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Abstract

Neutron reflectometry studies of conducting polymer films

Charlotte Beebee

Within the field of conducting polymers, it is well understood that the variables in film
formation, ranging from the polymerisation and deposition methodologies to the
supporting electrolyte in the deposition solution, can produce a wide range of different
electrochemical and structural properties for a given polymeric species. For the most
part, studies into these effects rely on spectroscopic, electrochemical and surface
characterisation techniques. In this work, neutron reflectometry is used to identify the
extent of solvent content and spatial distribution within polymer films, providing insight
into the internal structure. In conjunction with electrochemical methods, two types of
variables are explored: the addition of carbon composites and the electrochemical
control function used for polymerisation/deposition. The effect of the incorporation of
carbon nanoparticles is explored in the case of composite poly(3,4-
ethylenedioxythiophene)-nanodiamond films. These are revealed to be similarly
electroactive to pristine poly(3,4-ethylenedioxythiophene) films but present a more
ordered internal structure. The effect of the electrodeposition method is investigated
by comparing films produced by potentiodynamic, potentiostatic and galvanostatic
deposition in the case of two different polymers, polypyrrole and poly(3,4-
ethylenedioxythiophene). The results show that the polymerisation efficiency for a
given growth protocol differs depending on the polymer species, as do the structural
variations, such as porosity or structural stability following charge/discharge processes.
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Figure 4.25 — Solvent volume fractions for the PEDOT-ND film in D,O and H,O,

associated with the fits in Figure 4.24, calculated based on the composite SLD = 2.5 x

Figure 5.1 — NR measurements and fits (left) and corresponding SLD profiles (right) for
the potentiodynamic growth of dPPy; the purple trace is the gold measurement prior
to deposition. R(Q) datasets are offset by increments of -1 for clarity. Experimental
conditions: 0.112 M dPy in 0.1 M NaClO, in H,0O, E: [-04V —E,__,
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Figure 5.2 — Cyclic voltammograms recorded during the potentiodynamic growth of
dPPy. Experimental conditions: 0.112 M dPy in 0.1 M NaCIO, in H,O, E: [-04V - E
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Figure 5.3 — Plots of film thickness (left) and mass per area (right) as a function of
growth charge density as calculated from the electrochemical data (blue) and from the
NR data (red) from the potentiodynamic growth of dPPy; the coloured traces are the
associated fits to the data, the black dotted trace is the linear fit to the NR data...... 123
Figure 5.4 — NR measurements and fits (left) and corresponding SLD profiles (right) for
the potentiostatic growth of dPPy; the purple trace is the gold measurement prior to
deposition. R(Q) datasets are offset by increments of -1 for clarity. Experimental
conditions: 0.112 M dPy in 0.1 M NaCIO, in H,O, E = 0.3 V vs Ag wire, t., = 68 min
Figure 5.5 — Growth transients from the potentiostatic deposition steps of dPPy.
Coloured traces are indicative of the total charge passed following successive
deposition intervals. Experimental conditions: 0.112 M dPy in 0. M NaCIO, in H,0, E
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Figure 5.6 — Plots of film thickness (left) and mass per area (right) as a function of
growth charge density as calculated from the electrochemical data (blue) and from the
NR data (red) from the potentiostatic growth of dPPy; the coloured traces are the
associated fits to the data, the black dotted trace is the linear fit to the NR data...... 25
Figure 5.7 — NR measurements and fits (left) and corresponding SLD profiles (right) for
the galvanostatic growth of dPPy performed on FIGARO; the purple trace is the gold
measurement prior to deposition. R(Q) datasets are offset by increments of -1 for

clarity. Experimental conditions: 0.065 M dPy in 0.1 M NaClO, in H,O, i = 2 pA cm?,
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Figure 5.8 — Growth transients from successive intervals during the galvanostatic
deposition of dPPy. Coloured traces are indicative of the total charge passed following
successive deposition intervals. Experimental conditions: 0.065 M dPy in 0.1 M NaClO,
in HyO, i =2 HA €M, iy = 127 MIN ettt sse s sans s 126
Figure 5.9 — Plots of film thickness (left) and mass per area (right) as a function of
growth charge density as calculated from the electrochemical data (blue) and from the
NR data (red) from the galvanostatic growth of dPPy in 0.065 M monomer solution;
the coloured traces are the associated fits to the data, the black dotted trace is the
linear fit to the NR data.........iiiniccrcccccct et ees s seesstcsnas 127
Figure 5.10 — NR measurements and fits (left) and corresponding SLD profiles (right)
for the galvanostatic growth of dPPy performed on SURF; the purple trace is the gold
measurement prior to deposition. R(Q) datasets are offset by increments of -1 for
clarity. Experimental conditions: 0.112 M dPy in 0.1 M NaClO, in H,0, i = 2.4 pA cm?,
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Figure 5.11 — Growth transients from successive intervals during the galvanostatic
deposition of dPPy. Coloured traces are indicative of the total charge passed following
successive deposition intervals. Experimental conditions: 0.112 M dPy in 0.1 M NaCIO,
in HyO, i = 2.4 HA €M™, £ = 85 MIN coooeeeeeee et seas 128
Figure 5.12 — Plots of film thickness (left) and mass per area (right) as a function of
growth charge density as calculated from the electrochemical data (blue) and from the
NR data (red) from the galvanostatic growth of dPPy in 0.112 M monomer solution;
the coloured traces are the associated fits to the data, the black dotted trace is the
linear fit to the NR data..........ccicnccrccrececcceeste st taesstaeseas 128
Figure 5.13 — NR measurements and fits (left) and corresponding SLD profiles (right)
for the galvanostatic growth of hPPy performed on SURF; the purple trace is the gold
measurement prior to deposition. R(Q) datasets are offset by increments of -| for
clarity. Experimental conditions: 0.112 M hPy in 0. M NaClO, in D,O, i = 2.4 pA cm?,
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Figure 5.14 — Growth transients from successive intervals during the galvanostatic
deposition of hPPy. Coloured traces are indicative of the total charge passed following
successive deposition intervals. Experimental conditions: 0.112 M hPy in 0.1 M NaCIO,

in D,0, i = 2.4 PA €M™, £ = 35 MM cooreeeeeeceeeeeee e sassss s s s sens 130



Figure 5.15 — Plots of film thickness (left) and mass per area (right) as a function of
growth charge density as calculated from the electrochemical data (blue) and from the
NR data (red) from the galvanostatic growth of hPPy; the coloured traces are the
associated fits to the data, the black dotted trace is the linear fit to the NR data...... 130
Figure 5.16 — SLD profiles of the films measured at the open circuit potential following
the final growth stage (black), held oxidised at E = 0.2 V (blue) and reduced at E = -0.5
V (red); insets show the corresponding reflectivity data and fits from which these are
derived, OffSEt fOr ClArity .....ccceeceureeceer ettt eeaene 134
Figure 5.17 — Cyclic voltammograms of NR samples acquired at 50 mV s in fresh
electrolyte solution following film deposition; presented are the traces for dPPy grown
potentiodynamically (red), potentiostatically (light blue), galvanostatically (green) from
0.112 M (full lines) and 0.065 M (dashed line) monomer solutions, and hPPy grown
galvanostatically from 0.112 M monomer solution (dark blue) .........cccccoeuveeevecunncnccnnnne. 136
Figure 5.18 — Cyclic voltammograms of the dPPy films grown potentiostatically (light
blue) and galvanostatically from 0.065 M monomer solution (dashed green) acquired at
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Figure 5.21 — Cyclic voltammograms of the PPy films grown from 0.112 M (full lines)
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EDOT in 0.3 M LiCIO,; the images are numbered according to the samples listed in
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Figure 6.2 — AFM images of the polymer surface of PEDOT films grown
potentiodynamically (A), potentiostatically (B) and galvanostatically (C) from 0.003 M
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Figure 6.4 — NR measurements and fits (left) and corresponding SLD profiles (right) for
the potentiodynamic growth of PEDOT in which the polymer is modelled as a single
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Figure 6.5 — NR measurements and fits (left) and corresponding SLD profiles (right) for
the final stages (Q, = 9.47, 11.73 and 15.16) of the potentiodynamic growth of PEDOT
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increments Of = 1.5 fOr Clarity ...t eeaene 162
Figure 6.6 — Cyclic voltammograms recorded during the potentiodynamic growth of
PEDOT. Experimental conditions: 0.003 M EDOT in 0.3 M LiCIO, in D,O, E: [-0.7 V —
E..J vs Ag wire, v= 150 mVs", i, =0.24 mA cm?, 81 cycles....c.cooevemrremrreerrreerrenns 163
Figure 6.7 — Plots of film thickness (left) and mass per area (right) as a function of
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Figure 6.8 — NR measurements and fits (left) and corresponding SLD profiles (right) for
the potentiostatic growth of PEDOT; the purple trace is the gold measurement prior
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Figure 6.10 — Growth transients from successive steps during the potentiostatic
growth of PEDOT. Coloured traces indicate the total charge following deposition
intervals. Experimental conditions: 0.003 M EDOT in 0.3 M LiCIO, in D,0O, E=0.55V
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Figure 6.11 — Plots of film thickness (left) and mass per area (right) as a function of
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Figure 6.12 — NR measurements and fits (left) and corresponding SLD profiles (right)
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Figure 6.14 — Growth transients from successive steps during the galvanostatic growth
of PEDOT. Coloured traces indicate the total charge following deposition intervals.

Experimental conditions: 0.003 M EDOT in 0.3 M LiCIO, in D,O, i =24 yA cm?, t., =
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Chapter 1 - Introduction

In a society that is irreversibly reliant on all forms of energy to power transport,
appliances and electronic devices of all shapes and sizes, there is substantial research
directed at finding novel solutions for how energy is produced, stored and distributed.
The field of intrinsically conducting polymers, also known as electroactive polymers,
has attracted great interest in the context of batteries', capacitors™ and photovoltaic
cells®. The versatility of polymers, allowed by their low cost and ease of manufacture, is
already recognised but their electrochemical properties still need enhancing and tuning;
for this, extensive characterisation and understanding of their structure and the
mechanisms by which they transfer charge is indispensable. The following studies will
seek to relate the electrochemical and physical behaviour of polymer films and to
better understand the properties that make them suitable and desirable for energy
storage. Neutron reflectometry (NR) has unique capability in resolving changes in
internal structure brought about by the process of solvation®, a key determinant of
electrochemical behaviour. The overarching aim of the project is therefore to extend
and enhance the use of neutron based techniques in the area of electrochemistry
generally and more specifically in the context of electroactive polymer films. This
research will seek to further develop the field of NR for dynamic studies in
conjunction with electrochemical techniques to enable in situ and simultaneous
measurements that will hopefully lead to more complete characterisation of

conducting polymer systems.

This chapter will provide an overview of the work that has already been done in the
characterisation of electroactive polymers, focussing on the effects of variables in the
deposition method as well as the role of carbon composites. This section will also
examine the studies that have previously combined neutron reflectometry and

electrochemical techniques.
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1.1 Electroactive polymers

Electrical conductivity arises from the movement of electrons or ionic charge carriers
to produce a flow of charge within a material. The high conductivity of metals is
attributed to the delocalisation of electrons around the atoms. Similarly in conducting
polymers which are composed of aromatic monomers, the alignment of electrons in
the p, orbitals resulting from the n-bonding along the polymer backbone, leads to the

delocalisation of electrons that facilitates the transfer of charge®’.

p-orbitals —> area of delocalised
electrons

'y S —

Figure I.1 — lllustration of delocalisation of electrons in the case of the monomer pyrrole

which, once polymerised, leads to conductivity along the polymer chains

This natural conductivity has greatly expanded the scope of research into energy
storage devices such as batteries and capacitors, as the intrinsic properties of polymer
systems make them increasingly desirable over their heavy and expensive metal-based
counterpart. Three families of polymer have been of particular interest to researchers
in this field, namely those based on polypyrrole (PPy)?, polyaniline (PANI)’ and
polythiophenes; a widely studied example of the latter group is poly(3,4-ethylene
dioxythiophene) (PEDOT)'*"". These have been copolymerised'”"* and/or combined
with various nanoparticles’ and additives'* to form composites in order to improve

properties such as conductivity, charge density and cycleability.

Several techniques for creating polymer films have been investigated, from the ‘wet
chemistry’ methods such as electrodeposition’, where the chosen monomer is
polymerised electrochemically during the deposition process, to more mechanical
methods in which the monomer has already been chemically polymerised prior to
deposition such as blade- or spin-coating"”. The latter are often favoured in industrial
applications as they can be easily adapted to large scale production once successful

polymer film formulations have been established. However, research suggests that the
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method by which a film is produced can affect the morphology of the film'® and
therefore alter its chemical and mechanical properties'’. Consequently the choice of
deposition technique must be considered alongside the choice of additives or chemical
and structural modifications to the polymer system when seeking to favour particular

characteristics for a specific application.

/\A
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Figure 1.2 — Structures of PEDOT (A), PPy (B), PANI (C)

Snook et al’s review of the field of conducting polymers for use in supercapacitors and
electrodes highlights the extensive work carried out in this area over the last ten
years. The authors conclude that cycle life remains a significant problem in these
systems’. In the case of PPy and PEDOT, the redox process results in loss or gain of
charge from the area of delocalised electrons along the chain; this charge is then
compensated by the influx of ions. In the case of PANI there is also an exchange of

protons on the nitrogen situated between rings along the chain.

g Heb

Figure 1.3 — Schematic of the process of ion incorporation showing a dry film structure (left)

and the solvated structure (right) in which ions penetrate the film and cause it to swell

The electroactivity of the film will therefore be affected by the facility with which ions
can penetrate the film to balance the charge. Given the movement of ions entering and

exiting a polymer film during redox cycling, it is recognised that the necessary change

Chapter | Introduction 23



in volume (swelling and shrinking) of the polymer matrix leads to stresses within the
films causing structural degradation that subsequently affects the conductivity and

mechanical strength of the polymer?®’.

In attempts to circumvent this problem, carbon based additives such as carbon
nanotubes have been incorporated into films, creating internal space that allows the
composite film to adapt to volume changes, and these have demonstrated greater

stability and conductivity>*'".

The enhanced porosity brought about by these
nanostructures is believed to increase conductivity by increasing the internal surface
area available for ion exchange within the polymer film*'®. These structural features of
porosity and surface area are all related to the spatial distribution of the polymer and
additional composites within the film and this makes these systems ideal subjects for

studies using neutron reflectivity.

5 7\
6

Figure 1.4 — Conceptual diagram of the role of carbon composites in creating space within the
polymer matrix (left) that readily allows the incorporation of ions (right) without resulting in

the mechanical strains brought about by swelling

1.1.1 Polypyrrole

Reviewed in 1997 by Vernitskaya and Efimov, PPy was already recognised as a
promising material for applications in batteries, capacitors, sensors, biosensors and
coatings to name a few'”. It is no surprise therefore that, more than fifteen years later,
the number of publications relating to this polymer is considerable. This section will
not be a complete review of the properties and applications of PPy but will seek to
discuss the work that has been done with regards to understanding the factors that

affect the polymerisation and deposition of these films.

It is widely accepted that a number of variables in the deposition protocol can

distinctly affect the electrochemical and structural properties of electroactive polymer
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films”". Substrates®’, solvents, pH, temperature and, of course, electrochemical control

function are just a few of the experimental parameters that have been explored’.

The roughness of electrode surfaces is thought to be a determining factor with regards
to the stability of PPy films®™. Li et al suggest that increased roughness promotes better
adhesion due to the increased active surface area. In their study, the nature of the
electrode itself appeared to have little bearing on the polymer properties, with each
sample demonstrating a similar electrochemical response. The effect of roughness had
previously been shown to improve conductivity in the case of PPy deposited on gold
electrodes, where the electrochemical roughening process produced surface species

that subsequently acted in a catalytic manner in the electropolymerisation process?'.

Figure 1.5 — Schematic of the process of ion exchange in which both anions and cations move
in and out of the film to balance charge in response to oxidation (left) and in the case where

a large anion is trapped within the polymer matrix such that only the cationic species is mobile

(right)

PPy can be deposited from aqueous or organic solutions. In organic media, a small
volume of water is nevertheless required to enable proton elimination. In aqueous
solutions there is a risk of nucleophilic attack on intermediates during the
polymerisation process'’. Within the deposition solution, the pH and dopant species
can also have an effect on the properties of the film produced. In 1998, Shimoda and
Smela explored the effect of pH in the case of PPy doped with a large anionic
surfactant, dodecylbenzenesulfonate (DBS)”. The use of such a large dopant was
designed to limit the movement of ions during charge and discharge of the film since
the anion would be trapped within the polymer matrix, leaving only small cations to

move between the film and the electrolyte solution. Most work had previously been
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done with smaller, more mobile anionic species. They state that these studies had
revealed better film conductivities when synthesised in a low pH solution, although it is
noted that for dopants such as DBS the pH has little effect on conductivity. In fact,
their results confirmed that the electrodeposition was not affected by the pH in the
range pH 3 — 10. They attributed this to the immobility of the dopant. The review by
Sadki et al also mentions the fact that aromatic surfactant as dopants have been

reported to stabilise and improve the mechanical properties of PPy films’.

The work by Otero and De Larreta in the late 1980’s investigated the morphological
differences brought about by the potentiostatic or potentiodynamic deposition of PPy
and found that, while the former produced dendrite-like features in the films and poor
adhesion, the latter produced smooth, homogeneous and well-adhering films®. They
comment that the features of the films produced using a constant potential were
similar to those reported for films generated galvanostatically. In 1999, Zhou and
Heinze reported that the features of the cyclic voltammograms (CVs) of PPy films
differed according to whether they were produced by potentiodynamic or
galvanostatic deposition®. Their work also explored the effect of different potential
windows or current densities in the cases of potentiodynamic or galvanostatic growth
respectively. The results indicated that subtle variations in the electrodeposition
protocol can have a significant impact on the electrochemical response of the films

produced, suggesting different structural features within the polymer matrix.

In their work investigating the different electrode substrate materials, Li et al briefly
explore the effect of the three different growth protocols®. They found that the
galvanostatic deposition produced the most electroactive film, whereas the
potentiostatic growth resulted in comparatively poor redox capacity. In 2009, Ansari
states that the use of constant current is also the most reproducible method for
producing PPy films®. While these studies all offer some insight into the effects of the

electrodeposition method, none of them exclusively compare all three techniques.

In addition to studies investigating the role of the electrochemical control functions,
the effect of a pulsed or layer-by-layer deposition has also been explored. Li and
Zhitomirsky reported in 2012 that the capacitive behaviour of PPy films grown by
continuous galvanostatic polymerisation compared poorly to films produced by an

ON/OFF growth protocol®. They attributed this increase in specific capacitance to the
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smaller size of the granular surface features observed in films grown using the pulse
deposition process. This method also resulted in greater polymerisation efficiency and
the authors suggest that this may result from the replenishing of monomer and
electrolyte at the electrode surface during the OFF periods. In the work by Sangian et
al, the layer-by-layer galvanostatic deposition protocol also included a rinsing step
between layers”. They showed a cross-sectional image of a film produced using their
sequential polymerisation (SEP) process which revealed distinct interfaces within the
polymer matrix but did not indicate any difference in porosity compared to the
continuously deposited films. The films prepared by the SEP method were found to

produce films with better mechanical properties and higher conductivity.

Figure 1.6 — Conceptual illustration of film structure resulting from continuous polymerisation
(left) and sequential polymerisation steps (right) which may fill in gaps within previous layers

as well as produce distinct interfaces

1.1.2 Poly(3,4-ethvlene dioxythiophene)

PEDOT has been extensively studied for use in energy-storage®® and photovoltaic”
devices, as well as in biological applications such as sensors® and as coatings for
neuroprosthetic electrodes®*>. As in the case of PPy mentioned above, there have
been numerous studies into the effect on the characteristics of PEDOT films caused by
variables in the deposition method. Again, while the choice of current or potential
range may be the most obvious culprits in producing different properties, the choice of

33,34

counter ions**** and deposition medium® have all been found to have an effect on film

structure or the electrochemical properties.

The monomer, EDOT, has a very low solubility in water and is therefore often
polymerised in organic media or in aqueous solutions with added surfactant. Sakmeche
et al reported that the use of sodium dodecyl sulphate (SDS) in an aqueous solution

for the electrosynthesis of PEDOT produced films with a more compact morphology
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and greater electrochemical stability than those prepared in acetonitrile®®. PEDOT
films can however be successfully produced in surfactant-free aqueous media, although
ensuring a homogeneous solution requires the use of very low monomer
concentrations”. Randriamahazaka et al highlighted the importance of the choice of
deposition media when they compared electrodeposition processes in acetonitrile and
an ionic liquid®. They proposed a model which identifies two types of nucleation
mechanisms, progressive and instantaneous, which occur according to the deposition

medium.

In 2010, Kozak reported the effect of a number of deposition variables, including a
series of washing regimes of the electrode surface prior to deposition’”. He concluded
that these cleaning protocols did not affect the electrochemical properties of the
PEDOT film but did affect film adhesion which was evaluated with a tape test.
Deposition on a silver electrode surface was found to be very poorly adhesive while
films formed on indium tin oxide presented the lowest impedance, demonstrating that
the nature of the electrode can affect film properties. Two dopant species were
investigated, chlorine and polystyrene sulfonate (PSS), with the latter producing more

stable films.

The choice of polymerisation potential has also been explored with regards to its
effect on morphological and electrochemical features. In 2000, Niu et al investigated
the effect of the switching potential in potentiodynamically grown films, revealing that
the higher potential limit produced more porous and crystalline films as opposed to
the lower potential which resulted in a more compact, amorphous structure®. Melato
et al also explored the role of polymerisation potential but in the context of
potentiostatic deposition*'. Interestingly, they reported no difference in the
electrochemical properties of the films produced at different potentials for the same

overall growth charge.

Melato et al extended their study of PEDOT deposition variables to include the effect
of scan rate and dopant species’. They found that slower scan rates during
potentiodynamic deposition resulted in a more crystalline structure and greater film
porosity was obtained from faster cycling. The size of the supporting electrolyte also
contributed to these structural differences with films produced in LiClIO, exhibiting

greater crystallinity than those deposited from solutions containing TBAPF,. They also
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reported a shift in polymerisation potential according to the nature of the supporting
electrolyte and observed that the polymerisation efficiency was greatest for films
deposited from LiCIO, solutions. Electrodeposition in the presence of this smaller
cation also resulted in more electroactive films. Interestingly, Eliseeva et al reported no
significant effect caused by either solvent (acetonitrile and propylene carbonate) or the
supporting electrolytes (LiCIO,, Bu,NBF, and Bu,NPF,) on the redox capacitance of
PEDOT films*.

