314] I. Diez, F. Emmerling, F. Malz, C. Jager, B. Schulz, and I. Orgzall, “Origin of templat-
ing processes in polypyrrole synthesis,” Materials Chemistry and Physics, vol. 112,
pp. 154–161, 2008.

[315] I. Diez, K. Tauer, and B. Schulz, “Polypyrrole tubes via casting of pyrrole-β-
naphthalenesulfonic acid rods,” Colloid & Polymer Science, vol. 283, pp. 125–132,
2004.

[316] B. Schulz, I. Orgzall, I. Diez, B. Dietzel, and K. Tauer, “Template mediated forma-
tion of shaped polypyrrole particles,” Colloids and Surfaces A: Physicochemical and
Engineering Aspects, vol. 354, pp. 368–376, 2010.

[317] Q. Hao, B. Su, X. Yang, L. Lu, and X. Wang, “Synthesis and characterization of
poly(o-phenylenediamine) hollow multi-angular microrods by interfacial method,”
Materials Letters, vol. 63, pp. 334–336, 2009.

[318] A. Boyle, J. F. Penneau, E. Geniès, and C. Riekel, “The effect of heating on polyani-
line powders studied by real-time synchrotron radiation diffraction, mass spec-
trometry and thermal analysis,” Journal of Polymer Science Part B: Polymer Physics,
vol. 30, pp. 265–274, 1992.
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