In this work, the effect of different deposition methods on the electrochemical and
structural features of PEDOT is examined, focussing on electropolymerisation
techniques as opposed to chemical polymerisation and mechanical deposition methods.
In a study published in 2008, Patra et al investigated the effect of electrochemical
control function on the deposition of PEDOT films on stainless steel using scanning
electron microscopy (SEM)®. They note that the galvanostatic (GS) and potentiostatic
(PS) modes are, by definition, continuous growth mechanisms as they employ constant
current and potential respectively. In contrast, the potentiodynamic (PD) mode results
in a layer-by-layer growth due to the cycling of the potential in and out of the potential
range in which polymerisation occurs. Their results show that at low current densities
or potential ranges, the surface morphology is globular. At higher currents or
potentials, the globular structure becomes more porous in the case of GS and PS
growth, whereas the PD growth exhibits more fibrous surface structures. Ultimately,

these differences were dependent on the rate of deposition.

A similar study was undertaken by Melato et al in 2010 using AFM'®. They observed
the same morphological differences between films grown by PS and PD methods. Using
in situ AFM they were able to examine the evolution of film structure during the
deposition process which revealed compact granular clusters in the case of PS growth
and the development of fibres during PD growth. They attributed the latter to the
reduction of the film occurring between layers of deposition which allows “structural
rearrangement”. They note that this reorganisation also occurs in the films grown by
the PS method but takes place once the films are cycled in monomer-free electrolyte

solutions following deposition.
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1.1.3 Polymer-carbon composites

The different structures of carbon nanoparticles can be roughly divided into three
categories: the fullerenes, the nanotubes and the nanodiamonds, all of which have been
used to form composites in polymeric systems. In 2006, Hu et al produced a
comprehensive review of the role and properties of carbon nanostructures*. They
note that a structure of the fullerene variety known as a ‘buckyball’ can be doped to
form conducting material. With regards to carbon nanotubes (CNT), which have been
described as ballistic conductors®, they explain that the graphite forming the tube is
itself a semimetal and that the electronic properties of the nanoparticles “are
controlled by the cylindrical symmetry of the structure”. The numerous structural
properties improved by the incorporation of CNT include increasing the tensile
strength, the Young’s modulus and the ductility of the composite. Interestingly, the
CNT can also alter the electrical properties of the polymer. Finally, the authors
describe how the addition of nanodiamonds (ND) is found to increase the mechanical

strength of polymer films, possibly through enabling a cross-linking mechanism*.

The exceptional electronic properties of CNT have made them a popular composite in
the field of electrochemistry, however ND are becoming increasingly studied as they
are in fact much less expensive to produce®. Furthermore, it has been demonstrated
that even low quantities of the particles can dramatically affect the properties of
composite materials*. A recent review of the role of polymer-ND composites in Li-
ion batteries reports that the nanoparticles can be used to improve thermal, electronic
and structural properties in composite films and have already been tested as
electrodes in battery configurations'. The successful functionalization of the ND

d47,48

surface has also been reporte , providing added versatility in terms of solubility and

reactivity.

ND particles present interesting electronic features in part due to their spherical
structure which offers a large surface to volume ratio and consists of an sp’ core and

an sp” outer shell®’

. The graphitic surface in itself is conductive but also allows the
formation of a variety of functional groups which can enhance or inhibit electron
transfer reactions”. The particles are often hydrophilict due to the electrostatic
potential of the surface, which also promotes particle-particle interactions, often

leading to agglomeration®.
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It is generally acknowledged that the electronic properties vary according to the way in
which the ND particles are prepared and thus the type of functional groups present
and the ratio of graphitic surface carbon. Feoktistov et al examined how boron
content and the use of methane in the preparation of boron-doped ND films affected
the conductive properties of the samples'. Their results indicated that increasing the
amount of boron enhanced conductivity however higher concentrations of methane
decreased the conductivity for a given level of boron doping. Koroleva et al
investigated the effect of different treatments on the conductivity and sedimentation
stability of aqueous ND solutions. Their results indicate that exposing the particles to
ozone gas produced the most conductive sample, while the largest agglomerate size
and greater flocculation was observed for particles that had previously been heated in

a dry chlorine atmostphere®.

The conductivity of undoped ND is often attributed to the redox activity of the
surface bound functional groups, notably the oxygen-containing moieties. Zang et al
therefore explored the effect of annealing with regards to modifying the electronic
properties®”. Their work revealed that annealing in vacuum resulted in the removal of
oxygen-containing functional groups and produced slower electron transfer kinetics.
The surface groups could be reformed by annealing in air. The work by Welch et al in
2014 however suggests that the sp’ ordered carbon in the core of the ND particles

may in fact play a greater role in charge transfer processes™.

The electrochemical activity of ND has also been explored for the purposes of
producing novel electrode materials. Zang et al used annealed ND powder as an
electrode and reported stability in their chosen electrolyte in a potential range
spanning 3 V**. Holt et al investigated the electrochemical properties ND by creating a
ND-modified boron-doped diamond electrode. The purification protocol of the ND
particles involved annealing in air. Potential cycling in solutions of differing pH
produced different electrochemical responses, indicating that the surface bound

functional groups were the source of the electrochemical activity observed™.

When forming composites with conducting polymers, ND have been reported to
affect the morphology of PANI polymer clusters when included in the deposition
solution for potentiostatic and potentiodynamic growth®*. PANI-ND composites

prepared by chemical polymerisation and mixing were found to produce films that
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were significantly more stable than pristine PANI films, displaying greater durability
when exposed to extensive cycling”’. The authors suggest this stability is due to the
ND providing greater structural strength to the polymer matrix. Gomez et al report
that, in the formation of PANI-ND nanocomposites, the individual components retain
their properties however the incorporation of ND extends the potential range in

which the redox properties can be studied™.

Although there have been numerous publications reporting PEDOT-CNT composites,
with promising results for applications notably in drug delivery®, neurotransmitter
sensors® and neural stimulation®', there has so far been very little work addressing
PEDOT-ND composites. Ispas et al deposited such films potentiodynamically and
explored the film structure and composition using electrochemical quartz
microbalance, scanning electron microscopy and X-ray photoelectron spectroscopy®.
They reported that the composite film was less porous than the pristine PEDOT film
and that the ND also appeared to promote greater film homogeneity. They also
observed that the quantity of ND incorporated into the films varied according to the
composition of the deposition solution. More recently, Tamburri et al created
composite films from the chemical polymerisation of EDOT in the presence of ND¥.
In their work, the ND were found to have a catalytic effect on the polymerisation
process and produced longer polymer chains than those found in the pure PEDOT

films. They also report enhanced mechanical properties.
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1.2 Neutron reflectometry

1.2.1 Studies of conducting polymers

Over the last two decades, neutron based techniques have been explored as a means
of studying electroactive polymer films for the purposes of modifying electrode
surfaces. It was demonstrated that neutron reflectivity could be used to study a
polymer film at different stages of potentiodynamic deposition as well as in selectively
un-doped or p-doped states’. The results of these experiments indicated that the
gradual thickening of the film during deposition could be observed via neutron
reflectivity measurements and highlighted changes in film density as the growth
progressed. The effects of doping were also investigated and revealed that the
structural changes resulting from this could persist after the film was returned to the
undoped state. Another study examined how the polymerisation method used affects
the interfacial structure in bilayer systems and the correlation with electrochemical
properties®’. The results showed that electroprecipitation of a polymer onto another
to form a bilayer produces segregated layers with a distinct interface whereas
electropolymerisation resulted in an entirely composite material with the deposited
polymer diffusing into the ‘substrate’ polymer layer. The study of this buried interface
is an ideal example of the benefits of using neutron reflectometry in the

characterisation of such systems.

In 1999, Wilson et al published their investigation of the effect of counter ions and
redox states on the internal structure of a metallopolymer film®. They notably made
use of different contrasts in solution to highlight the solvent content within the
polymer films. While the results revealed the variations in solvation in internal
structure, the reflectivity data also revealed a loose surface structure of diffuse
oligomers which had thus far remained undetected by other techniques. Further to this
work, in 2003 Glidle et al described the effects of applied potential and electrolyte
concentration on the solvation and salt distribution within polyvinylferrocene films. In
this case, the use of different contrast solutions allowed the electrolyte to be

distinguished from the solvent.

While these initial experiments probed static systems in that the chemistry in the films

was unchanging throughout the neutron reflectivity measurements, it is now possible
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to dynamically probe electrochemical systems and therefore monitor changes in film
composition and structure on a timescale more suited to the rate of these reactions.
The first publication to describe this was the work by Cooper et al in 2004 in which
they studied the movement of solvent within the film during cycling of the applied
potential®. In part, the novelty of their work was the approach to the data acquisition.
They used a boxcar integration methodology that involved acquiring short ‘windows’
of reflectivity data at successive intervals as the polymer film was cycled linearly
between potential limits. With each cycle, more data points were accumulated in each
potential window such as to result in a reflectivity profile for the different points in the

cycle.

1/ mA

Figure 1.7 — lllustration of the boxcar integration method applied to a cyclic voltammogram

such that each box shows the section of the cycle during which NR data is acquired

Recent advances in the capabilities of time-of-flight reflectometers mean that fast
measurements on the order of 10 s are now achievable. Naturally, the kinetics of the
reaction must be such that the sample is not changing significantly during the
measurement so for electrochemistry purposes this is still only applicable to slow
processes. Furthermore the range of Q is limited by the restriction to a single angle
measurement and the quality of the data is restricted by the flux. There is ongoing
research into new instrument components that will address these issues. In particular
the work by Cubitt and Stahn has demonstrated that a prism can be used in the place
of choppers to ascertain the wavelength range and thereby result in an increase in the

flux of neutrons reaching the sample surface®’.
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Further to these instrumental advances, there is increasing interest in using multiple
characterisation techniques alongside neutron reflectometry for in situ measurements.
While this is useful for static, unchanging samples, it is of particular interest to samples
required to undergo reactions or transformations during kinetic NR measurements.
The simultaneous use of analytical techniques such as cyclic voltammetry and IR or

UV-visible spectroscopy®®*’

allows for electrochemical and spectroscopic data to be
acquired from the same system during a neutron experiment thus eliminating some of
the error associated with characterising a system in different environments at different

times.

The fundamental properties of neutrons make them particularly suited to detecting
light elements and the study of buried interfaces, allowing structural variations such as
thickness, roughness and density, as well as variations in elemental composition to be
investigated when studying solvation within thin electroactive polymer films. Not only
can the reflectivity profiles of these films provide information on solvation and
movement of ions within the system but by the simultaneous use of techniques such as
cyclic voltammetry, the electrochemistry within these films can be studied with
unprecedented detail. The challenge remains in the design and set up of the
experiments that allows for both NR and electrochemical data to be successfully
acquired. The facilities providing the neutron beams and instruments will offer advice
and assistance in setting up such investigations; however the onus lies with the user to
anticipate the material requirements and ensure sufficient forward planning to make

the experiments possible and successful.

1.2.2 Combining NR and electrochemical techniques

The combination of NR with in situ electrochemical techniques has been of great
interest to a number of fields of research. The range of techniques made available by
the use of a dual purpose cell enables the user to not only perform analytical

measurements of their sample but also to drive reactions.

In 2010, Lauw et al described their electrochemical/NR cell designed to allow the
study of the electrical double-layer formed at the interface between an ionic liquid and
a solid electrode surface”. They reported different interfacial structures at different

applied potentials. Jerliu et al also developed a cell to perform combined studies of a
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silicon electrode in a lithium-ion battery setup’'. They monitored structural changes in
the material during charge and discharge processes and identified the effects of
penetration of lithium into the silicon. Veder and co-workers have done extensive
work making use of combining electrochemical impedance spectroscopy (EIS) and NR
in situ to study polymeric systems for use as solid contact ion selective

electrodes’?’*747®,

These studies all address fundamental issues relating to applications in energy
production or storage, however the advantages of combining electrochemistry with
NR is not limited to electroactive systems relating to novel electrode and electrolyte
materials. NR has been widely used to study surfactants, proteins and lipid membranes.
These types of samples can also benefit from electrochemical characterisation and/or
the application of an electric field to drive structural changes. Indeed, Zamlynny et al
have published several studies making use of these techniques to investigate surfactant
behaviour’®””’®, They use electrochemical methods to explore the thermodynamic
properties of the system or drive structural reorganisation while using NR to study the
interfacial structure. Quite recently, Tronin et al used the combined techniques to
explore the effect of a transmembrane electric potential on the structure of a lipid
bilayer”” and Fadda et al studied the effect of voltage on the opening of peptide pores
in lipid membrane®. Anecdotally, personal discussions with fellow reflectometry users
have revealed great interest in using electrochemical methods in their studies of lipid

membranes.

Increasingly, neutron instruments have a selection of sample environments available to
users such as temperature and pressure controlled environments and sample holders
catering to different phases such as liquid or gas containers. What is lacking, however,
is equipment that can be adapted to carry out other analytical techniques, such as
electrochemistry and spectroscopy, for simultaneous acquisition of data during the
neutron experiment. Each neutron facility will engage with the user to integrate
additional techniques to neutron experiments, advising on the design and manufacture
of custom made cells or devices that can allow connections between instruments for
synchronised measurements. Frequently, the problems lie with the instrument to be
integrated (potentiostat or spectrometer) as these are not usually designed for use in

conjunction with other techniques. As users and facilities continue to innovate and test
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these setups, the growing number of publications combining these techniques provides

unprecedented insight into these complex systems.
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1.3 Conclusions

The substantial number of studies exploring the properties of conducting polymer films
has revealed that the electrochemical features are linked to the surface and internal
structure of the polymer matrix. While there are numerous factors that affect the
polymerisation process, the choice of electrochemical control function has been
shown to cause significant differences in the morphology and electrochemical response
of polymer films. The effects of the incorporation of carbon nanocomposites have also
been explored and found to enhance structural stability resulting in improved
electrochemical properties. The penetrating abilities of neutrons and their sensitivity

to light elements make NR an ideal tool in the investigation of these systems.

1.4 Aims and objectives

This project contains three distinct studies seeking to further our understanding of the
structural features of polymer films that result in different electrochemical behaviours.
In a first instance, the subject of carbon additives and their role in modifying the
properties of polymer films is explored in the case study of a PEDOT-ND composite.
Specifically, the composite films are compared and contrasted with pristine PEDOT
samples in order to evaluate the effect of the NDs on the electrochemical response,
surface features and internal structure. A complete characterisation is intended to
produce not only quantification of the carbon particles present within the film but to
understand how they can best be incorporated to improve desirable properties.
Thereafter, the effect of the electrodeposition method with regards to variations in
structure within the polymer matrix is explored for two of the most studied
electroactive polymers: PEDOT and PPy. The aim of these studies is to monitor
changes in structure throughout the deposition and following charge/discharge
processes by quantifying the solvent content which provides information about
accessible sites for charge compensation as well as structural features of porosity and
rigidity. The simultaneous use of electrochemical techniques and NR is aimed at
providing measurements of structural changes in a sample that may occur as a function
of electrochemical control. The results of in situ and ex situ measurements are then
combined to relate structural features to electrochemical properties. In studying the

deposition of two different monomers, the resulting structural features, yield efficiency
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and charge/discharge properties may be identified as universal for a given

electrochemical control function or specific to a polymer type.
The objectives of this work can therefore be summarised as follows:

e Measure the relative solvent content and distribution within a composite film
and compare with a pristine film grown from identical conditions

e l|dentify differences in morphology and electrochemical response brought about
by the addition of nanodiamond particles

e Investigate the effect of different electrodeposition protocols on polymerisation
efficiency and charge capacity

o Explore the internal structure of films produced by different methods by
examining the volume of solvent and its distribution within the films

e Establish whether or not the choice of electrochemical control function for the
growth of a polymer produces consistent structural effects for different

polymer species.
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Chapter 2 - Methodology and techniques

2.1 Neutron reflectometry

2.1.1 Introduction

Neutron reflectometry and scattering in general are based on the mathematical theory
pertinent to optics and the concept of wave-particle duality, although the latter will
not be explored here. The purpose of this section is to give the reader a
comprehensive and application driven summary of the fundamental principles that
underpin the technique, with a particular focus on how this translates into a practical
understanding of what can be successfully measured and studied. The basic concepts of
neutron interactions with nuclei and the geometry of neutron reflectometry
experiments will be outlined, followed by some illustrated examples of the processes

of modelling and interpreting data.

2.1.2 Neutron-nuclei interactions

Neutrons are considered ideal probes for a wide range of samples, due to being highly
penetrating and sensitive to light elements, unlike analogous X-ray techniques. The
ways in which a neutron can interact with an atom include nuclear and magnetic
scattering, and absorption'. Since neutrons interact with the nuclei of atoms, they can
also differentiate between isotopes, allowing for isotopic substitution to be used to
highlight features of a sample, a method known as contrast variation>’. When a
neutron interacts with a nucleus, the scattered wave is defined as a function of
wavelength and scattering angle. With the exception of absorbing elements, however,
the interaction cross section tends to be independent of the wavelengths
corresponding to the length scales of atomic or molecular spacing, usually in the range
A =2 — 30 A. Thus, the probability of scattering for a given atom is defined by the
constant known as the scattering length, b. The magnitude and sign of this constant for
a given element is indicative of the scattering strength and whether or not the incident
wave phase is affected by the neutron-nuclei interaction. The area in which the
neutron-nuclei interaction is likely to occur is known as the cross section, @, and is

related to the scattering length by**:
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@ = 4m|b|?

(2.1)

Neutron cross-sections follow no particular trend in the periodic table as illustrated in

Figure 2.1, showing the bound coherent scattering length (b,) of the elements®. The

values of b_for hydrogen and deuterium highlight how different these values can be for

isotopes of a single element, a fact that is widely exploited in neutron scattering

techniques.
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Figure 2.1 - Bound coherent scattering lengths

The scattering length density (SLD or N,) of a material is calculated by summing the

individual bound coherent scattering lengths of the atoms per unit volume:

Ny

_Zbc'NA'p
B M

(2.2)

where ), b, is the sum of the bound coherent scattering lengths of the atoms in the

molecule, N, is Avogadro’s constant, M is the molar mass of the molecule and p is the

density. The SLD of a compound is therefore related to its composition and density

which allows the SLD of mixtures to be easily calculated knowing the SLD of the

individual compounds and their volume fractions®:
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NbAB :beA+ (1—X)NbB
(2.3)

where N, and N are the SLDs of compounds A and B respectively, N, g, is the
SLD of the mixture of compounds A and B, and x is the volume fraction of compound

A within the mixture.

2.1.3 Reflectivity theory

The scattering from a flat sample or interface occurs over a wide range of angles so
deflected neutrons can be detected by either measuring the scattered intensity at a
single angle equal to that of the incident beam, known as specular scattering, or
alternatively by measuring the off-specular scattering'. The latter can provide
information about features in the plane of the sample whereas the former detects
features in the axis perpendicular to the surface. In this work, only specular
measurements and theory will be discussed since the intention is to study laterally

uniform films.

Neutron reflectometry is used to investigate variations in composition and thickness of
thin layers as a function of depth averaged over the horizontal plane of the sample. A
collimated beam of neutrons is directed at the interface of interest where the neutrons

interact with the nuclei of the elements within the sample and are scattered into a

detector.
incident beam reflected beam| _ <—— detector
\\ ”—::::::"::,’:::;
layered sample S TS T

Figure 2.2 — Scattering geometry through layers

As the beam of neutrons travels through a layered sample, it will have distinct
interactions with each layer to produce a reflectivity profile which will be a
mathematical convolution of the different layer interactions present within the

material. The incident beam may transmit through or reflect off each interface such
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that the resulting scattered waves are subject to interference, which is manifested by

the appearance of fringes in the reflectivity profiles R(Q) of layered samples.

The reflectivity profile of a sample is the ratio of reflected to incident intensity (known
as the reflectivity, R) as a function of momentum transfer, Q, which is related to the

incident (k;) and scattered (k,) wavevectors by equation ( 2.4 ) and illustrated in Figure

23.

ol

Figure 2.3 — Geometry of the incident and scattered wavevectors and the associated

momentum transfer.
Q, =ks—k;

(24)

(2.5)

Since the magnitude of the wavevector is defined by equation ( 2.5 ), simple
trigonometry allows Q to be expressed as a function of angle 6 and wavelength A in

equation (2.6 ).

Q = —sin#f

(2.6)
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In an experiment, the range of Q can be controlled by varying the wavelength of the
incident beam of neutrons or changing the incident angle®. If the neutron beam
contains a range of wavelengths then for a given angle 6 there will be a range of Q. In
the case of a monochromatic beam, the range of Q is controlled by adjusting the
incident angle. The characteristics of the neutron beam and the wavelength range it
provides will be determined by the type of neutron source, nuclear or spallation, by

the moderator and thereafter by the design of the instrument.

Since the reflectivity is the ratio of reflected to incident intensity, the definition of total
reflection is R = |, where the reflected intensity is equal to the incident intensity. The
conditions for total reflection stipulate that the bulk substance through which the
neutrons travel (s,) before reaching the interface of interest must have a lower SLD

than that of the bulk substance from which they reflect (s,).

The position of the critical edge, Q. the point at which the reflectivity drops below
R=1, is determined by the difference between SLDs of the bulk materials according to

equation (2.7 )°.

Qc = 4/mAN,
(2.7)
where
AN, = SLD s, — SLD s,
(2.8)

If the sample comprises materials from which complete reflection occurs, then the
angle will be chosen such that the range of Q will include Q. thus resolving the critical
edge. The measurement of the critical edge allows the data to be correctly scaled
(ensuring the plateau is at R = |) and thus provides an absolute measurement rather
than relative intensities. It is also used to check that the position of Q. matches the
value expected for the materials of the sample, thus avoiding mistakes in the sample,

the settings of the instrument or alignment issues.

One of the simplest ways of describing the reflectivity, R, as a function of Q is to use

the Born approximation as shown in equation ( 2.9 ) In the case of a single interface,
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this leads to the relationship defined in equation ( 2.10 ). Although this accurately
predicts the reflectivity for higher values of Q, it does not take into account the
requirement that R must be less than or equal to | and therefore does not correctly

simulate the area around the critical edge'.

16n2| [ dN, .
R(Q)z Q4 Ee lZQdZ
(2.9)
16m2N,2
(2.10)

In the case of a system with two interfaces, the interference between the waves
reflecting and transmitting from these boundaries will produce variations in the
intensity known as Kiessig fringes. The distance, d, between the interfaces in real space

will be related to the fringe spacing in Q space according to equation ( 2.11).

(2.11)

The situation becomes more complicated with an increasing number of interfaces and
is best described by the Parratt recursive formulism. This method uses an iterative
procedure to calculate R(Q) by summing the amplitudes of the reflected and
transmitted beams as they travel through the different layers of a sample, iteratively
solving the boundary conditions for the transmitted and reflected neutron waves at
each interface. It is this method that is used most commonly in the modelling and

fitting software available for the analysis of neutron reflectometry data.

The properties of the sample such as repeating layers, overall thickness or the relative
thickness of contrasting layers will determine how the instrument should be set up for
the measurement, according to the resolution and Q range requirements needed to
clearly resolve the features of the reflectivity. For example, given the reciprocal

relationship between Q-space and real space defined in equation ( 2.11 ), a thick layer
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will produce very closely spaced fringes, which will therefore require a higher
resolution. A thin layer, on the other hand, would require a measurement to a higher
value of Q in order for the fringe minima to be resolved. For example, in the case of a
30 nm layer of gold, the fringe periodicity or separation in Q will be in the order of
0.02 A", such that three distinct fringes can be identified in the range up to 0.06 A';
whereas with the addition of a 70 nm polymer film, the fringe minima will fall
approximately every 0.006 A" therefore there will be almost twice the number of

fringes within the same range of Q.

In this work, the samples are considered thick by neutron reflectometry standards,
with an overall sample thickness of between 30 and 100 nm. In these cases, the low Q
area of the reflectivity profile should give sufficient information to measure layer
thickness. However, the more subtle changes in SLD and roughness will have an effect

at higher Q so the choice of Q-range will depend upon the information sought.

2.1.4 Models and limitations

The neutron can be described mathematically by a wavefunction and thus by an
amplitude and a phase, but what we measure during scattering experiments is the
intensity, the square of the amplitude, such that the phase information is lost'” In a
practical sense, this means that a measured reflectivity could originate from several
different sample structures and a single neutron reflectivity experiment alone does not
allow differentiation between them. There are a number of methods employed to
circumvent this problem but, as a starting point, it is considered good practice to
characterise and acquire as much information about a sample prior to the neutron
experiment or data fitting. This enables the sample system to be simulated using a
model in which one has reasonable estimates of the upper and lower bounds of

variables, such as the size of layers and their composition.

A reflectivity profile on its own can only provide a limited amount of information such
as the difference in SLD between the bulk outer materials given by the position in Q of
the critical edge, as shown previously in equation ( 2.7 ), and an approximate thickness
of the layer with the greatest contrast given by the relationship between reciprocal and
real space given in equation ( 2.1l ). For further information to be extracted, it is

common to use fitting software that utilizes a box model system which involves
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dividing the sample into layers with specific parameters that are variables in the fitting
process. Since there may be several possible sample structures that correspond to a
single reflectivity, it is preferable to be able to fix parameters to a known value; for
example with a solid layer such as gold, the thickness may be measured prior to the
experiment and the SLD can be calculated. For other samples where the thickness may
not be known and the SLD may vary depending on solvation, the fitting will start from
physically plausible values and these parameters will be allowed to vary. A single
physical layer of a compound may be modelled as several theoretical layers to allow

for subtle differences to be identified, such as spatial variations in density or solvation.

thickness / A SLD x 106 A2 roughness / A
air or solvent N/A 0 N/A
layer | 150 1.5 10
layer 2 150 2.5 10
quartz substrate N/A 4.18 10

Table 2.1 — Example of the box model with the thickness and SLD parameters for each layer
and the roughness value between each layer, e.g. roughness in the row ‘quartz substrate’ is
the roughness from the quartz to layer 2; no thickness value is given for the outer materials as

they are bulk materials.

The three key parameters, as shown in Table 2.1, are the thickness, the SLD and the
roughness of each layer. The roughness variable is not in fact a measure of
topographical roughness, although it can be affected by the latter. In this case, the
roughness O, is the error function (erf) related to the FWHM of the Gaussian that is
the derivative of the SLD profile of an interface by equation ( 2.12 ) as illustrated in
Figure 2.4. It therefore provides information about the slope of the SLD profile and

allows the interface to be identified as sharp or diffuse.
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FWHM =2V2In20

(2.12)

-45-40-35-30-25-20-15-10 -5 0 5 10 15 20 25 30 35 40 45
Figure 2.4 — lllustration of the roughness parameter in relation to the SLD profile of an

interface (blue trace) and the corresponding Gaussian derivative (red trace)

One method used to aid in selecting the correct structure from different candidates is
to manipulate the ‘contrast’. Hydrogen and its isotope, deuterium, have very different
scattering lengths which can be used, for example, to highlight particular layers in a
sample by modifying their deuterium content. Increasing contrast between layers of a
sample can significantly affect a reflectivity profile, for example by adding fringes or
increasing the depth of fringe minima which subsequently provides more features to fit.
While this can make the fitting process more difficult by increasing the number of
variables, it allows structural features to be highlighted and also limits the number of

possible corresponding SLD profiles.

In the case of a gold layer deposited on quartz (the substrate used in this work) the
binding (3-mercaptopropyl)-trimethoxysilane (MPTS) layer present between the gold
and the quartz illustrates well the effect of contrast as shown in Figure 2.5. The
simulated reflectivity of a sample without the contrasting MPTS layer shows very weak
fringes as the SLD of quartz and gold are not significantly different at 4.18 x 10 A?
and 4.5 x 10 A? respectively. By adding the MPTS layer, with an SLD of 0.266 x 10°

A2, the fringes of the gold layer are immediately resolved.
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Figure 2.5 — Simulated reflectivity and SLD profiles of 30 nm gold layer on quartz substrate
with a 15 A MPTS layer (blue trace) and without (green trace); roughness is fixed at 5 A at

each interface

‘Contrast matching’ is a further technique used to highlight a particular component of
the system and involves creating a mixture of compounds, for example in solution, to
achieve an overall SLD that matches the SLD of a particular material in the system.
This form of contrast variation enables several reflectivity profiles to be acquired for
the same sample in differing solvent environments, such that comparison of the

differences in reflectivity profiles can be attributed to the sample environment and the

data pertinent to the sample can be extracted.

SLD /x 106 A2

[ ST NV G o

0 0.05 0.1 0.15 0.2 N
Q/A"! z

v

Figure 2.6 — Simulated reflectivity and SLD profiles of a single interface between two bulk
materials, the blue trace is a sharp interface with a roughness of 0 A and the green trace

shows the same interface with a roughness of 10 A

The subtle details of how SLD parameters can affect a reflectivity profile are best
explained through illustrative examples. We shall first consider the effect of roughness,

starting with the simplest case of a single interface between two bulk materials as

shown in Figure 2.6.
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As seen previously in equation ( 2.9 ), the Fresnel reflectivity R(Q) will decrease with
increasing Q by a factor of Q. The roughness parameter however causes a more rapid
decay which, in practical terms, could result in a loss of information as the reflectivity
may quickly drop below the level of background scattering, which is typically on the

order of R = 107,

In cases where there is more than one interface, the different interfacial roughness
parameters have a more complicated effect on the reflectivity. This is illustrated in
Figure 2.7 which compares the effect of a roughness value of 0 or 10 A at the various
interfaces and Figure 2.8 which shows the same examples but with roughness values of
0 or 20 A. In the cases where both interfaces are diffuse (purple trace), the reflectivity
decays faster than in the case of the sharp interfaces. Furthermore, increasing the
roughness to 20 A results in the reflectivity reaching the background limit and,

therefore, a loss of information.
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Figure 2.7 — Simulated reflectivity and SLD profiles of a sample with two distinct interfaces, in
the case where both are sharp with 0 A roughness (blue), where both are diffuse with 10 A
roughness (purple), where the first interface is sharp and the second diffuse (green) and

where the first is diffuse and the second is sharp (red)

In the cases where one interface is diffuse and the other is sharp, the reflectivity
profiles are difficult to distinguish from one another with only slight variations in the
depth of the fringe minima. It is clear therefore that, if these were experimental
results, identifying which interface was more diffuse could be quite difficult since either
model fits the data quite well. The fringes in this case also appear ‘dampened’
compared to the sharp interface model and the reflectivity does not decay as rapidly as

in the case of both interfaces being diffuse.
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Figure 2.8 — Simulated reflectivity and SLD profiles of a sample with two distinct interfaces, in
the case where both are sharp with 0 A roughness (blue), where both are diffuse with 20 A
roughness (purple), where the first interface is sharp and the second diffuse (green) and

where the first is diffuse and the second is sharp (red)

SLD differences in a multi-layered system can also produce similar reflectivity profiles
despite significantly different SLD profiles. Figure 2.9 illustrates how two samples with
layers of different SLDs can have almost indistinguishable reflectivity profiles. This
results from the similar contrast between the layer and the neighbouring layers which,
in this example, are the bulk materials air and quartz. In the case of the 2 x 10 A?
layer (blue trace) the difference in SLD between the layer and either of the bulk
materials is approximately 2 x 10 A2 In the other two cases however, the SLD of the
layer is closer to one or the other of the bulk materials but both by the same
difference in SLD of | x 10 A In the reflectivity profile, it is apparent that this results
in a very similar reflectivity profile in which the fringes are significantly dampened

compared to the layer with an SLD of 2 x 10 A%,

SLD /x 10 A2

0 0.05 0.l 0.15 0.2
QA ) z

v

Figure 2.9 — Simulated reflectivity and SLD profiles of samples with a single 10 nm layer but
with SLDs differing by | x 107 A?
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Furthermore, differences in thickness combined with a difference in SLD can also
produce similar reflectivity profiles. Figure 2.10 illustrates the case of a two layer
system in which the thickness of the layers differs. The blue trace is given as a
reference in which both layers have the same thickness but an SLD differing by | x 10
A What is of interest however is the similarity between the reflectivity profiles of the
other two samples (red and green traces) where the plots clearly overlay with the
exception of some small differences in the depth of fringe minima. Once again, if this

were experimental data, the correct model could be difficult to identify.
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Figure 2.10 — Simulated reflectivity and SLD profiles of two-layered samples in which the
layers are equally thick (blue trace), in which the lower SLD layer is thinner than the higher
SLD layer (green trace)and in which the lower SLD layer is thicker than the higher SLD layer

(red trace)
2.1.5 Conclusion

Neutron reflectometry is a highly sensitive technique that can reveal the structural and
compositional detail of surfaces, layers and interfaces. In the context of polymer films,
a range of sample thicknesses between 30-100 nm can be reliably explored without
posing any considerable challenges with regards to the resolution capabilities of most
neutron reflectometers. The quality of the information extracted from an experiment
relies strongly on prior characterisation and knowledge of the sample as well as the

use of contrast manipulation techniques to complete the use of fitting algorithms.
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2.2 Electrochemical methods

2.2.1 Introduction

The field of electrochemistry encompasses all methods that make use of electric
potential or current to drive or analyse chemical reactions. It comprises a considerable
number of techniques that can be used in the study of a wide range of samples in all
the states of matter. This section will focus on the electrochemical procedures
relevant to the formation and study of electroactive polymer films, namely cyclic
voltammetry, chronoamperometry and chronopotentiometry. Firstly, the experimental
equipment will be described followed by an outline of some of the fundamental
concepts of electrochemistry. Thereafter, each technique will be described along with

a summary of how it is used in the experiments presented in this work.

2.2.2 Electrochemical cells

An electrochemical cell is the vessel in which electrochemical reactions take place or
can be manipulated. In its simplest form, it will contain two electrodes, the working
electrode at which the reaction occurs and the current or potential is controlled, and
the counter electrode that serves to complete the circuit and acts as the anode or
cathode according to the reaction taking place at the working electrode’. More
commonly, the cell comprises a third electrode, known as the reference electrode,
which is not involved in the electrochemical reaction but has a stable, known potential

against which the potential at the working electrode can be calibrated.

In this work, a glass beaker was predominantly used as an electrochemical cell in which
the electrodes were arranged and connected as shown in Figure 2.11. For the
purposes of in situ neutron reflectometry experiments, custom made cells were
developed according to the general design shown in Figure 2.12. These cells contained
a compartment to contain the electrolyte solution in contact with the working
electrode surface. The latter was the gold coated surface of single crystal quartz block.
The reference and counter electrodes were placed along the side and at the back of

the solution compartment respectively.
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Figure 2.1 | — Schematic of the electrochemical cell setup

E
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Figure 2.12 — Schematic of the neutron reflectometry/electrochemistry cell (NR/EC)

Two slightly different NR/EC cells were used in this work, one constructed at the
University of Leicester (cell A) and the other at the Institut Laue-Langevin (cell B). The

main differences are outlined in Table 2.2.

Counter Exposed working electrode area /
Cell Seal
electrode cm?
A Teflon divider Platinum mesh 294

Platinum coated
B Viton O-ring 24.8
titanium grid

Table 2.2 — Differences between NR/EC cells
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2.2.3 Electrodes

In this work, unless otherwise stated, the reference electrodes used are Ag wire and
AgCl coated Ag wire. The counter electrodes were iridium or platinum coated
titanium grids or platinum mesh. The size of the grid was chosen according to the size
of the working electrode such that the counter electrode always presented a greater

surface area than the working electrode in order to avoid any current limitations.

In all cases the working electrodes were gold coated surfaces. These were prepared
on microscope slides, glass blocks or quartz blocks as described in Chapter 3, section
3.3. Gold coated microscope slides with a titanium binding layer were also used,
purchased from Platypus Technologies. Depending on the thickness of the substrate,
the working electrode was either directly attached to a crocodile clip connecting it to
the potentiostat, or connected by means of a copper wire. The wire was connected to

the gold surface by conductive silver paint and secured using silicone glue.

2.2.4 Electrochemical theory

This study makes use of the principle of electrolysis in which either a potential
difference produces a current, or a current is applied to the electrochemical cell,
resulting in the transfer of electrons. The latter drives the reaction at the working

electrode. The current is related to the reaction rate according to equation ( 2.13))
i = AFj
(2.13)

where i is current, A is the electrode area, F is Faraday’s constant and j is the flux in
units of mol cm™? s which can be therefore be considered the rate of the reaction.
The yield of the reaction can be determined according to Faraday’s laws of electrolysis,

summarised by equation ( 2.14)

(2.14)

where m is the mass of substance produced at the electrode, Q is the charge, F is

Faraday’s constant, M is the molar mass of the substance and z is the number of
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electrons transferred. Hence, the mass of substance produced by the application of
potential or current can be predicted according to the molar mass of the substance,
the total charge applied to the system and the number of electrons involved in the

reaction.

In the case of a redox reaction, the number of electrons involved in the reaction, z,
can be readily determined based on the oxidation state of the molecule. However, the
polymerisation process presents a more complex situation due to the chain
propagation reaction. Consequently, the number of electrons involved in the
polymerisation reaction per monomer unit is determined according to equation

(2.15) adapted from the review by Heinze et al’.

_ (@n+2+xn)
B (n+2)

(2.15)

In this expression, n is the number of monomer units per chain and x indicates the
doping level of the polymer, where a charge can be distributed over several monomer

units, typically for conducting polymers this lies in the range 0.25 < x < 0.4.

2.2.5 Cyclic voltammetry

This technique involves scanning an applied voltage, E, linearly with time, t, at a scan
rate, v, and measuring the resulting current, I. The potential drives reactions at the
working electrode interface with the electrolyte solution. The magnitude of peaks in
the current as well as the potential at which they occur and the way in which these
vary with scan rate, provide information on the kinetics of the reaction’. The potential
limits are selected according to the potential windows of the electrolyte solution, the

electrode material and the reaction of interest at the electrode.

The charge Q can be calculated by computing the integral of current as a function of

szidt

time as shown in equation ( 2.16).

(2.16)
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Knowing the charge and the number of electrons involved in the reaction, the quantity

of reacting species can be calculated according to equation ( 2.14).

When using cyclic voltammetry to polymerise a monomer, the growth charge can be
calculated by integrating the area under the curve in which the current peaks during
the polymerisation. The integral of current with respect to time in each cycle is
summed to give the total growth charge which can then be used to determine the
quantity of monomer consumed in the reaction. In this work, this method is referred

to as potentiodynamic deposition in the context of producing a polymer film.

2.2.6 Chronoamperometry

This technique involves the application of a constant potential to a system and
measuring the resulting current as a function of time. The potential is selected to drive
a reaction at the electrode. In this work chronoamperometry is used either to drive
the polymerisation and deposition reactions to produce a polymer film, known as
potentiostatic deposition, or to induce oxidation or reduction of the sample. The
charge applied can be easily calculated by integrating the resulting current transient

over time.

2.2.7 Chronopotentiometry

This technique involves the application of a constant current to a system and
measuring the resulting changes in electrode potential as a function of time. Again, the
purpose of this technique is to drive a reaction at the electrode however this
technique allows greater control over the applied charge by defining the exact amount
of time the current is applied. Furthermore, the rate of the reaction is controlled by
the choice of current applied. When used to drive a polymerisation reaction this

method is referred to as galvanostatic deposition.
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2.3 Atomic force microscopy

An atomic force microscope (AFM) provides topographical information about a surface
by scanning an atomically sharp tip across the desired area and monitoring the forces
experienced by the tip as it encounters the surface features. The tip is mounted on a
cantilever that reflects a laser, such that the tip and cantilever can move in response to
the interatomic forces at the surface and the laser can detect this movement'®. The
forces experienced by the tip are a measure of the tip/surface distance and the
resulting displacement of the tip is converted into a three dimensional image of the

surface features.

»
»

Figure 2.13— Diagrams of the AFM scanning process and the resulting 3D image of the

surface.

The AFM has three modes of scanning: contact, non-contact and tapping.
‘Contact’ mode involves scanning the sample at a very small (< | nm) sample-tip
distance at which the tip/surface interaction is repulsive. This mode is not considered
suitable for soft samples such as polymer films due to the possibility of the tip dragging
across the sample and damaging the surface layer. The ‘non-contact’ mode involves the
tip oscillating above the sample at a resonant frequency of I-10 nm'' but this can also
incur damage to the surface due to the attractive Van der Waals forces which are
particularly strong in this range that can cause the tip to ‘crash’. The ‘tapping’ mode is
considered a good compromise in which the tip oscillates at a resonant frequency
around 20-100 nm'!, intermittently ‘tapping’ the surface and encountering the

electrostatic forces and resulting in a change in the amplitude of the oscillation'?.
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Chapter 3 - Experimental and analysis

3.1 Neutron reflectometry

3.1.1 Alignment

The alignment protocol varies slightly according to each neutron reflectometry
instrument however the basic principles remain the same. The sample is placed on the
sample stage of the instrument which can be moved both horizontally and vertically as
well as tilted to specific angles. A laser positioned in the neutron guide simulates the
trajectory of the neutron beam. The first part of the alignment requires manually
adjusting the sample stage such that the laser touches upon the sample’s interface of
interest. Done ‘by eye’, this is therefore a very rough approximation of the correct
sample position. Following this, the alignment is carried out using the neutron beam
itself. The goal is to find the position of the sample at which the incident beam angle is
0°. A series of scans through the sample height and sample angle are carried out,
measuring the neutron intensity at each point. The sample position given by the
alignment provides the starting point of all the instrument movements that will
produce different incident angles throughout the subsequent measurements; it is

therefore a calibration specific to each sample.

3.1.2 Measurement

For a given sample, several incident angles may be used to acquire a measurement of R
over the desired Q range. The settings required to focus the beam onto the interface
of interest vary with each angle and affect the incident beam intensity. As described in
Chapter 2, the reflectivity is the ratio of the reflected and incident intensities,
therefore it is necessary to acquire a measurement of the incident beam; this is known
as a direct or transmitted beam measurement. According to the substance through
which the incident beam must travel to reach the interface of interest, i.e. air or quartz
in this work, a direct beam must be acquired through the same material. The direct
beam for each set of instrument settings particular to a given angle will be used to
process the reflected data acquired with the equivalent settings; this process is known

as the data reduction. For experiments carried out at the ILL, data is reduced using
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Cosmos, a program run through LAMP. This software allows the different angles
acquired for a single sample measurement to be ‘stitched’ together to form the final
reflectivity profile over the desired range of Q. It is also used to subtract the
background signal from the measured reflectivity. At ISIS, the data is reduced using

programs run in Open Genie.

3.1.3 In situ electrochemistry set-up

Performing electrochemical experiments on a reflectometer requires not only control
of the potentiostat and visualisation of the electrochemical measurements taking place
but also the ability to synchronise measurements when necessary. While simple
solutions such as using ‘remote desktop’ software were found to address the first two
requirements, ensuring the communication between instruments is more challenging.
The Biologic SP-200 was specifically purchased with these experiments in mind and had
the advantage of providing a trigger system. The EC-lab software that controls the
potentiostat also allows a sequence of measurements and commands to be
programmed. Thus the potentiostat was connected to the reflectometer such that it
could receive triggers to initiate measurements. This is particularly important for the
acquisition of time dependent data in which the two instruments must begin

measurements simultaneously.

3.1.4 Model interpretation and analysis

In the context of studying polymer films, NR is used to provide information about the
internal structure of the films, specifically the solvation, as well as the thickness. It is
the SLD of the film that provides information about the solvation of the polymer, as
seen in equation ( 2.3 ) in the previous chapter. The thickness of the film may seem
easily read from the fitted model however the roughness parameters can affect this
value. It is important therefore to consider the SLD profile when examining the model
parameters. A large surface roughness may in fact indicate a thicker or thinner film
than that indicated by the thickness parameter in the model since the latter represents
the average thickness. This can be explored by including additional layers into the
model to accommodate for a changing SLD within a physical layer of the polymer,
however, in some cases the layer thickness and roughness parameters of a layer can

converge to a similar value. In this case, the mathematical description of the roughness
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becomes meaningless and often results in a layer that is indistinguishable from

neighbouring layers in the SLD profile.

When studying the growth of polymer films, the NR measurements were acquired in
situ such that the films were in a solvated state. In order to compare the NR fit results
to measures of dry thickness, the thickness values from the fits were normalised to
account for the volume of solvent. The quantity of polymer is therefore expressed as a
mass per area according to equation ( 3.1 ) thereby removing the solvent content

contribution to the thickness parameter; p is the density and vf is the volume fraction.

mass

area (g Cm_z) = thickness (cm) Ppolymer (g Cm_3) ) vfpolymer

(3.1)

The quality of the fit is quantified by the x* value, defined in equation (3.2 ), which is a
measure of how well the model fits the data; the lower the value, the better the fit to
the data. However, in some cases, a x’ value can be misleading and the way in which
the model visually follows the predominant features of the experimental data should

also be taken into account.

. 1 (observed data — theoretical data)?
¥? =

"~ number of data points error in observed data?

(3.2)

The x* value depends largely on the modelled fit being within the error bars of the
measured reflectivity data and is weighted according to the number of data points.
Consequently, the fit can sometimes produce a lower x* value, not because the fit
follows the features of the data, but because it comes closest to being within the
greatest number of error bars. Since R drops by a factor of Q* the intensity at low Q
is higher, resulting in a greater number of data points and smaller error bars compared
to the higher range of Q,. This means that the x* is in fact weighted to fit the low Q
region preferentially such that the fit with the best x* value may not adequately fit the
data at high Q; a visual appraisal of the fit is therefore also required to find the most

appropriate model.
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In this work, NR data is fitted to models using the Motofit' package created by Andrew

Nelson within the Igor Pro software.
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3.2 Electrochemical analysis

The growth charge from the electrochemical deposition of the polymer films allows
the thickness of the films to be estimated based on Faraday’s laws of electrolysis as
expressed in equation ( 2.14 ) in the previous chapter. Using this relationship, the
growth charge can be readily converted to a thickness ( 3.3 ), coverage ( 3.4 ) or mass

per area ( 3.5).

Q(C) - M (gmol™)
z-F(Cmol™) - p(gem™3) - A(cm?)

thickness (cm) =

(33)
. 0 (0)
' (mol em™) = z -F (Cmol~1) - A(cm?)
(34)
mass o Q) - M (gmol™)
area (g em™) = z -F(Cmol™1) - A(cm?)
(35)

where Q is the charge, F is Faraday’s constant, M is the molar mass, p is the density, I

is the coverage, A is the surface area and z is the number of electrons transferred.

The electrochemical characterisation of a film using cyclic voltammetry provides the
value of the charge required to oxidise the film, Q.. Since this value is not comparable
with the growth charge Q,, which includes not only the oxidation charge but also the
charge required to polymerise the monomer, these values are converted to coverage
values. The calculation thus accounts for the different ways in which the charge was

used in these processes.

The oxidation to growth coverage ratio ([, / I') expressed as a percentage is a
quantification of the oxidation charge relative to the growth charge. This allows the
electroactivity of films grown from different growth protocols, different electrode

areas and with different growth charges to be compared.
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3.3 Preparation of gold surface electrodes

The substrates in this work are either microscope slides or blocks of glass or quartz
with a gold-coated surface. These were all coated using the same preparation and
deposition protocol with the exception of the gold coated microscope slides from

Platypus Technologies.

In a first instance, the substrates are cleaned by sonication in Anopol-C solution, a
mixture of surfactants and commercial detergents, then rinsed and sonicated in
deionised water and dried with compressed air. They are then refluxed for |5 min in a
solution containing 3 vol% (3-mercaptopropyl)-trimethoxysilane (MPTS), 3 vol%
deionised water and 94 vol% isopropanol (IPA) before being rinsed with IPA and
transferred into fresh IPA to sonicate for a further 15 min. The substrates are then
dried with compressed air and the process is repeated a further two times. Once
coated in MPTS, the substrates are either stored in a container under vacuum to

prevent contamination or immediately coated with gold.

The gold coater used in this work is a EMS300R T Triple Target, Large Chamber,
Rotary-Pumped Sputter Coater. In order to ensure the most even thickness of gold
for NR experiments, the quartz blocks were coated one by one and placed at the
centre of the rotating stage in the sputtering chamber. Microscope slides and glass
blocks were placed all over the stage and multiple samples were coated at once since
the uniform thickness was not required. The coating procedure used a current of 80

MA for 200 s.
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3.4 Atomic force microscopy measurements

The AFM measurements were carried out on a Veeco Dimension 3100 Scanning Probe
Microscope operated in tapping mode using silicon tips. The measurements of film
thickness are achieved by using a scalpel to make a small scratch in the surface of the
polymer film, without cutting through the gold surface. An AFM image of the scratch is
then acquired and the Nanoscope software, version 6.13R 1, was used to evaluate the
difference in height across the scratch using the ‘section’ tool. This gives a height

profile of a chosen section of the image.

The surfaces of the polymer films were also studied using AFM to evaluate the surface
roughness. The Nanoscope software provides a number of different statistics to
express roughness so, for the purposes of studying these films, two measures were
selected: the Rq, the “root mean square average of height deviations taken from the
mean data plane”, and the surface area difference (SAD) which is the “difference
between the image’s three-dimensional surface area and two-dimensional projected

surface area”, as defined in the software manual®
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Chapter 4 - Poly(3,4-ethylenedioxythiophene)-

nanodiamond composite films

4.1 Introduction

The present interest in nanomaterials has led to substantial research focusing on the
combination of conducting polymers with carbon composites, in particular carbon
nanotubes', to enhance electronic and structural properties as discussed in Chapter |.
As mentioned previously, the use of nanodiamonds (NDs) as a composite in polymer
materials is becoming increasingly common due to their low cost and their ability to
modify composite properties at low concentrations>. Composite polyaniline(PANI)-
ND films displayed improved structural properties and different surface morphology to
the pristine PANI films®*. Poly(3,4-ethylenedioxythiophene)(PEDOT)-CNT is another
successful composite that has been extensively studied and developed as a promising
material for applications®”, therefore it is somewhat surprising that PEDOT-ND has
not been more widely investigated to date. This study, inspired by the work of Ispas et
al®, considers the incorporation of NDs within a PEDOT matrix. The research thus far
has examined the physical effect of the presence of nanodiamonds on the composite
films, concluding that these particles increase the rigidity of the film while reducing

porosity and increasing homogeneity in films containing 2.3 or 3.6 vol% ND.?

In this work, the objectives are to a) investigate the effect of deposition protocol on
the incorporation of ND; b) identify whether or not the inclusion of ND influences
electrochemical behaviour and how this compares to a pristine PEDOT film; c) explore

the effect of ND on the internal and surface structure of the films.
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4.2 Experimental

4.2.1 Potentiostatically deposited PEDOT and PEDOT-ND films

All chemicals were used as received from Sigma Aldrich. The working electrodes were
gold coated microscope slides cut to form areas between 1.8 and 2.6 cm®. The counter
and reference electrodes were an iridium coated titanium grid and silver wire
respectively. The ND powder used is characterised by spherical particles, < 10 nm in
size, with a density of 3.5 g cm” and a bulk density of 0.2 — 0.7 g cm™. A series of
solutions were prepared containing 0.0 M EDOT in either 0.1 M LiCIO, in CH,CN or
0.01 M SDS in 0. M H,SO,. Two dispersions of 0.088 wt% and 0.88 wt% NDs were
prepared in deionised water. Deposition solutions containing NDs were prepared by
combining the chosen monomer solution with the ND dispersion in a ratio of 7.6 : |
to give concentrations of 0.0085 M and 0.085 M. The concentration of NDs was

originally chosen based on the publication by Ispas et al®.

Sample  Solvent ND concentration eIeZZrZrdk;nagrea Qs Ee i
/M / mC cm-2 'V vs Ag wire
/ cm?
I CH3;CN* 0 1.84 30 1.2
2 CH;CN 0.0085 2.295 30 0.9
3 H,SO, 0 1.955 30 0.9
4 H,SO, 0.0085 2 30 0.9
5 CH;CN 0 1.92 30 1.2
6 H,SO, 0.085 2.55 30 0.9
7 H,SO, 0.085 2.145 60 0.9
8 H,SO, 0 2.04 60 0.9
9 CH;CN 0 2.07 60 1.2
10 CH3:CN 0.085 1.8 60 1.2

Table 4.1 — Sample summary of potentiostatically grown PEDOT and PEDOT-ND thin films (*
indicates that there was no water added to the deposition solution); Q, and E, are the growth

charge and growth potential respectively

To ensure that the deposition solutions were compositionally consistent, deionised

water was added in the same ratio when depositing pristine PEDOT. The films were
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deposited potentiostatically at either 0.9 V or 1.2 V and limited by a growth charge of
30 or 60 mC cm™. The films were all characterised by cycling between -0.3 and 0.6 V
in 0.1 M LiCIO, in MeCN and those deposited from the aqueous solution were first
characterised by cycling in 0.1 M H,SO,. The details of each sample and the deposition

conditions are given in Table 4.1.

4.2.2 Potentiodynamically deposited PEDOT and PEDOT-ND films

The working electrodes were gold coated glass blocks with a surface area of 50 cm”’,
The counter and reference electrodes were an iridium coated titanium grid and a silver
wire, respectively. Deposition solutions were prepared containing 0.0l M EDOT in
0.0l M SDS in 0. M H,SO,. The ND dispersion was 0.88 wt% in deionised water.
Deposition solutions containing NDs were prepared by combining the monomer
solution with the ND dispersion in a ratio of 7.6 : | to give a ND concentration of
0.085 M. To ensure that the deposition solutions were compositionally consistent,
deionised water was added in the same ratio when depositing pristine PEDOT. The
films were deposited potentiodynamically by cycling between -0.3 V and 0.7 V at a scan

rate of 20 mV s™', with a current cap of 0.12 mA cm™ for 20 cycles.

4.2.3 PEDOT and PEDOT-ND samples for neutron reflectometry

The working electrodes were gold coated quartz blocks with a surface area of 40 cm™
All other details of the experimental setup and deposition solutions were as described
in section 5.2.2. The films were deposited potentiodynamically by cycling between -0.3
V and 0.8 V at a scan rate of 20 mV s and with a current cap of 0.12 mA cm™ A
pristine PEDOT and a PEDOT-ND film were grown with |5 cycles and a further

PEDOT-ND film was made with only 10 cycles to produce a thinner film.

The NR measurements were done on FIGARO and carried out at two angles, 6 =

0.624° and B = 2.5°, measuring a Q range of 0.007 — 0.25 A"
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H,O D,O ND

p/lgcm3 I 1.1 35
SLD / 106 A2 -0.56 6.3 1.7

Table 4.2 — Summary of SLDs used in the analysis of NR results

The reflectivity profiles were acquired in air before the samples were transferred to
solid/liquid cells and measured in H,O, D,0O and a mixture with an SLD of
2.26 x 10° A the simulated SLD of PEDOT for a density of 1.34 g cm?, the density of
the monomer. The PEDOT-ND#15 film was also measured in a mixture contrast
matched to 1.7 x 10° A? the SLD value for PEDOT with the commonly assumed

9,10

density”'® of | g cm™. The pristine PEDOT film was first measured in H,0O, followed by
D,O and finally measured in the contrast matched solution. The PEDOT-ND#I5 film
was measured first in H,O, then in the contrast matched solution, followed by D,O
and then again in the contrast matched solution before the final measurement in the
H,0O/D,0O mixture with an SLD of 1.7 x 10® A2 The cell was emptied and rinsed
between measurements, but the order in which these were carried out is important as

it is recognised that the films may retain solvent which could affect the extent of

solvent exchange and therefore affect the measured SLD of the solvated film.
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4.3 Results

4.3.1 Potentiostatically deposited PEDOT and PEDOT-ND films

A comparative view of how the transients for samples grown in aqueous and organic
solvents differed is illustrated in Figure 4.1. The potentiostatic growth transients did
not show any significant differences between the pristine PEDOT and PEDOT-ND

films. The solvent did, however, affect both the growth and appearance of the films

produced.
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Figure 4.1— Growth transients for PEDOT (blue) and PEDOT-ND (grey) films grown in organic
(A) and aqueous (B) media, full and dashed lines are the current and charge density,

respectively, as functions of time

In all cases, growth in aqueous media resulted in an initially higher current response
therefore the growth was faster to achieve the desired charge density. The PEDOT-
ND transient also indicates a faster growth although this was not observed in other
samples prepared using the same growth protocol. The initial current peak was found
to vary slightly within a given deposition medium therefore this feature is not

attributed to the presence of NDs.

The results are consistent with the polymer growth transients presented in the
literature and appear to fit with a deposition model of instantaneous nucleation and
three-dimensional growth'"'>", In acetonitrile solutions, the initial current peak is
followed by a current minimum at which point nucleation begins on the electrode
surface and polymerisation is observed via the gradual increase in current to a plateau

as the growth progresses'’. In aqueous solutions the nucleation step is not visible, due
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the higher current peak, and therefore higher rate, but the current gradually stabilises

to a plateau at a similar current magnitude to that observed in the organic medium.

Figure 4.2 — Optical microscopy images acquired at a magnification of x20 showing a PEDOT-

ND film grown in aqueous media (A) and films grown in organic media with (B) and without
(C) NDs

The films prepared from aqueous media were visually more homogeneous than those
deposited from organic media. The difference is clear when examining the images in
Figure 4.2 which show the optical microscope images of three samples, the first grown
from aqueous with NDs and the others grown from acetonitrile with and without
NDs. The sample grown from aqueous medium appears to have less surface defects

that both films grown in acetonitrile.

The second observation that can be made is that the presence of NDs in the organic
solution produced a film containing discernible clusters as well as holes that are
identified by the bright spots in the image where the gold substrate is reflecting
through. These features can be seen in panel B of Figure 4.2 and panel C shows that

they are not present in the pristine PEDOT film grown in acetonitrile.

All films were characterised using cyclic voltammetry. Cycling in organic media
produced the box-like shaped voltammograms showing the capacitive behaviour'

10,16

characteristic of PEDOT in this potential range ™'°, which is in keeping with the data

presented by Ispas et al®.
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Figure 4.3 — Cyclic voltammograms of films grown in organic (red) and aqueous (blue) media
to a growth charge of 60 mC cm” and cycled at 50 mV s in 0.1 M H,SO, (A) and 0.1 M
LiClO, in MeCN (B and C); full and dashed lines indicate films with and without NDs

respectively

Films produced from aqueous media were also cycled in monomer free sulphuric acid
solution and again showed a similar shape with the key difference being a peak and
drop in current at the upper and lower potential limits respectively. Figure 4.3 shows a
comparison of the voltammograms acquired in both organic and aqueous media for the

same samples, as well as that of equivalent films grown from organic media.

In the case of the films grown from the aqueous deposition solutions, the PEDOT-ND
sample is less electroactive than the equivalent pristine PEDOT film, presenting a
smaller current response, but the opposite is true for these films grown in acetonitrile.
This behaviour was not observed in the films grown to a growth charge of 30 mC cm™
The electrochemical characterisation of the films therefore did not indicate any

consistent effect produced by the NDs.

AFM was used to evaluate the dry thickness of three films produced by deposition
from aqueous media. The inhomogeneity of the samples produced from organic media

excluded them from this study.
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Figure 4.4 — Height profiles from AFM images of a dry pristine PEDOT film deposited with Q,
=30 mC cm” (light blue), Q, =60 mC cm’ (dark blue) and of a PEDOT-ND film deposited
with Q, = 60 mC cm’ (black); thicknesses quoted are based on three separate section

measurements across the scratch

The height profiles shown in Figure 4.4 show that the pristine PEDOT film deposited
for a growth charge density Q, = 60 mC cm™ was twice as thick as the film deposited
with half the charge density, as expected. The film grown with NDs, however, was also
deposited with Q, = 60 mC cm™ and yet the thickness is significantly less than the
equivalent pristine PEDOT film. This indicates that either the NDs inhibit the
polymerisation process or result in a film with a much higher density or conversely a

more porous structure that collapses when dried.

Raman spectra were acquired from three samples grown from aqueous media at
different points on the film, as well as from a sample of the ND powder. Two of the
films were expected to contain NDs and one was a pristine PEDOT film. All the films
showed the characteristic PEDOT peaks as illustrated in Figure 4.5. A comparison of

the frequencies observed with those in the literature is presented in Table 4.3.
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Figure 4.5 — Raman spectra for the thin films (coloured traces) and ND powder (black trace);

inset: shaded area highlights where the characteristic diamond peak should be observed

around 1332 cm’'

Garreau et al?0 Gustafsson et al?! PEDOT-ND
theoretical experimental experimental results
1509 1518 I515 1509.2
1444 1434 1433 1434.6
1366 1369 1367 1368.7
1267 - 1267 1269.7
1110 - 1109 1107.7
988 991 990 991.5
691 - 697 699
577 - 571 5743

Table 4.3 — Comparison of the characteristic Raman bands for PEDOT as found in the

literature with the observed spectra for the PEDOT and PEDOT-ND films

The spectrum acquired from the ND powder was a flat line, containing no features

that would allow identification of the NDs within a polymer matrix. The literature

suggested that a characteristic diamond peak should be present around 1332 cm™ ' or

1338 cm™ '8

Chapter 4
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It is understood that these particles may present a graphitic or
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amorphous structure on the surface which may affect the intensity of the signal from

the diamond structure*'”.

Complementary EQCM measurements of the potentiostatic deposition of pristine
PEDOT and PEDOT-ND films were carried out by Virginia Ferreira. These preliminary
experiments indicated a slight increase in mass for films prepared with NDs compared
to pristine PEDOT films prepared using an identical deposition protocol. Further

samples are needed to confirm these findings.

4.3.2 Potentiodynamically deposited PEDOT and PEDOT-ND films

Pristine PEDOT and PEDOT-ND films grown potentiodynamically in aqueous media
showed very few differences in their growth cycles. The first PEDOT film displayed a
slightly higher current than the other films as shown in Figure 4.6(A). However, this
was not consistent with the second PEDOT film, where the growth was almost
identical to that of the PEDOT-ND films. Any differences therefore are not

significantly greater than sample variation.

Sample I 2 3 4

Qg / mC cm-2 14.4 12.9 12.8 13.4

Ca.llculated dry 67.4 60.4 60 62.8
thickness / nm

Table 4.4 — Summary of the growth charge and the coulometric estimate of dry film thickness

calculated from Q, for each of the potentiostatically grown samples

Cyclic voltammetry was used to characterise the films after growth and the second
PEDOT film again showed a very similar response to that of the PEDOT-ND films as
illustrated in Figure 4.7(A).

The stability of the films was also tested during prolonged charge and discharge. One
film of each of type, PEDOT and PEDOT-ND, was held in a reduced state at -0.3 V for
3h, followed by cycling, then 3h in the oxidised state at 0.55 V. Figure 4.7(B) shows
how the cyclic voltammograms of these films changed very little during and after these

tests, suggesting a good stability of the films.
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Figure 4.6 — First and final cycles of the potentiodynamic growth of PEDOT (I and 2) and
PEDOT-ND (3 and 4) films at a scan rate of 20 mV's” for 20 cycles with a current cap of 6

mA for an electrode area of 50 cm?
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Figure 4.7 — Cyclic voltammograms of the PEDOT and PEDOT ND films at 50 mV s in 0.1
M H,SO,: panel A shows the characterisation after growth and panel B the cycles measured
following charge (blue) and discharge (red) tests of PEDOT (dashed lines) and PEDOT-ND
(full lines)
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AFM images in Figure 4.8 illustrate how, in small areas of | pm?’ the films displayed
similar globular features on the surface (3(b) and 4(b)) but when considered over a
larger area the PEDOT-ND films appear to have large ‘lumps’ in heights exceeding 100

nm and in sizes up to 2 ym (3(a) and 4(a)). These could therefore be clusters of NDs

on the surface of the films.

100 nm

0 nm

Figure 4.8 — AFM images of the PEDOT (I and 2) and PEDOT-ND (3 and 4) films after

deposition; (a) images are 100 um’ and (b) images are | uym’

Thickness measurements of the dry films from AFM image profiles are summarised in
Table 4.5 and show that there were slight variations between the films but in an
inconsistent manner, such that no particular trend emerges. Comparison of these
values with the estimates of dry thickness calculated from the growth charge,
presented in Table 4.4, shows that the AFM measurements are close to the predicted

values.

Sample Composition Dry thickness / nm
I PEDOT 555
2 PEDOT 65+ 10
3 PEDOT-ND 557
4 PEDOT-ND 7510

Table 4.5 - Summary of AFM measurements of dry film thickness
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4.3.3 PEDOT and PEDOT-ND samples for neutron reflectometry

The growth of the PEDOT-ND#15 film exhibited a higher current than the PEDOT
film grown with the same growth protocol, i.e. identical scan rate, number of cycles
and current cap. Furthermore, the electrochemical characterisation indicated greater
electroactivity whereas the PEDOT-ND#10 film resulted in a similar CV to that of the
pristine PEDOT despite the former being grown with fewer cycles. Figure 4.9 shows
the CVs from both the growth and characterisation of the films in which the effect of

the NDs in the deposition solution appears to result in an over-potential in the growth

as well as a greater redox charge.

A | B

i/fmA

03 0.0 03 0.6 0.3 0.0 03 06

E vs Ag wire / V E vs Ag wire/ V

Figure 4.9 — Final cyclic voltammograms from the growth (A) and characterisation (B) of the
PEDOT (green), PEDOT-ND#15 (red) and PEDOT-ND#10 (blue) films

Sample PEDOT I5 cycles PEDOT-ND 10 cycles PEDOT-ND I5 cycles

Qg / mC cm-2 7.12 8.6l 16.9

Calculated dry

) 334 40.4 79.2
thickness / nm

Table 4.6 — Summary of growth charge and estimated dry film thickness calculated from Q,

for PEDOT and PEDOT-ND samples potentiostatically grown for the NR sudy

AFM measurements were used to determine the thickness of the dried films and
revealed that the PEDOT-ND film grown with |5 cycles was 80 = 5 nm which was
twice as thick as the equivalent PEDOT film at 40 + 5 nm. The PEDOT-ND grown

with 10 cycles was 30 = 5 nm. The difference in thickness between the PEDOT and
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PEDOT-ND#15 films is in fact accounted for by the difference in growth charge as
shown in Table 4.6. Comparison of the measured and estimated dry thickness values
reveals that the PEDOT film was 20% thicker than the calculated estimate, whereas
the PEDOT-ND#10 film was 25% thinner. This clearly is not consistent with the
potentiodynamically grown films presented previously, in which there was no
significant difference between the PEDOT and PEDOT-ND films in terms of the
growth charge density achieved for the same deposition protocol. The only difference
in the setup would be the size of the electrode area however this was accounted for

by limiting the maximum current density.

Figure 4.10 — AFM images of the surface of PEDOT (A), PEDOT-ND#15 (B) and PEDOT-
ND#10 (C) films

Figure 4.10 shows that the 10 x 10 pm images did not reveal the same ‘lumps’ on the

surface of the PEDOT-ND films as seen in Figure 4.8 in section 4.3.2.

The NR measurements in air, using the AFM results as starting points for the fits,
confirmed the substantial difference in film thickness between the PEDOT and
PEDOT-ND films grown to |5 cycles. The single polymer layer model fits to the data
are shown in Figure 4.11. It is also noticeable that the PEDOT-ND films have a bulk

SLD that is slightly higher than that of the pristine PEDOT film.
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Figure 4.1 1 — Reflectivity (left) and SLD (right) profiles of the PEDOT and PEDOT-ND films
measured in air; the green traces are the PEDOT data and the red and blue traces are the
data for the PEDOT-ND#15 and PEDOT-ND#10 films respectively; R(Q) datasets are offset

by increments of | for clarity

PEDOT PEDOT/ND#I15 PEDOT/ND#10

X2 19.1 9.5 4.1
Air SLD / 106 A2 0 0% 0%
Thickness / A 4282 813.8 382
Polymer SLD / 106 A2 1.825 2.3 2.034
Roughness / A 95.5 115.5 70.3
Thickness / A 347 333* 3327
Gold SLD / 106 A2 4.5% 4.5% 4.5%
Roughness / A 23.6 26.1 18
Thickness / A 16 29.6 16.6
MPTS SLD / 106 A2 0.266* 0.266* 0.266*
Roughness / A 5.8 5.3 5.4
SLD / 106 A2 4,18% 4.18% 4.18*
Quartz .
Roughness / A 10 20.8 13.2

Table 4.7 — Model parameters from fits to the dry film reflectivity measurements; * indicates

parameters that were fixed during fitting

The complete model parameters and X values associated with the fits are given in
Table 4.7. The binding silane layer was found to be between 1.5 and 3 nm and the gold

layer between 33 and 35 nm. The fit to the dry PEDOT film measurement could not
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be improved to better fit the fringe minima around 0.025 and 0.04 A" resulting in a

higher X*.

Fitting using a multiple polymer layer model improves the x* of the fits. Figure 4.12
shows the reflectivity and SLD profiles of the multi-layered models in which the
variations in SLD within the polymer matrix are visible. The PEDOT-ND films exhibit
an area of lower SLD between the gold and bulk polymer layers, whereas the pristine
PEDOT film shows a consistently decreasing SLD from the gold/polymer interface to
the surface of the polymer. Again, the PEDOT-ND films present an overall higher SLD.
The slightly lower value at the electrode interface could indicate that there are few or
no NDs close to the gold surface but rather that they are distributed throughout the
bulk of the film.
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Figure 4.12 — Reflectivity (left) and SLD (right) profiles of the PEDOT and PEDOT-ND films
measured in air and fitted using a multiple polymer layer model; the green traces are the
PEDOT data and the red and blue traces are the data for the PEDOT-ND# 15 and PEDOT-

ND#10 films respectively; R(Q) datasets are offset by increments of | for clarity

The parameters of the fits are presented in Table 4.8. The polymer layer was divided
into four sections except in the case of the PEDOT-ND#10 film, where the four layer
model did not improve the X* over the three layer model. The model for the PEDOT-
ND#15 data was divided into four even layers to maintain physically reasonable values
for the interfacial roughness. The thickness of the layers in this case was therefore

restricted based on the thickness found using AFM and the single polymer layer model.
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PEDOT PEDOT-ND#15 PEDOT-ND#I10
X2 14.8 7.9 2.9
Air SLD / 106 A2 0% 0% 0%
Thickness / A 72.35 210% N/A
SLD / 106 A2 0.42 1.57 N/A
Roughness / A 28.7 100.3 N/A
Thickness / A 152.3 200% 130.5
SLD / 106 A2 1.34 2.5 0.78
Roughness / A 49 148.5 58.6
Polymer .
Thickness / A 236.9 200%* 283.9
SLD / 106 A2 1.73 2.69 2.37
Roughness / A 393 52.5 46.9
Thickness / A 27.9 200% 99
SLD / 106 A2 2.64 2.45 2.06
Roughness / A 264 83 35.5
Thickness / A 339 3316 340
Gold SLD / 106 A2 4.5% 4.5% 4.5%
Roughness / A 20.8 23.6 18
Thickness / A 16.4 29.1 16.1
MPTS SLD / 106 A2 0.266* 0.266* 0.266*
Roughness / A 6.5 5% 10.8
SLD / 106 A2 4.18% 4.18% 4.18%
Quartz .
Roughness / A | 0% 20.7 5%

Table 4.8 — Multiple polymer layer model parameters from fits to the dry film reflectivity

Chapter 4

thinner film as shown in Figure 4.13.

PEDOT-ND composite films

measurements; * indicates parameters that were fixed during fitting

The PEDOT-ND#I5 film presents a peculiar case in that the data can be fitted to two
different film thicknesses. Although the results presented above agree with growth
charge estimate and the AFM measurement of thickness for the film, this was achieved
by using the assumption that the film was approximately 80 nm and fixing the thickness

parameter accordingly whereas, when allowed to fit freely, the fits indicate a much
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Figure 4.13 — Reflectivity (left) and SLD (right) profiles for the different possible layer fits to

the PEDOT-ND#15 data in air: the single layer fit to a thickness of 38 nm (1), the single layer

fit to 8] nm (2) and the multilayer fit to 81 nm (3); R(Q) datasets are offset by increments of

-2 for clarity

The fits are visibly very similar. However, the disparity between the polymer

thicknesses is significant, with one fit indicating the film to be half the thickness of the

others. Table 4.9 indicates the fit parameters and associated X*> which highlights how

both single layer models provide good fits to the data. The multilayer fit parameters

are those presented in Table 4.8. Not only do the fits present different thickness

values but they also indicate different SLD values for the dry film which is of particular

significance in the quantification of NDs present in the film.

X2 9.7 9.5
Air SLD / 106 A2 0% 0%
Thickness / A 383.5 813.8
Polymer SLD / 106 A2 2.26 2.3
Roughness / A 110 115.5
Thickness / A 333* 333*
Gold SLD / 106 A2 4.5% 4.5%
Roughness / A 25.5 26.1
Thickness / A 27.4 29.6
MPTS SLD / 106 A2 0.266* 0.266*
Roughness / A 3.8 53
SLD / 106 A2 4,18* 4.18%
Quartz .
Roughness / A 18.4 20.8

Table 4.9 — Fit parameters for the single polymer layer SLD profiles presented in Figure 4.13

Chapter 4
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The data can also be fitted to a multilayer model in which the polymer layer fits to a
thickness of approximately 47 nm although the final 9 nm have a very low SLD such
that the SLD profile looks to have a significant roughness at the polymer/air interface.
This fit has a similar X* to that of the multilayer model shown in Figure 4.12 of 8.87. It
is worth noting that the previous model required the polymer layers to be fixed during
fitting whereas fitting to a smaller thickness occurs without restraining the parameters
for the polymer layer. Nevertheless, the multi-layered fit to a thickness of 81 nm is
considered to be the most reasonable model since it agrees with the AFM measure of

the dry thickness as well as the coulometric estimate.

The solvated PEDOT film data was particularly difficult to fit therefore the following
figures will illustrate the possible approaches to identifying a suitable model and the

results that can be derived.

The three datasets from the film measured in D,O, H,O and a mixture matching an
SLD of 2.26 x 10® A? were initially fitted simultaneously, using a co-refinement tool,
Global Reflectometry Analysis tool, in the Motofit software®. All the layers of the
model were linked to the equivalent layers in each contrast, with the exception of the
polymer/solution roughness parameter which was allowed to fit independently. The
polymer layer was modelled as four layers to allow flexibility in adapting to differences
in solvation throughout the film. The overall X’ of the co-refined fit was 29.67 and

Figure 4.14 illustrates how the fits follow the data.
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5 —
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Figure 4.14 — Reflectivity (left) and SLD (right) profiles for the pristine PEDOT film exposed to
D,0, H,0 and H,0/D,0 mix with an SLD of 2.26 x 10° A%; R(Q) datasets are offset by

increments of -2 for clarity. Fitted using the Global Reflectometry Analysis tool in Motofit
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The results indicate a film approximately 46.5 nm thick with a dry polymer SLD of 1.21
x 10¢ A? and a graduated level of solvation from 25% nearest the gold interface to
36% at the solution interface. On average, therefore, the films are 31% solvated
however the extent of the swelling does not support this since the thickness is not
significantly greater than the AFM and NR measurements of thickness of the film in the
dry state. The large roughness at the film/solution interface nevertheless suggests a
diffuse area of polymer which could indicate that the bulk of the film may not collapse
upon drying but that these additional surface chains settle on the surface to form a
more diffuse layer. Figure 4.15 shows how the SLDs extracted from the fits convert to
a solvent volume fraction profile as a function of depth. The profiles of the film
exposed to H,O and D,O overlay as, by definition, the co-refinement resulted in an
identical solvation profile. The profile of the film in the H,O/D,O mixture displays a
different roughness at the solution interface which can be considered an artefact of the

fit since the step in SLD values between the film and the solution is much smaller.

-
0.0 (

0 200 400 600 800

distance from interface (A)

solvent volume fraction ®s

Figure 4.15 — Solvent volume fraction profiles for the PEDOT film in H,O, D,O (overlayed by
H,0) and H,0O/D,0O associated with the fits in Figure 4.14, calculated based on the co-
refined PEDOT SLD = 1.21 x 10° A?

In order to allow even greater flexibility in the fitting, the solvation of the MPTS and
polymer layers was allowed to vary independently in each contrast to allow for the
possibility of poor solvent exchange. Figure 4.16 illustrates how this produced in a
slightly better fit with a X* of 25.86 however the result indicates a polymer thickness of
only approximately 10 nm which is about a quarter of the dry thickness measured both
by AFM and NR. It was therefore concluded that the thickness of the film could not be

co-refined in the three contrasts, perhaps due to a complex solvation profile.
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Figure 4.16 — Reflectivity (left) and SLD (right) profiles of the pristine PEDOT film in the three
contrasts, fitted using a co-refinement method in which the solvation levels of the MPTS and
polymer layers varied independently in each contrast; R(Q) datasets are offset by increments

of -2 for clarity

If the reflectivity profiles of the different contrasts are fitted separately, the thickness
of the film is found to fall between 50 and 55 nm with varying levels of solvation. Figure
4.17 shows how the resulting fit parameters are, however, not entirely reasonable with
most notably a peak in SLD at the gold/polymer interface brought about by a large
roughness parameter. Fixing this particular parameter does not allow the fit to

converge. These fits were modelled using four layers to represent the polymer.

SLD (10° A%

0 400 800
distance from interface (A)

Figure 4.17 — Reflectivity (right) and SLD (left) profiles of the pristine PEDOT film in the three
contrasts obtained by fitting the individual datasets separately; R(Q) datasets are offset by

increments of -2 for clarity

The film was first measured in H,O, then D,O and finally the mixed contrast. What we

see is an inhomogeneous solvation profile suggesting pockets of solvent trapped within
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the film. The reflectivity data acquired in the H,O contrast indicates an overall lower
SLD than that of the dry polymer however there is also an area of significantly lower
SLD which is in fact lower than the SLD of the solvent; therefore the model is
physically impossible. Nevertheless, when the solution is changed to D,O, this area of
lower SLD is similarly placed suggesting a poor exchange of solvent within the film.
Finally the last contrast has an area of higher SLD in the same area where the other
two showed a lower SLD. Since this contrast was measured after the measurement in
D,O, it is suggested that the film continued to exchange solvent during the
measurement. This could explain the difficulty fitting the data since the SLD profile
would have been changing during the measurement and D,O would have been trapped
within the film when the final contrast was measured. These results could indicate that
the film has varying levels of polymer chain density resulting in pockets of lower
density, in which the solution can move and become trapped, surrounded by areas of

greater film density through which the solution diffuses more slowly.

The solvent volume fraction profiles extracted from these fits are presented in Figure
4.18. The data for the film exposed to the H,O/D,0O solution is not presented as the
values distort the y-axis scale, indicating a maximum solvent volume fraction of 4.0.
This peak in solvation is also present in the case of the film exposed to H,O, suggesting
a volume fraction greater than 1.0, whereas in the same area, the data acquired in D,O

reveals a negative solvation.
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Figure 4.18 — Solvent volume fraction profiles for the PEDOT film in H,O and D,O
associated with the fits in Figure 4.17, calculate based on the single layer fit to the dry
PEDOT film so an SLD = 1.825 x 10 A
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Finally, using a fit to the PEDOT film in D,O data, the H,O and H,0/D,0O data were
restricted to fit using the same thicknesses found in the D,O fit but allowing the SLD
and roughness of the polymer layers to change. The results are presented in Figure
4.19 and correspond to a solvated film thickness of approximately 61 nm, a 42%
increase in thickness compared to the dry film fits. The modelled reflectivity in each
case does not fit the data as closely as in Figure 4.17 however the parameters of the

model are theoretically more reasonable in terms of the thickness of the film.
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Figure 4.19 — Reflectivity (left) and SLD (right) profiles of the pristine PEDOT film in the three
contrasts in which a multiple polymer layer model of the D,0 data was used to restrict the

fitting of the other two contrasts; R(Q) datasets are offset by increments of -2 for clarity

The SLD profile shows the polymer being incrementally more solvated from 0 - 85% in
H,O from the gold/polymer interface to the solution, assuming the SLD of PEDOT to
be the theoretical value of 2.25 x 10 A2 The layer of polymer at the gold/polymer
interface fits to an SLD of 2.23 x 10 A2 which is higher than the value found in the fits
to the dry film measurements. The dry PEDOT film data can however be fitted with an
SLD value of 2.23 x 10 Afor a thickness of 46 nm, although this causes the x? value
to increase to 36. Consequently, this higher SLD in the solvated film measurements

could in fact be correct.

Although the data acquired for the sample exposed to H,O is more in keeping with
expectations with regards to the levels of solvation throughout the film, the other two
contrasts do not display the same solvation profile. In D,O, the film appears to have an
area of greater solvent content in the centre of the film, whereas in the H,0/D,O
mixture it presents an area with an SLD value lower than that of the pure polymer.

Given the order in which the solution environment was changed, this last feature
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cannot be attributed to trapped solvent from the previous measurement as this would

have resulted in an increase in SLD, not a decrease.

Figure 4.20 shows the volume fraction profiles associated with the fits in Figure 4.19.
The data acquired for the film in the H,O/D,O solution is once again not presented as,
in this case, the very small difference between the SLD value for the dry film (2.25 x
10* A?) and that of the solution (2.26 x 10 A?) mean that any small shift in SLD
represents a large change in the calculated volume fraction. The contrast in this
solution is therefore inadequate with regards to accurately quantifying the level of
solvation. In the case of the film exposed to H,O, the solvent content gradually
increases from the electrode to the solution interface. In D,O, the film appears to have
a relatively homogeneous solvent volume fraction, with a slight increase in the centre

of the film, between 200 — 400 A from the electrode interface.
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Figure 4.20 - Solvent volume fraction profiles for the PEDOT film in H,O and D,O associated
with the fits in Figure 4.19, calculated based on the theoretical PEDOT SLD = 2.25 x | 0° A?

The NR data for this film does not present a clear picture of the solvation profile in
the different contrasts but in considering the different fits together it is possible to
speculate what structural features may be present. The dry fit indicated a film with a
lower SLD than the theoretical value which suggested a more porous film. Such a film
may therefore solvate without presenting significant swelling. Furthermore, if the pores
penetrate the full depth of the polymer matrix it is conceivable that rinsing may not
have been sufficient to allow a full solvent exchange throughout the film. As a result, a
mixing of solvent within the film may have occurred during the NR measurements
resulting in the situation where no single model can adequately simulate the measured

reflectivity.

Chapter 4 PEDOT-ND composite films

98



The PEDOT-ND#I15 film was also measured in the three contrasts and the co-
refinement method similarly was not successful in converging upon a reasonable fit
therefore these will not be presented. Each dataset could however be fitted

individually but offered several possible fits.

The polymer layer could not be freely fitted to a thickness greater than 80 nm. In fact,
as shown in Table 4.10, the fit converges to a solvated film thickness between 41 and
56 nm. This is an acceptable solvated thickness if the fit to the dry film data, indicating
a thickness of 39 nm, is considered to be correct as it indicates a 5 - 44% increase due
to solvation. Despite some disparity between the thicknesses of the polymer in each
contrast, the SLD profile in Figure 4.21 clearly shows that the film thickness is in fact

very similar in each case.
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Figure 4.2 — Reflectivity (left) and SLD (right) profiles of the PEDOT-ND#15 film in all
contrasts: in D,0 (1), H,0 (2), H,0/D,0 = 2.26 x 10® A2 (3 and 4) and H,0/D,0 = 1.7 x
10 A2 (5); R(Q) datasets are offset by increments of -2 for clarity

The thickness difference can in fact be attributed to the way in which the
polymer/solution interface is modelled in the fits. In the case of the film measured in
H,O or D,0O, the increasingly solvated interface is modelled by more highly solvated
polymer layers combined with a large roughness. In the case of the measurements of
the film in the H,O/D,0O mixtures, the fit converges to a greater roughness parameter
at this interface. It is clear therefore that while these fits are numerically different in

their parameters, the film appears to have a consistent thickness in each contrast.
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Contrast | 2 3 4 5
_ Repeated _
Solution D,0 Ho OPO= . opo= HHODO=
2.26 x 10-¢ A2 o 1.7 x 106 A2
2.26 x 106 A2
X2 1.83 425 2.23 47 1.7
Quartz SLD/10¢A2 4.18% 4.18* 4.|8* 4.8* 4.8*
Thickness / A 22.6 29.6 35.2 26.4 309
MPTS SLD/ 10¢ A2 0.266% 0.266* 0.266* 0.266* 0.266%
Solvation / % 45.9 50* 50* 50%* 50%*
Roughness / A 20% 5% 5% 5% 5%
Thickness / A 333* 333%* 333* 333* 333*
Gold SLD/ 106 A2 4.5% 4 5% 4 5% 4 5% 4 5%
Roughness / A 20% 6.1 14.2 14 12
Thickness /A 1845 313.9 264.8 490%* 185.1
SLD/10¢A2 338 2.34 2.42 2.64 2.3
Roughness / A |5% 21.9 239 27.8 30*
Thickness / A 65.7 121.7 206.9 230.8
SLD/106A2 312  1.79 2.42 1.93
Roughness /A 219 526 482 59.7
Polymer =
Thickness / A 169 101.5
SLD/ 106 A2  3.14 0.04 N/A
Roughness / A 5% 62.6
- N/A N/A
Thickness / A 140.6
SLD/106A2 58 N/A
Roughness / A 74.6
SLD/ 106 A2  63% .056*% 2.26% 2.26* 1.7%
Solution .
Roughness / A 32.1 37.5 52.5 80* 80*

Table 4.10 — Parameters associated with the fits to the solvated PEDOT-ND#15 film data

shown in Figure 4.2 1

Although the measurements in D,O and H,O present a similar profile at the

polymer/solution interface with a gradually increasing level of solvation, the bulk of the
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film in each case appears to be solvated to a different extent. In D,O, the film displays
a bulk film SLD between 3.12 x 10° A? and 3.38 x 10 A? which would indicate a
solvent volume fraction between 0.21 and 0.27 for a dry SLD of 2.3 x 10® A?, the
value found from the single layer fit to the dry film data. In H,O however, the film
presents a bulk film SLD of 2.34 x 10 A?, higher than either the dry film SLD or that
of the solvent. It does nevertheless show an increasingly solvated outer layer of the
polymer film. When exposed to the other solutions, the film also exhibits a higher SLD
than the dry film. This could be due to the movement of the NDs creating an area
within the polymer with a higher volume fraction of NDs. However, the higher SLD is
consistent throughout the polymer layer and not confined to a particular region, which
would suggest a higher volume fraction of NDs throughout the film which is
impossible. The fact that the film appears to present a more conventional solvation
profile in both D,0O and H,O, showing an increasing volume fraction of solvent from
the gold/polymer interface to the polymer/solution interface, also contradicts this
theory. Only in the case of the contrast solution ‘4’ could the increase in SLD be
caused by trapped solvent, since this measurement was performed after the film had

been measured in D,0O.

The data could be forced to fit to a thickness exceeding 100 nm, although the X*values,
indicative of the quality of the fit, were generally not as good. The results are

presented in Figure 4.22 and the associated fit parameters in Table 4.11.
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Figure 4.22 — Reflectivity (left) and SLD (right) profiles of the PEDOT-ND#15 film in all
contrasts: in D,0 (1), H,0 (2), H,0/D,0 = 2.26 x 10* A% (3 and 4) and H,0/D,0 = 1.7 x
10° A? (5); R(Q) datasets are offset by increments of -2 for clarity
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The thickness in these fits was found to fall between 104 and |18 nm, indicating an
increase of between 28 — 46% on the dry film thickness of 81 nm. Based on the dry
film SLDs, the fits show the solvent volume fractions in D,O and H,O to be consistent
with this degree of swelling. The solvent volume fraction profiles for the film in H,O
and D,O are presented in Figure 4.23, assuming that the PEDOT-ND form a
composite with an SLD of 2.5 x 10 A?, based on the fits to the dry film. They reveal a
sharper increase in solvation when exposed to the D,O solution as opposed to the

more gradual increase in solvent content displayed by the film in H,O.
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Figure 4.23 — Solvent volume fraction profiles for the PEDOT-ND film in H,O and D,O

associated with the fits in Figure 4.22, calculated based on the composite SLD = 2.5 x 10 A*

Once again the polymer layer in the H,O/D,0O solutions fits to a higher SLD than
expected. In this case however, the multi-layered fit to the dry film measurement is
used as the starting point therefore the PEDOT-ND film is considered to have a
higher SLD of between 2.45 x 10 A2and 2.7 x 10 A Nevertheless, when exposed
to the contrast solutions ‘4’ and ‘5’, the film exhibits an SLD higher than both that of
the dry film and the solution. It is possible that this could be caused by trapped D,O
from the earlier measurement however it is unlikely that this would persist to such a
degree through to the final measurement. Since the entire film presents the increased
SLD and not just a section of the film, it cannot be attributed to the formation of a

cluster of NDs within the polymer matrix.
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Contrast | 2 3 4 5

Solaion bo mo HOPO=  [JUS. HODO-
2.26 x 106 A2

X2 3.7 12.4 1.63 7.47 5.57

Quartz  SLD/10¢A2 4.18% 4.8* 4.18* 4.18* 4.18*
Thickness /A 30% 287 35.2 35.2 35.2

SLD /106 A2 0.266% 0.266* 0.266* 0.266* 0.266*
METS Solvation/ % 694  50% 50* 50* 50*
Roughness / A 10% 5% 5% [0* |0*

Thickness / A 333%  333* 333* 333* 333*

Gold SLD/106A2 45%  45% 4.5% 4.5% 4.5%
Roughness / A |0% | 5% 14.1 20* |0*

Thickness / A 300%  477.84 326.6 432.1% 387.7
SLD/106A2 3.6 1.92 2.38 3.19 2.87
Roughness / A 10%¥  25% 24.4 20% 20%

Thickness / A 3988 3249 489.6 571.3 490.2

Polymer SLD/10¢A2 468  1.5] 2.49 3.05 2.78
Roughness / A 10* 37.1 54.3 50* 30*

Thickness / A 366.4  300* 3227 172.4 166.5
SLD/10¢A2 562 138 2.16 2.66 2.3
Roughness / A 49.2 384 71.1 50* 30*

olution SLD / 10 A—f 6.3*  -0.56* 2.26* 2.26* 7%
Roughness / A 62.4 80* 70* 50* 50*

Table 4.1 1 — Parameters associated with the fits to the solvated PEDOT-ND#15 film data
shown in Figure 4.22

Finally, in Figure 4.24, the fits to contrasts ‘3’, ‘4 and ‘5’ were forced to a more
appropriate SLD between 2 x 10® A2and 2.5 x 10® A2, Where possible, the data was
freely fitted within parameter limits. In the case of contrast ‘4’ allowing it to converge
freely resulted in an SLD of 2.8 x 10¢ A2or 2.9 x 10 A The best fit was found by
fixing the layer at the gold/polymer interface to an SLD of 2.5 x 10® A?and allowing

the outer layer to fit freely. The parameters of all these fits are presents in Table 4.12.
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Figure 4.24 — Reflectivity (left) and SLD (right) profiles of the PEDOT-ND#15 film in all
contrasts: in D,0 (1), H,0 (2), H,0/D,0 = 2.26 x 10 A* (3 and 4) and H,0/D,0 = 1.7 x
10° A2 (5); R(Q) datasets are offset by increments of -2 for clarity

The thickness parameter of the models was fixed or converged to a similar degree of
swelling as found in the fits of Figure 4.22. This is also consistent with the solvation of
the film according to the SLD profiles of the film exposed to D,O and H,O. The
solutions with an SLD of 2.26 x 10 A%and 1.7 x 10® A are not considered ideal for
evaluating solvent content as the value of the SLD is too close to that of the polymer
matrix. Consequently, a very small change in SLD represents a very large change in
solvation and, since the films have already been seen to fit to several possible models,
extracting solvent volume fractions from the fitted SLD values is considered unreliable

in these contrasts.
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Figure 4.25 — Solvent volume fractions for the PEDOT-ND film in D,O and H,0O, associated
with the fits in Figure 4.24, calculated based on the composite SLD = 2.5 x [0 A?
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The solvent volume fraction profiles for the film exposed to H,O and D,O are

presented in Figure 4.25 for a composite PEDOT-ND SLD = 2.5 x 10 A, They show

the gradually increasing level of solvation throughout the film in both contrasts.

Contrast | 2 3 4 5
Solution DO HO 2;'22(/?83 A Hljgp/gaztgdf ﬁ;il IDOZ_? s
2.26 x 10-6 A2
X2 516 45 3.18 22.7 485
Quartz  SLD/106A2 4.18% 4.8* 4.18% 4.18% 4.18%
Thickness / A 30%  29.1 35.2% 35.2% 30
SLD /106 A2 0.266* 0.266* 0.266* 0.266* 0.266*
METS Solvation / %  65%  50% 50* 50* 50*
Roughness / A 10* 5% 5k 4.6 1 0%
Thickness / A 333*  333% 333* 333%* 333%
Gold SLD/ 106 A2 45%  45% 4.5% 4.5% 4.5%
Roughness / A 10%* | 5% 14.2% 26.3 0%
Thickness /A 293 4547 1 100% 588.2 1181.4
SLD/10¢A2 34 217 2.32 2.5% 231
Roughness / A 20% 237 26.1 21.6 25%
Thickness / A 363.9 557.5 522
Polymer SLD/106A2 453 0535 2.37
Roughness /A 20% 979 20%*
. N/A N/A
Thickness / A 374.4 113
SLD/106A2 558 024 N/A
Roughness / A 63.1 36
SLD/10¢A2  63*  -0.56* 2.26* 2.26* |.7%
Solution .
Roughness / A 62.6 68 50* 50%* 60*

Table 4.12 — Parameters associated with the fits to the solvated PEDOT-ND#15 film data
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4.4 Discussion

Only very minor, inconsistent differences were noticeable between the growth of
PEDOT and PEDOT-ND films, regardless of the chosen deposition control function.
The magnitude of current response for the potentiostatic growth to a specific charge
density varied slightly irrespective of whether or not there were NDs in the films.
While in some cases, during the potentiodynamic growth, the NDs appeared to result
in an over-potential and an increased charge, in others the growth was identical to that
of PEDOT as illustrated in Figure 4.6. These small differences are therefore not
sufficient to either confirm or deny the effect or even the presence of NDs in the

films.

One of the key issues in this work was ensuring the homogeneity of the NDs

suspension as the particles are known to form aggregates®"

. Although measures were
taken to thoroughly mix the solutions using stirring and sonication, when left
undisturbed the NDs would eventually aggregate and drop out of suspension. It is
therefore possible that in each solution the ND concentration gradient at the

electrode interface was different thus producing different effects.

The electrochemical characterisation of the films did not indicate any significant
differences brought about by the presence of ND in the deposition medium. The
potentiostatically grown films showed some effect from the NDs, however these
effects were inconsistent with some ND films displaying a lower redox charge than
their pristine PEDOT equivalent yet others exhibiting slightly greater electroactivity.
The potentiodynamically grown films on glass substrates displayed very similar, almost
indistinguishable cyclic voltammograms whereas the films prepared on quartz
suggested that the presence of NDs produced films with significantly greater redox

charge as shown in Figure 4.9(B).

The optical microscopy results in Figure 4.2 from the potentiostatic growth gave
compelling evidence in showing the effect of the NDs in producing a film with a
different structure to the pristine PEDOT. Not only do the images indicate clusters of
material but they also showed a more porous structure evidenced by the gold visible
through the film in places. Although the films grown in acetonitrile showed the most

distinctive effect from the NDs, the smoother films produced from aqueous media
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were preferable for the purposes of studying these films using NR. The latter were
examined further using AFM. The surface of the films revealed little or no difference
between films grown with and without NDs. The height profiles shown in Figure 4.4,
however, indicated that the NDs either inhibited the growth of the film or produced a
film with a greater density. In their work, Ispas et al stated that the incorporation of
NDs had produced a composite film that was less porous that the pristine PEDOT
sample®. Another study in which PANI-ND films were formed, the authors described
the composite fibres as being more closely packed’, so an increased density is a

reasonable hypothesis.

It is nonetheless counter-intuitive that the film should be so much thinner than its
pristine PEDOT equivalent since the NDs, with an average diameter of 5 to 10 nm,
would be expected to take up space within the polymer matrix. The question arises
therefore as to whether or not this structural effect is caused by the incorporation of
NDs or simply by their presence in the deposition solution interfering with the
deposition process. With regards to their composite PANI-ND films, Tamburri et al
discussed the fact that the nucleation process was affected by the presence of NDs
which present additional surfaces to which monomers and oligomers may adsorb’. As
such, either the NDs were incorporated but subsequently inhibited growth of the
polymer film such that overall the film was thinner than the PEDOT film, or the NDs
were not incorporated but affected the growth such that the film produced had a

greater density than the pristine PEDOT.

AFM measurements of the films potentiodynamically grown on Au/glass revealed that
the pristine PEDOT films were more structurally homogeneous on the surface of the
film as seen in Figure 4.8. The globular structure of the films over small surface areas
was similar. However, the PEDOT-ND films exhibited large structures on the surface
in clusters. Since the films were made using the same growth protocol and this feature
was exclusively seen in the PEDOT-ND films, this strongly indicates that these ‘lumps’
may have been incorporated NDs. The films grown for the NR study however did not
show these same structures on the surface. In fact, the films were indistinguishable
from one another, as illustrated in Figure 4.10. The morphological effect of the NDs is

still debated since previous work has revealed a rough surface on globular fibres of
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PANI-ND? but in the case of PEDOT, the formation of a ND composite was found to

produce films with improved homogeneity®.

Raman spectroscopy of the potentiostatically grown films and the ND powder could
not confirm that the films were composite materials. The ND powder appeared to
have no signal, producing an essentially flat line which can be seen in Figure 4.5. All the
polymer samples measured invariably showed the distinctive features of the PEDOT
structure, with no differences between the pristine PEDOT films and those supposedly
containing NDs. Virginia Ferreira’s measurement of ND powder revealed broad peaks
around 1335 cm™ and 1595 cm™'. However, these had a very low intensity and were
unlikely to present a detectable contribution to the PEDOT spectra. Since ND is
meant to have quite a distinctive spectrum, these results are particularly disappointing.
The literature does suggest however that ND particles can be coated with amorphous

’ which would substantially reduce the Raman signal from the

or graphitic carbon*'
diamond structure since the technique is significantly more sensitive to sp* carbon
bonding'®*. Furthermore, in the work by Tamburri et al in which they chemically
polymerised PEDOT in the presence of ND, their Raman spectra showed only a very
slightly visible band associated with ND*. It should be noted that NR does not
distinguish between the different types of carbon bonding therefore the NDs should

still be detectable using reflectometry.

The single layer model fits to the dry film NR measurements in Figure 4.11 confirmed
the surprisingly large difference in thickness between pristine PEDOT and the
equivalent PEDOT-ND film. The fits also reveal that the average SLD of the PEDOT-
ND films is slightly higher than that of the PEDOT. The PEDOT film itself presented an
SLD that was lower than expected. The theoretical SLD had been calculated assuming
a film density similar to the monomer density of 1.33 g cm™ which gives an SLD of 2.25
x 10 A% However, the fitted SLD indicates a density closer to | g cm™ which is

nevertheless in keeping with the PEDOT density assumed by other authors™'.

In the multilayered model, the PEDOT film also seems to have a thin (3 nm) layer with
a higher SLD of 2.6 x 10® A, The roughness parameter associated with this layer is as
big as the layer itself indicating that this is in fact a representation of the roughness at
the gold/polymer interface. This model shows that the SLD of the film decreases from

the gold interface to the surface of the film, suggesting that the film may have areas of
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differing density throughout its thickness, going from a greater packing density at the

electrode surface to a more porous structure at the film surface.

The single layer model fits to the PEDOT-ND dry film data indicated SLDs of 2.3 x 10
A?and 2.03 x 10 A? for the films grown by 15 and 10 cycles respectively. On the one
hand these values are within a reasonable range for a PEDOT only film assuming the
density is between 1.2 and 1.36 g cm™. However, if we consider the lower SLD value
of the pristine PEDOT film and consider that to be a normal value for PEDOT when it
is prepared in this way, we see that these SLDs could indicate an incorporation of NDs
between 2 and 5 % by volume as the SLD of ND is calculated to be 11.7 x 10 A2 for a

particle density of 3.5 g cm™.

The multi-layered model fits in Figure 4.12 indicate a higher SLD for inner parts of the
film, descending to significantly lower SLDs at the polymer/air interface. In the case of
the PEDOT-ND#15 film the highest SLD reaches 2.6 x 10* A which, if it were only
PEDOT, would suggest a film density of 1.5 g cm™. Assuming therefore that the SLD of
pure PEDOT is between 1.7 x 10® A2and 1.85 x 10® A2 we can calculate percentage
of NDs by volume to be between 7.5 and 9 vol%. In the other areas of the PEDOT-
ND#15 film the SLD is around 2.4 x 10* A2 which would be equivalent to 5.5 — 7 vol%
ND and the outer layer, approximately 20 nm has an SLD of 1.5 x 10 A2, suggesting
that this area is a particularly porous area containing only the polymer with a density

of 0.89 g cm”.

The same approach is taken when considering the PEDOT-ND#10 film which shows a
small layer at the gold/polymer interface, approximately 10 nm in which the SLD is
slightly lower at 2.06 x 10 A than the bulk which fits to 2.37 x 10 A2 This could
either be an area of polymer with an increased density of 1.2 g cm” or could indicate a
lower percentage of NDs present. This would mean that the ND content would be 2 —
3.5 vol% near the gold interface, 5 — 6.5 vol% in the bulk and none in the final 13 nm of
the film in which the SLD drops to 0.78 x 10 A2 probably due to this area being a

more porous structure of PEDOT.

It is important to note that, while this analysis is based on the SLD value of the pristine
PEDOT film made for this experiment, different values have been found for PEDOT in
other NR studies. The work of Rachel M. Sapstead (née Brown) with PEDOT films
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grown from organic media indicated a much higher film density with the SLD reaching
2.6 x 10 A% In the literature, the density of PEDOT is reported to be between |.45 —
1.65 g cm” 9% which would result in an SLD range of 2.45 — 2.79 x 10 A, Since it
is known that different deposition conditions can change the properties of polymer
films, we are assuming that the pristine PEDOT in this work may be less dense and
that the properties of the solution and deposition protocol that produced this effect

would have the same effect on polymer growth when grown with NDs.

The pristine PEDOT solvated film data is difficult to interpret due to the poor fits to
the data. By considering the overall results of the different methods employed to
address the fitting however, it seems reasonable to conclude that the film presented a
very porous structure that may have resulted in ‘pockets’ of solvent within the film.
These areas may therefore have resulted in a poor exchange of solvent within the film
such that during the NR measurement the new contrast solvent continued to mix with
the trapped solvent from the previous contrast within the film, resulting in a changing
reflectivity during the measurement. The formation of ‘pockets’ of solvent throughout
the film may also have occurred in the plane of the film. Since the neutron interactions
are averaged over the area of the beam footprint, any detail of variations or lack of

homogeneity in this plane is averaged in the resulting reflectivity.

The fitting of the PEDOT-ND solvated film data was, on the other hand, more
successful but the polymer layer could not be freely fitted to a thickness greater than
80 nm suggesting that the correct model for the dry data for this film could in fact be a
polymer layer of approximately 39 nm. Although this does not agree with the AFM
data, it is possible that the scratch applied to the film in order to measure the height
profile may have in fact also cut through the gold layer beneath the polymer. The
consistent convergence of the fits producing results confirming this thinner polymer
film are convincing evidence against the AFM measurement. However, the growth
charge estimate of thickness agrees with the latter therefore further models were

explored.

The first models presented in Figure 4.21 show the free fitting results which indicate a
thinner film than that measured by AFM. The SLDs of the polymer layers in these fits
are also higher than expected based on the SLD values from the dry measurements.

Assuming that the film will present the same volume fraction of solvent in each
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solution, the SLD values of the polymer layer at the gold interface, when exposed to
D,0O and H,0O, were used to calculate the fitted SLD of the polymer. In this case it fits
to 2.86 x 10° A? for a solvent content of 15%. This would represent a volume fraction
of NDs of 0.105. This is significantly different from the dry film results which indicated

a 39 nm film with a ND volume fraction of 0.05.

In Figure 4.22, the fits were forced towards a film thickness greater than 81 nm. The
results were in keeping with the expected extent of swelling due to solvation, between
30 and 40%. The SLDs of the polymer layers were still higher than the single layered
model to the dry measurements suggested but closer to the values found in the multi-
layered fit to the dry data in Figure 4.12. The fitted value of the film SLD was calculated
to be 2.72 x 10 A for a solvent content of 24.5%. While this value represents a ND
volume fraction of approximately 0.09 and therefore in agreement with the dry film
measurement, the fits in the other contrast solutions presented unrealistically high

SLDs.

In order to find a more realistic model, the fits in Figure 4.24 were achieved by limiting
the range of the SLD parameter in the case of the H,O/D,0O mixed solutions. The
fitted SLD of the polymer was found to be 2.77 x 10 A for a solvent content of 18%
in D,0O and H,O. As has been mentioned previously, the SLDs of the other solutions
are too close to that of the polymer matrix for that the exact volume fractions to be
reliably calculated therefore they shall not be discussed. However, these fits do

present more reasonable SLD values for the polymer film in these media.

These subtle variations in SLD do not allow for the presence of NDs to be confirmed
beyond reasonable doubt however they do suggest the presence and/or effect of the
NDs within the film since the SLD and behaviour of the film in solution is markedly
different to that of the pristine PEDOT film. Since the PEDOT presented such
complex solvation behaviour with what appeared to be a disordered structure, the
NDs could be responsible for the PEDOT-ND film presenting a more structured layer.
It has been previously reported that the incorporation of ND could promote cross-
linking which enhances film stability and strength”. This indirect evidence would

suggest that there could be a very small volume of ND within the film.
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The tendency for the film to fit to a higher SLD than deemed reasonable, according to
the dry film measurements and the choice of solvent, could in fact indicate that the
NDs may move slightly within the polymer matrix. From the first fits to the dry data, it
is clear that the film presents a higher SLD closest to the gold interface, with a rough
interface at the surface of the film. When transferred into solution, the film again
displays higher SLDs, and therefore ND volume fractions, at the gold interface. As the
film swells to accommodate solvent, it is possible that the NDs could shift accordingly,

resulting in areas with slightly greater concentrations.

It is clear that the quantity of NDs incorporated into these films was not sufficient to
fully differentiate them from a pristine PEDOT film with a greater density. They do not
form a layer or cluster since if they did, they would be immediately identifiable due to
their very high SLD. Quite simply, the PEDOT and NDs form a matrix that is
subsequently treated as a single compound with a given SLD. In order to differentiate
between such a mixture and a pure PEDOT film, the overall SLD must be significantly
greater than the possible SLD values of PEDOT. Incorporating a ND volume fraction
of 0.12 should be sufficient as this would give the PEDOT-ND film an overall SLD over
3x 10¢ A2
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4.5 Conclusions

The deposition of PEDOT-ND composite films was investigated by potentiostatic and
potentiodynamic deposition. It was observed that smoother and more homogeneous
films were produced when using an aqueous deposition solution as opposed to
working in organic medium. The potentiodynamic deposition resulted in PEDOT films
with a globular topography, including large surface structures when NDs were present

during deposition.

The observed differences in electrochemical behaviour that may possibly be connected
to the incorporation of NDs in the PEDOT films were not sufficiently reproducible to
ascertain a direct causal link. Further work is required to investigate how the presence
of NDs affects the electroactivity of the polymer matrix although the results presented
here do suggest an increase in redox charge compared to a pristine PEDOT equivalent
film. Perhaps most importantly, the NDs did not appear to have a detrimental effect on

the electrochemical properties of the polymer.

Finally, whether the NDs are incorporated in the films or affecting the deposition
process in solution, this work strongly indicates that there is an effect on the structure
of the resulting films. The small scale PEDOT-ND samples clearly showed greater
porosity in the case of the potentiostatically grown films and displayed large surface
features when grown potentiodynamically. The samples potentiodynamically grown for
the NR study revealed a more stable and homogeneous internal structure compared

to a pristine PEDOT film.

Looking forward, it is clear that the properties of the NDs in solution need to be more
specifically addressed to ensure a well dispersed deposition solution and rule out
effects caused by agglomerating particles. Once this has been achieved, the
reproducibility of the deposition protocols will not be compromised by the
uncontrolled behavior of the particles in solution and will allow the assumption that
the effect of the concentration at the electrode interface is negligible. It is expected
that this will allow composite films to be produced with more consistent results and
therefore more general conclusions to be drawn as to the electrochemical and

structural effects of these particles on a polymer matrix.
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Chapter 5 - Electrodeposition of polypyrrole films

5.1 Introduction

It has been observed that the choice of electrodeposition method'” as well as other
elements of the deposition protocol, such as supporting electrolyte’ or monomer
concentration®, can affect the electrochemical and structural properties of polymer
films. The following study explores the effect of the electrochemical control function
employed in the deposition of polypyrrole (PPy) films. In particular, the surface
morphology and redox behaviour will be examined using AFM and cyclic voltammetry,
respectively. Neutron reflectometry (NR) is used to evaluate how the deposition
method affects the internal composition of these films. This particular aspect of film
structure is still poorly understood since very few techniques can explore the depths
of the polymer matrix in a solvated state. NR can exclusively provide spatially resolved
compositional information which can be used to further understanding of the solvation

effects within the films.

The thickness and solvation levels of films in progressive stages of growth are
presented for different deposition protocols. The results indicate that the
electrochemical control function affects both the polymerisation efficiency and the
porosity of the films. Despite this, no significant differences in the electroactivity of the
films were observed. The effect of monomer concentration in the deposition solution
is investigated and a higher concentration is found to produce films with initially

greater redox capacity which diminishes following prolonged cycling.
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5.2 Experimental

5.2.1 In situ electrochemical growth and NR

All chemicals were used as received from Sigma Aldrich. Deposition solutions were
prepared containing 0.065 M or 0.112 M hydrogenous or deuterated pyrrole in 0.1 M
NaCIO, in D,O or H,O, respectively. The working electrodes were gold coated
quartz blocks. NR measurements of the gold surface in the deposition solution were
carried out prior to starting the deposition process. Following polymer deposition, the
cells were emptied and rinsed before being refilled with the monomer-free electrolyte
solution, 0. M NaClO, in H,0O or D,0O. The characterisation solution was always
consistent with the deposition solution with regards to the choice of solvent contrast,
i.e. if the film was deposited from a solution of the electrolyte in D,O containing
hydrogenous monomer then the film produced was also characterised in a deuterated
solution. Each film was cycled in monomer-free electrolyte after deposition then held

at a reducing potential of -0.5 V and at an oxidising potential of 0.2 V.

NR measurements were carried out using a ‘stop/start’ methodology such that the
growth was intermittently paused, during which time the film remained at the open
circuit potential and therefore was not subject to change during the data acquisition
time. Measurements on FIGARO were carried out at one or two angles with a low
angle of 0.7° and a high angle of 3.5°, to give a Q range of 0.008 — 0.35 A,
Measurements on SURF were done using three angles: 0.35°, 0.7° and 1.5°. A fourth
angle of 0.25° was used when measuring in deuterated media in order to fully resolve

the critical edge, thus a total Q range of 0.008 — 0.6 Al

C.D:;N C4HsN H,O D,O
pl g cm-3 1.4 1.4 I .1
Np / x 106 A2 6.93 32 -0.56 6.3

Table 5.1 — Densities and SLDs of PPy and water in their hydrogeneous and deuterated forms

The SLDs and the densities associated with the different components involved in the
NR experiments are listed in Table 5.1. These values are used in the subsequent fitting,

interpretation and analysis of the data. The concentrations of the monomer and
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electrolyte in solution are so low that they do not change the overall SLD from that of

pure water.

Table 5.2 summarises the conditions and details of each of the samples prepared
during in situ NR measurements. All films were deposited and measured in the NR/EC
cell B except for the dPPy film grown with 0.065 M monomer solution in cell A, details
of the cells are outlined previously in Chapter 2. For potentiostatic and galvanostatic
growth, t. . indicates the total deposition time, the growth intervals between NR
measurements varied and are presented in section 5.3. The first three films, measured
on FIGARO, were intended to be a similar thickness. This was evaluated by continuous
monitoring and fitting of the reflectivity measurements rather than aiming for a
particular charge density as it is known that a portion of the charge supplied is used to

oxidise polymer present rather than contribute to polymerisation processes.

Electrochemical Deposition . Exposed electrode
. . Solution
control function conditions area / cm?
E:[-04V —Emnyx] vs
Ag wire .
. . 0.112MdPyin0.1 M
= -1
Potentiodynamic v 2_0 mVs NaClO, in H,O 248
|max - 3 mA
30 cycles
. . E=03VvsAgwire 0.112MdPyin0.I1 M
Potentiostatic too = 68 min NaClO, in H,O 24.8
. i=2pA cm?2 0.065M dPyin 0.1 M
Galvanostatic tow = 127 min NaClOs in H,O 29.4
- i = 2.4 yA cm-2 0.112MdPyin0.1 M
Galvanostatic tow = 85 min NaClO, in H,O 24.8
_ 5 .
Galvanostatic® i=24uAcm 0.112MhPyin 0.1 M 24.8

ttotal = 35 mil’l

NaCIlO4 in D,O

Table 5.2 — Summary of polypyrrole sample information and deposition conditions, * indicates

samples studied on SURF

In some cases, the gold electrode presented with a thin surface layer with a lower
SLD. Where present, this was maintained as a layer with fixed parameters in the
subsequent fits to the polymer growth measurements. The fitting routines can also

result in unreasonably large roughness parameters; in such cases the roughness of the
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layer was modified manually to a good fit to the features of the data, and then fixed

before other parameters were allowed to converge.

5.2.2 Investigation of variables in galvanostatic deposition protocol

Deposition solutions were prepared containing 0.065 M or 0.112 M pyrrole in 0. M
NaClO,. The working electrodes from Platypus Technologies were gold coated
aluminosilicate glass slides with a titanium underlayer. The exposed surface area was
delimited to | cm” using teflon tape. The reference and counter electrodes were a
silver chloride coated silver wire and platinum coated titanium mesh, respectively. The
samples were galvanostatically deposited with a current density of 2 or 2.4 pA cm™ina

series of growth intervals.

Sample Monomer concentration Intervals Current density Q;
/™ ! uA cm?2 / mC cm?

| 0.112 I5 2 15.24
2 0.065 5 2 15.24
3 0.112 7 ) a0
4 0.065 7 2 10.2
5 0.112 7 24 12.24
6 0.065 7 24 12.24
! 0.112 7 24 12.24
8 0.065 7 24 12.24
9 0.112 9 D) 5
10 0.065 9 ) s

Table 5.3 — Summary of galvanostatically grown PPy small sample information and deposition
conditions; |5 intervals indicates 2 x 30s, | x | min, 5 x 2 min, | x 5 min, | x 10 min, 5 x
20 min; 7 intervals is | x 5 min, 4 x 10 min, 2 x 20 min; 9 intervals is | x 5 min, 4 x 10 min,

4 x 20 min

The deposition conditions and protocol for each sample are listed in Table 5.3 which

shows that each set of parameters was tested for both monomer concentrations and
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the time intervals were selected based on the growth protocols used for the NR
experiments in section 5.2.1. Film growth was paused for | min between each interval.
The electrochemical characterisation of the films was carried out in fresh 0. M
NaClO, solution and each film was cycled for 20 cycles at successive scan rates of 100

mVs', 50 mVs”, 20 mV s and finally at 100 mV s™' again.
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5.3 Results

5.3.1 In situ electrochemical growth and NR study

The in situ measurements of the potentiodynamic growth of dPPy were achieved by
pausing the deposition every six cycles to measure the reflectivity at the open circuit
potential (OCP) where the polymer was in the neutral state, stabilising to a potential
around 0 V. Figure 5.1 shows the reflectivity measurements in which the increasing
frequency of Kiessig fringes indicates the growth of the film, and the associated SLD
profiles where the fits clearly show a regular increase in film thickness corresponding

to each growth interval.

4A
5
3 ~
2 < ¥
@ \90 Total charge

= = 29 I mC cm?
3 o
Z 3] 10
]
4 oA 25.2
T T T T T T T
0.01 0.02 l’_l_03I 0.04 0.05 0 200 400 600 800 1000 1200
QA distance from interface (A)

Figure 5.1 — NR measurements and fits (left) and corresponding SLD profiles (right) for the
potentiodynamic growth of dPPy; the purple trace is the gold measurement prior to deposition.
R(Q) datasets are offset by increments of -1 for clarity. Experimental conditions: 0.1 12 M dPy
in 0.1 M NaClO, in H,0, E: [-0.4 V —E,_] vs Ag wire, v =20 mVs™, i . = 3 mA, 30 cycles

max

The cyclic voltammograms during film deposition showed the usual characteristics such
as a nucleation loop during the first cycle and a progressively increasing current
magnitude with each cycle. These features can be seen in Figure 5.2. Comparisons of
thickness and mass of deposited polymer per area as calculated from the growth
charge density and the NR fits are presented in Figure 5.3. The thickness of the film
extracted from the NR data is consistently greater than that predicted by the
electrochemical data as it includes the volume of solvent in the film. The plot shows
the film to be quite consistently solvated throughout the deposition process. The mass
per area plots suggest that the efficiency of growth could diminish slightly as the
growth of the film progresses, since the mass per area calculated from the fits to the

NR data begins to fall beneath the values predicted from the electrochemical data. This

Chapter 5 Electrodeposition of PPy films

122



can also be observed in the SLD profile in Figure 5.1, where the film thickness
difference between intervals decreases as the deposition proceeds. While the
electrochemical data is, by definition, a linear relationship between mass deposited and
the number of growth cycles, the fits to the NR data suggest that there may be less
material deposited per cycle in the later stages of growth, with the rate of growth
dropping slightly towards the final cycles. Evaluation of the charge of the oxidation
peak of each cycle indicates that the growth charge density Q, was approximately 0.84

+ 0.05 mC cm™every cycle.

0.115 Total charge
/ mC cm?

0.095 5.1
10

0.075
0.055
0.035

/ mA/cm?

-0.45 -0.25 -0.05 0.5 0.35
E /V vs Ag wire
Figure 5.2 — Cyclic voltammograms recorded during the potentiodynamic growth of dPPy.
Experimental conditions: 0.1 12 M dPy in 0. M NaClO, in H,O, E : [-0.4V —E,_ ] vs Ag wire,
v=20mVs', i . =3 mA, 30 cycles.
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Figure 5.3 — Plots of film thickness (left) and mass per area (right) as a function of growth
charge density as calculated from the electrochemical data (blue) and from the NR data (red)
from the potentiodynamic growth of dPPy; the coloured traces are the associated fits to the

data, the black dotted trace is the linear fit to the NR data

Chapter 5 Electrodeposition of PPy films 123



The fitted reflectometry data acquired for five growth stages during the potentiostatic
growth of dPPy is presented in Figure 5.4. Each stage corresponds to the equivalent

colour in the transients presented in Figure 5.5.
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2 ~
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3 n 36
= 3 |
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&
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Figure 5.4 — NR measurements and fits (left) and corresponding SLD profiles (right) for the
potentiostatic growth of dPPy; the purple trace is the gold measurement prior to deposition.
R(Q) datasets are offset by increments of -1 for clarity. Experimental conditions: 0.1 12 M dPy
in 0.1 M NaClO, in H,O, E = 0.3 V vs Ag wire, t,,, = 68 min

The SLD profiles suggest that the earlier growth stages result in a film that is more
solvated with a solvent volume fraction of approximately @, ~ 0.35 but that the
growing film eventually stabilises to a homogeneous solvent volume fraction of around
®, ~ 0.28 with an outer layer slightly more solvated to @, ~ 0.3. The potentiodynamic
growth fits also indicated a more solvated outer polymer layer, however the initial

growth stages immediately reached a stable level of solvation of @, ~ 0.3.

Total charge
0.014 I mC em2
1.7
0.012 3.6
. 001
7} [ 19.5
P 0.008
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time /s
Figure 5.5 — Growth transients from the potentiostatic deposition steps of dPPy. Coloured
traces are indicative of the total charge passed following successive deposition intervals.
Experimental conditions: 0.112 M dPy in 0. M NaClO, in H,O, E = 0.3 V vs Ag wire, t,,,, =
68 min

Chapter 5 Electrodeposition of PPy films

124



Unlike the potentiodynamic growth, in this case, the amount of polymer deposited as
calculated from the electrochemical data coincides closely with the results of the fits to
the NR data as shown in Figure 5.6. This suggests polymerisation efficiency close to
100 % although the NR data for the final growth stage begins to fall beneath the trend
predicted by the coulometric data. The plots of thickness as a function of growth
charge density show once again that the thickness from the NR fits is greater than the
coulometric estimates and that the gap between the values increases with each growth

step showing the increased solvation of the film as the deposition progresses.
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Figure 5.6 — Plots of film thickness (left) and mass per area (right) as a function of growth
charge density as calculated from the electrochemical data (blue) and from the NR data (red)
from the potentiostatic growth of dPPy; the coloured traces are the associated fits to the data,

the black dotted trace is the linear fit to the NR data

The galvanostatic growth of dPPy, grown from a monomer concentration that was
approximately half that used to grow the potentiodynamic and potentiostatic films,
presented the most significantly different growth profile. As shown in Figure 5.7, the
SLD profiles indicate a significantly more solvated film since the bulk of the polymer
film has a significantly lower SLD than those produced by potentiodynamic or
potentiostatic growth. Once again the film presents a more solvated outer layer with

®.> 0.54 in the last three growth steps.
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Figure 5.7 — NR measurements and fits (left) and corresponding SLD profiles (right) for the
galvanostatic growth of dPPy performed on FIGARO; the purple trace is the gold measurement
prior to deposition. R(Q) datasets are offset by increments of -1 for clarity. Experimental

conditions: 0.065 M dPy in 0.1 M NaClO, in H,0, i = 2 yA cm?, t,,,= 127 min

However, the solvent volume fraction in this case appears to increase more gradually
from the electrode to the polymer/solution interface, which can be observed in the
slope of the polymer layer in the SLD profile in Figure 5.7. The associated growth

transients are presented in Figure 5.8.
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Figure 5.8 — Growth transients from successive intervals during the galvanostatic deposition of

dPPy. Coloured traces are indicative of the total charge passed following successive deposition

intervals. Experimental conditions: 0.065 M dPy in 0.1 M NaClO, in H,0, i = 2 uA cm? t,,,,
= 127 min

The plots of thickness as a function of growth charge density presented in Figure 5.9
clearly show that the thickness from the NR fits is substantially greater than the

predicted value from the electrochemical data. Furthermore the increasing difference
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between these values as the growth progresses highlights the increasing volume of

solvent within the polymer film.
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Figure 5.9 — Plots of film thickness (left) and mass per area (right) as a function of growth
charge density as calculated from the electrochemical data (blue) and from the NR data (red)
from the galvanostatic growth of dPPy in 0.065 M monomer solution; the coloured traces are

the associated fits to the data, the black dotted trace is the linear fit to the NR data

The mass per area comparison plot shows that while the values calculated from the
electrochemical and NR data are close, the linear trend in the electrochemical
estimate of growth is not quite replicated by the values extracted from the SLD
profiles. As previously seen in the case of the potentiodynamic growth, the values

calculated from the electrochemical data appear to overestimate the deposited mass.
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Figure 5.10 — NR measurements and fits (left) and corresponding SLD profiles (right) for the
galvanostatic growth of dPPy performed on SURF; the purple trace is the gold measurement
prior to deposition. R(Q) datasets are offset by increments of -1 for clarity. Experimental

conditions: 0.112 M dPy in 0.1 M NaClO, in H,0, i = 2.4 yA cm?, t,,,= 85 min
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The galvanostatic growth of dPPy was repeated on SURF with different growth interval
times and the monomer concentration in this case matched that used in the
potentiodynamic and potentiostatic deposition experiments. Figure 5.10 shows the NR
data and corresponding fits which clearly show a polymer film with a similar solvation
profile to that seen in the case of the potentiostatic deposition. The early stages of film
growth suggest a slightly more solvated film which stabilises to an overall solvation of

approximately ®_ ~ 0.24.
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Figure 5.1 1 — Growth transients from successive intervals during the galvanostatic deposition
of dPPy. Coloured traces are indicative of the total charge passed following successive
deposition intervals. Experimental conditions: 0.112 M dPy in 0.1 M NaClO, in H,0, i = 2.4
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Figure 5.12 — Plots of film thickness (left) and mass per area (right) as a function of growth
charge density as calculated from the electrochemical data (blue) and from the NR data (red)
from the galvanostatic growth of dPPy in 0.1 12 M monomer solution; the coloured traces are

the associated fits to the data, the black dotted trace is the linear fit to the NR data
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Figure 5.1 shows how the growth transients in this case presented a higher peak
potential during the initial deposition interval compared to that shown in Figure 5.8.
Unlike the previous film growth, longer intervals of applied current were used from
the start. In Figure 5.12, the plot of mass per area as a function of growth charge
density indicates once again that the electrochemical estimate of mass is more than
that calculated from the fits to the NR data. The plot of thickness however shows a
different trend than seen previously whereby the film thickness from the NR data does
not maintain a steady increase but in the final growth state appears to be equal to that
calculated from the coulometric data. Since the film was measured in a solvated state,
this would indicate that the dry thickness of the film is now significantly less that the

predicted value.

The galvanostatic growth of hPPy was carried out with the same current density and
time intervals as the previous film, although the desired growth charge density was not

achieved. Figure 5.13 shows the data acquired and the SLD profiles resulting from the

fits.
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Figure 5.13 — NR measurements and fits (left) and corresponding SLD profiles (right) for the
galvanostatic growth of hPPy performed on SURF; the purple trace is the gold measurement
prior to deposition. R(Q) datasets are offset by increments of -1 for clarity. Experimental

conditions: 0.112 M hPy in 0.1 M NaClO, in D,0, i = 2.4 uA cm™, t,,,= 35 min

total

In this case, the fringes of the reflectivity curves are noticeably less defined compared
with those seen in the data presented for the other films. This is due to the fact that
the solvated film SLD is very close to that of the gold resulting in very poor contrast
between these layers. In terms of its SLD, the polymer layer becomes almost an

extension of the gold layer and variations in the solvation of the film translate to a
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large roughness at the solution interface. Consequently, the details of the polymer
layer were more difficult to ascertain since the fit tended towards large roughness

parameters at both the gold/polymer and polymer/solvent interfaces.

As shown in Figure 5.14, the potential as a function of time transients for this film were
similar to those recorded during the growth of dPPy from the 0.065 M monomer
solution and therefore differ from the growth of dPPy from the 0.112 M monomer

solution in that there is no potential peak during the early growth stages.
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Figure 5.14 — Growth transients from successive intervals during the galvanostatic deposition
of hPPy. Coloured traces are indicative of the total charge passed following successive
deposition intervals. Experimental conditions: 0.112 M hPy in 0.1 M NaClO4 in D20, i = 2.4 pA

cm2, tiea = 35 min
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Figure 5.15 — Plots of film thickness (left) and mass per area (right) as a function of growth
charge density as calculated from the electrochemical data (blue) and from the NR data (red)
from the galvanostatic growth of hPPy; the coloured traces are the associated fits to the data,

the black dotted trace is the linear fit to the NR data
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Figure 5.15 shows the plot of film thickness as a function of the growth charge density
in which the values from the NR data show a similar trend to those in Figure 5.12
whereby, in the final stage of growth, the solvated thickness from the NR
measurement is commensurate with the dry thickness from the coulometric estimate.
The plot of mass per area as a function of growth charge density indicates that the
values calculated from the fits to the NR data are significantly lower than those
calculated from the electrochemical data. While this has been seen previously in the
case of the other films, the lack of contrast presented by this system may play a role in

affecting the accuracy of the parameter values extracted from the fits.

. e per polymerisation
Intercept Gradient R monomer (z)  efficiency / %
EC data 0 0.30 | 2.33
Figure 5.3
PD NR data 0.45 024 09987 2.98 78.29
EC data 0 0.30 | 2.33
Figure 5.6
PS  NR data 0.35 0.28 0.9999 2.56 90.96
EC data 0 0.30 | 2.33
Figure 5.9
GS  NR data 0.72 0.22 0.9989 3.24 71.85
EC data 0 0.30 | 2.33
Figure 5.12
GS  NR data 0.34 0.21 0.9952 3.29 70.78
EC data 0 0.29 | 2.33
Figure 5.15
GS  NR data 0.15 0.12 0.9783 5.62 41 .47

Table 5.4 — Summary of linear regression analysis results from plots of mass per area as a
function of growth charge density
mass M (g mol™1)

_2 —
area (g em™) z +F (Cmol~1) - 1000

* Qg (mC cm™?)

(5.1)

The results of the linear fits to the mass per area data are presented in Table 5.4. The
relationship between the growth charge and the mass per area was defined in Chapter
3, equation ( 3.4 ), and can be rearranged to form the linear correlation shown in

M (g mol™1)
z+F (C mol~1)-1000

equation ( 5.1 ). As such, is the gradient of the linear plot and since

the molar mass is known, the value of z can be extracted from the linear regression

analysis of the NR data. In all cases, the fits reveal a greater value of z, indicating that
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more electrons were consumed per monomer unit in the reaction. Assuming z = 2.33
for the polymerisation process and a doping level of one charge per three monomer
units, the excess can be used to calculate the percentage of charge that was ‘lost’, for
example in the formation of oligomers that did not form part of the final film. Hence
an approximation of the average polymerisation efficiency for a given growth protocol
can be determined. An error propagation analysis of the thickness and SLD parameters
in the NR fits was performed and the errors associated with the mass per area values
were found to be no larger than the data point markers therefore these are not

shown.

While the linear fits produce a good estimate of the average number of electrons
consumed per monomer unit for a given system, they do not correctly describe the
higher polymerisation efficiency at the start of the deposition process and the
subsequent decay in efficiency as the growth progresses. The data correlates better to
a second order polynomial equation of the form y = Ax + Bx? where y is the mass

per area and x is the growth charge. The gradient, indicative of the polymerisation rate,

then becomes a linear equation as a function of Q such that % = A + 2Bx. Hence the
polymerisation rate is seen to change as a function of the growth charge. The results of
the polynomial fits to the mass per area data from the NR fits is presented in Table
5.5. The linear coefficient A is the gradient for Q = 0 and the quadratic coefficient 2B

becomes the rate at which this gradient changes as a function of Q.

e - Initial loss of
Polynomial fit coefficients - N~
polymerisation  polymerisation R
A B efficiency / % efficiency / %

PD 0.3105 -0.0024 102.65 -1.59 0.9998
PS 0.3542 -0.0032 117.10 -2.12 0.9975
GS 0.3842 -0.0084 127.01 -5.55 0.9937
GS SURF 0.3458 -0.0094 114.32 -6.22 0.9950
GSH 0.2583 -0.0233 89.33 -16.12 0.9987

Table 5.5 — Summary of second order polynomial fits to the mass per area values calculated

from the NR data as a function of charge
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In some cases, such as the plot shown in Figure 5.12, it could be argued that the initial
stages of growth could present a linear trend with a greater gradient than that of the
subsequent growth steps. This would indicate that the charge is more efficiently used
in the nucleation process and initial deposition layers. The polymerisation efficiency
appears to decrease with increasing film thickness. The second order polynomial fits to
the data confirm this, modelling a high initial polymerisation efficiency that
subsequently decreases as a function of the growth charge. Since all the films were
produced by a layer-by-layer methodology due to the necessity to stop and start the
growth to acquire NR measurements, the films were returned to a neutral state
between each deposition stage. It is therefore suggested that, as the growth
progressed, the charge was increasingly consumed by the oxidation of the existing film

and possibly producing oligomers in solution before the deposition process resumed.

The mass per area values were also used as a means of verifying that fits to the NR
data of the films held oxidised and reduced were consistent with the equivalent final
growth stage. Since differences in solvation could occur due to the movement of ions
within the films, a comparison of the quantity of polymer irrespective of the volume of
solvent was required. Fits were considered within the margins of error if the mass per
area value differed by no more than + 5% from the final growth state. This value was
selected to allow for the possible dissolution of surface oligomers during cycling prior
to measurement of the redox states, as well as to compensate for possible changes in
roughness at the polymer/solution interface which would affect the thickness

parameters in the fits.

Figure 5.16 shows the SLD profiles of the films held in an oxidised and reduced state,
compared with the final growth state where they were measured in the neutral state
at the open circuit potential. In each case, following cycling and holding in doped states,
the films presented a more solvated structure than as measured after the final stage of
growth. This increase in solvation was usually on the order of 10 - 20 %. In most cases
the oxidised and reduced states appear to show very little variation with only very
slight changes in SLD and thickness. The most notable difference is in the case of the
galvanostatically grown film, measured on FIGARO, in which the oxidised state is 4%

less solvated than the reduced state but without any significant difference in thickness.
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The hPPy film presents the opposite case whereby the oxidised state is seen to be 4%

more solvated than the reduced state.
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Figure 5.16 — SLD profiles of the films measured at the open circuit potential following the
final growth stage (black), held oxidised at E = 0.2 V (blue) and reduced at E = -0.5 V (red);
insets show the corresponding reflectivity data and fits from which these are derived, offset for

clarity
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Figure 5.1 Figure 5.4 Figure 5.10
Potentiodynamic dPPy Potentiostatic dPPy Galvanostatic dPPy
/ mC?sz:m-2 e / mC(?im-2 i / mC?im-2 i
5.1 0.29 1.7 0.35 0.7 0.45
10.0 0.3-0.28 3.6 0.28 2.2 0.27
14.9 0.3-0.33 6.2 0.3-0.3lI 3.6 0.26
20.0 0.28 - 0.31 10.9 0.28 - 0.29 5.1 0.25
252 0.28 - 0.31 19.5 0.28 - 0.31 6.5 0.25
9.4 0.25
12.3 0.23
Figure 5.16 (1) Figure 5.16 (2) Figure 5.16 (4)
E/V (OX E/V (OX E/V 08
0.2 0.3-0.36-0.42 0.2 0.31 -0.36 0.2 0.29
-0.5 03-037-042 -0.5 0.31-0.36 -0.5 0.28
Figure 5.7 Figure 5.10
Galvanostatic dPPy Galvanostatic hPPy
Qg / mC cm2 (OX Qg / mC cm2 (OX
3.3 0.49 0.7 0.18
5.8 0.49 - 0.52 22 0.45
8.2 0.48 - 0.52 3.6 0.44
10.7 0.47 - 0.50 - 0.54 5.1 0.50
13.1 0.47 -0.51 - 0.57
15.6 0.47 - 0.52 - 0.56
Figure 5.16 (3) Figure 5.16 (4)
E/V 0N E/V D,
0.2 0.54-0.55-0.78 0.2 0.56
-0.5 0.57 - 0.59 - 0.79 -0.5 0.52

Table 5.6 — Summary of the solvent volume fraction values extracted from the fits to the NR
data for each stage of growth and redox state; multiple values are associated with multiple
layers in the model such that left to right gives values from the electrode to the solution

interface

The potentiodynamically grown film was exceptionally also measured in an electrolyte
solution prepared with D,O. The results of the fits to this data do not fall within the
acceptable 5% of the mass per area value of the final growth state but are shown
nevertheless to demonstrate how the choice of contrast can affect the level of detail

accessible through neutron measurements. While, numerically, the fits make little
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sense since the lack of contrast does not allow sufficient distinction between subtle
variations in solvation, visually the data reveals a high SLD layer of approximately the
same thickness as that of the final growth state and the redox states measured in

hydrogeneous electrolyte solutions.

In some cases, the SLD profiles also show how the internal structure of the films, in
terms of the variation of solvent volume fraction as a function of depth, changed
following the characterisation using cyclic voltammetry. The potentiodynamically
grown film was relatively homogeneously solvated in the final growth state but
presents three distinct areas of different solvation when held at an oxidising or
reducing potential, as well as being overall more solvated. On the other hand, the
galvanostatically deposited film measured on FIGARO presented an increasing
solvation profile from the gold to the solution interface in the final growth state. In the
redox states, however, it appears more homogeneously solvated presenting a bulk
solvent volume fraction between ®_ ~ 0.54 — 0.55 in the oxidised state and between
@, ~ 0.57 — 0.59 in the reduced state. The roughness at the polymer/solution interface
was best modelled using a third layer in which the solvation was almost @, ~ 0.8. Table
5.6 summarises the solvent volume fractions from all the fits to the NR data acquired

at the different stages of film deposition and in the redox states.

J ! mA/em?

-0.5 -0.3 -0.1 0.1
E/V vs Ag wire

Figure 5.17 — Cyclic voltammograms of NR samples acquired at 50 mV s in fresh electrolyte
solution following film deposition; presented are the traces for dPPy grown potentiodynamically
(red), potentiostatically (light blue), galvanostatically (green) from 0.1 12 M (full lines) and
0.065 M (dashed line) monomer solutions, and hPPy grown galvanostatically from 0.112 M

monomer solution (dark blue)
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The cyclic voltammograms used to characterise the films following deposition are
presented in Figure 5.17. The most notable feature is a predominant lack of distinct
redox peaks. The potentiostatically grown film presents a broad current peak around
-0.25 V. The galvanostatically grown film deposited from the 0.065 M monomer
solution also presents broad peaks at an oxidation potential of approximately -0.15 V

and at a reduction potential of -0.25 V.

0.1

-0.5 -0.3 -0.1 0.1
E/V vs Ag wire

Figure 5.18 — Cyclic voltammograms of the dPPy films grown potentiostatically (light blue) and
galvanostatically from 0.065 M monomer solution (dashed green) acquired at 50 mV s™

following the NR measurement in which the films were held in a reduced state at E = -0.5 V

All the films exhibited a loss of electroactivity in their cyclic voltammograms following
the NR measurements in which they were held at oxidising and reducing potentials.
The two films previously presenting broad redox peaks lost these features as
illustrated in Figure 5.18 which shows the cyclic voltammograms of the films after they
were maintained in a reduced state during the acquisition of the reflectivity

measurement.

The redox charge of the different films is presented in Table 5.7. Based on the results
of the cyclic voltammograms recorded after deposition, the coverage calculated from
the oxidation charge is also presented as a percentage of the coverage calculated from
the growth charge for ease of comparison of the electroactivity of the different films.

In all cases, the doping level is assumed to be x = 0.33.
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Electrochemical Monomer conc Q Qox Fox/ I—g

control function /M / mC cm? / mC cm?2 /%

Potentiodynamic 0.112 25.2 0.99 32.05
Potentiostatic 0.112 19.5 0.8 3347
Galvanostatic 0.065 15.6 0.54 28.24
Galvanostatic 0.112 12.3 0.42 27.85
Galvanostatic 0.112 5.1 0.21 33.59

Table 5.7 — Summary of oxidation charge values from the electrochemical characterisation of

NR samples shown in Figure 5.17

The results of the AFM measurements are presented in Table 5.8 alongside the
deposition protocol details and the estimated thickness calculated from the growth
charge density, Q,. It can be observed that the measured thickness of the dried films
was greater than the calculated estimate from Q, However it was in some cases
significantly greater than the fitted thickness of the solvated films, suggesting that the
AFM measurements may have been inaccurate. The process of scratching the film is a
delicate one in which the gold electrode layer can also be scratched. Since this layer is
known to be on the order of 30 nm, this could explain the significant thickness
difference, particularly in the case of the potentiodynamically and potentiostatically
grown films. The other AFM measurements of thickness are quite close to the fitted

values suggesting that the films may be quite rigid and do not collapse when dried.

Films A and C were found to have the highest roughness parameter, a feature that is
well illustrated in Figure 5.19 where the images clearly show light spots indicating

peaks in the surface topography.
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Solvated Total
Thickness AFM Roughness
Electrochemical  thickness charge SAD
from Qg  thickness Rq
control function ~ from NR density [ %
/ nm / nm / nm
/ nm / mC cm-2
A | Potentiodynamic 65+2 25.2 54.4 80+5 13.5 3.36
B Potentiostatic 60 3 19.5 42.2 100£5 7.56 1.42
C Galvanostatic 64 + 4 15.6 33.6 605 9.0l 0.5
D Galvanostatic 28 + | 12.3 26.7 355 3.19 0.73
E Galvanostatic 10 £ | 5.1 10.5 12+3 2.85 0.59

Table 5.8 — Summary of the thickness and roughness parameters determined by AFM for

each film growth protocol

A
g
2 um 2 um
i <—>
2 um 2 um

Figure 5.19 — AFM images of the surface of each film produced during the in situ deposition

experiments; image labels refer to Table 5.8
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5.3.2 Investigation of variables in galvanostatic deposition protocol

All the growth transients of these samples presented similar features. Figure 5.20
shows the transients recorded for sample |, deposited with a |5 interval protocol. The
inset shows the shorter intervals in the earlier stages of growth. In all cases, the
shorter intervals did not allow the transient to reach the maximum potential. Once the
interval is sufficiently long for the maximum to be reached, the current is observed to
plateau, before gradually falling to a lower potential. Table 5.9 shows the details of the

growth protocol of each sample along with the AFM measurements of film thickness.

A set of samples, ‘5’ and ‘6’, were repeated to evaluate the reproducibility of the films.
These films were all grown to the same final charge density using identical growth
steps and both monomer concentrations were tested. The only significant difference in
the growth transients was with regards to the maximum potential (E,,) reached
during growth which was 0.43 V except in the case of one sample which reached 0.493
V. During the growth of other samples in this study, the E_, was found to vary in the
range of 0.41 — 0.49 V therefore this discrepancy is thought to be due to shifting of the

pseudo-reference electrode.

04 14

0.3

0.4

E/V

0.2 -

0.1

200 400 600 800 1000 1200
t/s

o 4

Figure 5.20 — Transients recorded during the growth of sample | showing a 15 interval
growth protocol with a current density of 2 uA cm’; inset shows a magnification of the

transients during earlier stages of growth
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Monomer Current Thickness AFM

Sample concentration Intervals  density M/ VEg / m(?gcm-2 from Qg  thickness
/M / WA cm-2 / nm / nm
I 0.112 15 2 0.43 15.24 31.47 305
2 0.065 I5 2 0.446 15.24 31.47 305
3 0.112 7 2 0413 10.2 21.07 23+5
4 0.065 7 2 0.467 10.2 21.07 23+5
5 0.112 7 24 0.43 12.24 25.28 303
6 0.065 7 24 0.493 12.24 25.28 303
7 0.112 7 24 0.43 12.24 25.28 27 +3
8 0.065 7 24 0.43 12.24 25.28 27 +3
9 0.112 9 2 0.457 I5 30.98 363
10 0.065 9 2 0.446 I5 30.98 33+3

Table 5.9 — Summary of the growth protocol and characteristics of each sample, including a
comparison of the AFM measurement of film thickness with the estimated thickness

calculated from the growth charge

0.06 -
o 0.03 -
£
(9]
< _
= 0
-0.03 -
-0.06 - . . . -0.06 + . . .
-0.5 -0.3 -0.1 0.1 -0.5 -0.3 -0.1 0.1
E/V vs AgCl wire E /V vs AgCl wire

Figure 5.21 — Cyclic voltammograms of the PPy films grown from 0.1 12 M (full lines) and
0.065 M (dashed lines) monomer solutions to a charge density of 12.24 mC cm’; the left
panel shows results from cycling at 100 mV s immediately after growth and the right panel

shows cycling at the same scan rate following further cycling at slower scan rates

The reproducibility tests indicated that films deposited from the higher concentration

exhibited a greater electroactivity with a more distinct oxidative peak, as shown in
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Figure 5.21. This peak becomes less substantial and to some extent disappears after
prolonged cycling. Furthermore, between 10 and 25 % of the oxidative charge is lost
between the initial and repeated cyclic voltammograms at 100 mV s, following cycling

at 50 mV s'and 20 mV s, so after a total of 80 cycles.

The full details of the cyclic voltammetry characterisation of the samples are presented
in Table 5.10. The samples produced from the lower monomer concentration
consistently present no distinctive oxidation peak. In the case of the samples produced
from the higher monomer concentration, the oxidation peak is broad and tends to
disappear over the course of extended cycling. The peak potential for these samples is
seen to shift slightly between 0 and -0.1 V, however it is important to note that
increasing breadth of the peak as it becomes less distinct makes it difficult to identify
the maximum. Consequently, this feature was not considered reliable in the

characterisation of these samples.

o 100 mV s 50 mV s 20 mV s 'feopz“a\t’ej'
g Q/ |BE™ Qu/ |Eo/ Qu/ |E™/  Qu/ | B>/ Qul
mC cm-2 \' mC cm-2 \' mC cm-2 \' mC cm-2 \' mC cm-2

I 15.24 0.01 0.29 -0.06 0.30 -0.11 0.30 0.01 0.25
2 15.24 0.16 0.19 0.00 0.21 0.15
3 10.2 -0.03 0.20 -0.06 0.19 -0.10 0.19 -0.03 0.15
4 10.2 0.16 0.18 0.19 0.14
5 1224 | -0.03 0.26 -0.06 0.27 -0.09 0.27 0.22
6 12.24 0.20 0.20 0.21 0.15
7 1224 | -0.05 0.30 -0.09 0.31 -0.11 0.30 0.26
8 12.24 0.25 0.26 0.26 0.22
9 I5 -0.01 0.35 -0.06 0.36 -0.11 0.36 0.30
10 I5 0.25 0.30 0.32 0.24

Table 5.10 — Results of the electrochemical characterisation of the galvanostatically grown PPy

films; the values are taken from the final (20") cycle at each scan rate
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5.4 Discussion

5.4.1 In situ electrochemical growth and NR study

NR measurements of the growth of dPPy revealed that the electrochemical control
function used to grow the films results in different growth stages that are evidenced by
the changes in solvation level of the film at different points in the deposition process.
The growth protocols were tested using the same monomer and electrolyte

concentrations and the same working electrode surface area.

The potentiodynamic growth resulted in a film that was evenly solvated at every stage
as shown in Figure 5.1. The SLD profile of the film following the first growth step
indicates that the film has an SLD of 4.75 x 10® A? which suggests a solvent volume
fraction of @, ~ 0.29. Each of the subsequent growth steps produced a further layer of
polymer with the same SLD and therefore the same level of solvation. Although this
growth mechanism produced a consistently solvated film at each deposition interval,
the cycling of the film requires each new ‘layer’ to be oxidised prior to the continued
growth such that the polymerisation efficiency drops as the reaction progresses. This is
seen in the mass per area plot in Figure 5.3 as well as in the SLD profile of Figure 5.1
where the thickness difference between growth intervals decreases slightly for the final

two growth steps.

On the other hand, the potentiostatic growth yields a more solvated film in the first
stages of growth but quickly reaches a homogeneous level of solvation as the
deposition progresses as illustrated in Figure 5.4. In this case the film reaches a ‘bulk’
solvation state after the fifteenth deposition step and a total charge density of 3.6 mC
cm™. The solvent volume fraction was ®_ ~ 0.28 in the bulk, increasing slightly to ®, ~
0.31 at the polymer/solution interface in the final growth stage. This method produced
the highest average polymerisation efficiency, around 90 %, as shown in Figure 5.6. The
polynomial fit indicates a polymerisation efficiency greater than 100 % that decreases
by 2 % as a function of Q. Since the stop/start protocol results in the film returning to
the neutral state between each deposition step, the applied potential also oxidises the
existing film when the growth resumes. In a continuous deposition methodology, the

film would be oxidised continuously throughout the reaction, therefore it is possible
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that potentiostatic deposition could be 100 % efficient under these experimental

conditions.

The galvanostatic growth, from the same monomer concentration, displayed a similar
growth to the potentiostatic method, with the SLD profiles showing a more solvated
film in the early stages of growth. Figure 5.10 shows the progression to a more
homogeneous film was more gradual in this case, only reaching a ‘bulk’ solvent content
at the fourth growth step after a charge density of 5.08 mC cm™. The overall SLD of
the film was higher than both the potentiodynamic and potentiostatically grown films,
suggesting that the galvanostatic growth results in a more compact film since it displays

a slightly lower solvent volume fraction of between ®_ ~ 0.23 — 0.26.

All these films resulted in a homogeneously solvated bulk with the potentiodynamic
and potentiostatically grown films presenting a more solvated outer layer. As the bulk
region is ffilled in’ during the growth, the outer region is more diffuse with the end of
the polymer chains more loosely packed at the solution interface. This is not apparent
in the galvanostatic data; however, the quality of the fits in this case is not quite as
good since the modelled reflectivity does not closely fit to the fringe minima. The

latter are in fact quite dampened which would suggest a greater roughness.

The film grown galvanostatically from a solution containing approximately half the
monomer concentration (0.065 M) displayed a significantly more solvated film
throughout the growth as illustrated in Figure 5.7, with a solvent volume fraction
around @, ~ 0.5. AFM measurements indicated that the film was almost 50% thicker
than the dry thickness estimated from the growth charge density. In the case of the
other films produced using the galvanostatic method, the coulometric estimate was
usually 70-80% of the thickness measured by AFM. This suggests that this growth
protocol resulted in a significantly more porous structure than the other films. The
concentration was not, however, the only difference. The current steps were initially
applied in much shorter intervals and the current density differed by 0.4 yA cm™ The
effect of this difference in growth protocol was therefore explored in a series of small

scale experiments.

In general, the results of the mass per area analysis revealed that the average

polymerisation efficiency for the deposition of the dPPy films was 70 - 90 % according
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to the linear fit. It would seem that the efficiency decreases as the growth of the film
progresses. The polynomial fits to the data indicate initial polymerisation efficiency,
greater than 100 % that decreases by 1.6 — 6.2 % depending on the deposition method.
This is thought to be due to charge being lost to the oxidation of the existing polymer
film and to side-reactions such as the formation of short oligomers. In 1997, the
review of polypyrrole by Vernitskaya and Efimov, they state that electrochemical
polymerisation has the advantage of producing a yield close to 100 % in terms of
applied charge’. It may be that the stop/start mechanism employed in this study was in
part responsible for this lower efficiency. Since all the films were nevertheless
produced in this layer-by-layer fashion, they can be compared relative to one another.
Under these conditions therefore, the potentiostatic growth protocol would seem to
be the most efficient method with the highest average polymerisation efficiency. The
potentiostatic also presents high initial polymerisation efficiency with a low rate of
decay at 2 %. The potentiodynamic deposition displays a lower loss of polymerisation

efficiency but also presents a lower initial rate which results in a lower average.

The choice of an aqueous solution for the deposition process may also affect the
polymerisation efficiency. Polypyrrole is often polymerised in organic solvents such as
acetonitrile and it has been suggested that, while a small amount of water is necessary
to enable proton elimination, the radical intermediates of the polymerisation reaction
may be subject to nucleophilic attack in aqueous media®’. Ko et al reported that
polypyrrole films prepared in non-aqueous solutions presented a higher conductivity
but that those deposited from aqueous media were more porous and displayed greater

capacitance®.

Overall, the results from the films grown from 0.112 M monomer solutions indicate
that the electrochemical control function results in a different internal structure such
that, in order of decreasing density and thus increasing porosity the methods can be
organised as follows: galvanostatic < potentiostatic < potentiodynamic. If we consider
that an increased porosity would result in a more diffuse surface that would translate
visually as a roughness then the AFM images of these films, presented in Figure 5.19,
certainly seem to confirm these findings. The potentiodynamically grown film shows
more clusters of material on the surface, whereas the film produced using the

potentiostatic method appears to have only a few imperfections. Finally, the films
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grown galvanostatically are noticeably smoother, with the exception of the film
produced with the different growth protocol Figure 5.19(C). The latter does not fit
with the trend in density in relation to the other methods, however, the NR results
indicated a significantly greater solvation and therefore porosity and, again, this is

apparent in the more globular surface structure visible in the AFM image.

Following deposition, the films are transferred to fresh electrolyte and cycled prior to
being measured in the redox states. This means that any oligomers trapped within the
polymer matrix could become free during cycling, allowing solvent to more fully
permeate the film. The NR measurements of the films in the oxidised and reduced
states revealed increased solvation following cycling which can be seen in the SLD
profiles in Figure 5.16. Interestingly, there was little or no difference between the
solvent content brought about by the change in redox state, both presented a similar
degree of solvation. This contrasts with the work done by Cascales et al who stated
that oxidation would result in greater intake of solvent and thus swelling of the film,
whereas in the reduced state the polymer chain interactions dominate, caused by the
hydrophobicity that expulses the electrolyte solution’. However, an earlier review of
the electropolymerisation of polypyrrole noted that the size of the cation in solution
had been shown to have an effect on the conductivity of the films produced’, thus
suggesting that the reduction process involves the movement of cations into the film

accompanied by an ingress of solvent.

Although the cyclic voltammograms of the films following the NR measurements
showed a decreasing oxidation charge with increasing charge and discharge cycles, the
SLD profiles do not suggest that any loss of material occurred as the films present a
thickness in keeping with the deposited mass per area. This could therefore indicate a

loss of electroactivity following repetitive cycling.

The different electrochemical control functions did not appear to produce significantly
different films in terms of their electroactivity. All the samples presented an oxidation
to growth coverage ratio (I, / ) of 30 + 3 %. The galvanostatically grown film was
slightly less electroactive that those grown under potentiostatic or potentiodynamic
control. This contrasts with the findings by Li et al in which their deposition of PPy on
glassy carbon electrodes resulted in galvanostatic deposition producing the most

electroactive films'®. Their results revealed that potentiostatic deposition produced the
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least electroactive films; however, the use of the stop/start methodology has also been
shown to affect the electroactivity of PPy. In a study published in 2012, the pulsed
galvanostatic deposition was found to produce films with greater redox capacity than
those produced by continuous growth''. More recently, a layer-by-layer approach, in
which the films were rinsed between deposition steps, also produced films with

greater electroactivity and conductivity'”.

5.4.2 Investigation of variables in galvanostatic deposition protocol

In the experiments used to investigate the galvanostatic growth of PPy, AFM
measurements of film thickness indicated that there may be a slight difference of
approximately 3 nm between the nominally identical films. Nevertheless the films were
all between 27 and 30 nm thick * 10%. This is slightly higher than the calculated value
of thickness from the growth charge which indicated a thickness of 25 nm, assuming a
doping level of x = 0.33. This could either be due to trapped solvent and electrolyte
adding to the bulk of the film or because the density of the film does not match the
value used in the calculation of thickness from the oxidative charge. The films had been
thoroughly rinsed with deionised water before being exposed to ambient
temperatures and dried for several days. Therefore it is assumed that the solvent
(water) had sufficient time to evaporate and that the electrolyte would not be present
in sufficient quantities to affect the thickness by 5 nm and the value of the density is
examined. The value used in the calculations is the density of the monomer solution,
1.4 g cm™. To give a thickness between 27 and 30 nm, the density would have to be
between 1.3 and |.15 g cm™, whereas the literature indicates that PPy has a density of
between 1.47 — 1.52 g cm”>’. The difference in thickness is therefore likely to be the
result of increased porosity. As seen in the case of the films prepared in the NR study,
the greater thickness measured by AFM could in fact indicate that the films do not

entirely collapse upon drying.

Finally, the differences between the films made using the same monomer concentration
and deposition protocol could also be attributed to slight variations in the electrode
area. The electrodes were gold coated microscope slides with a titanium binding layer.
The area was delimited with Teflon insulating tape to give an exposed area of | cm
This was however determined by eye and, although care was taken to ensure that the

tape was securely adhered to the electrode surface, it is possible that electrolyte
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penetrated beneath the tape and polymerisation occurred outside the delimited area.
A more controlled electrode area would be needed to repeat these experiments to
ascertain the reproducibility more accurately. Nevertheless, for the purposes of these
experiments, the reproducibility seems sufficient and allows a comparison to be drawn

with the other deposition protocols explored here.

As mentioned above, the effect of the monomer concentration appears to be that the
higher concentration produces films that are more electroactive than films produced
from a lower monomer concentration solution with the same growth protocol. This is
seen in the shape of the cyclic voltammograms, such as in Figure 5.21, where more
distinct oxidation and reduction peaks are observed. It is noted, however, that
following further cycling the amplitude of the peaks diminishes and in some cases these

features disappear entirely.

The AFM measurements revealed that, for a given growth protocol, there was little or
no difference between the thicknesses of films grown from different monomer
concentrations. The concentration of the monomer in solution should only become an
issue if there is a significant depletion of the monomer available to polymerize at the
working electrode/solution interface. This result therefore confirms that even the
lower concentration contained a sufficient quantity of monomer to preserve a

consistent concentration gradient at the electrode throughout the deposition process.

In order to evaluate the effect of the growth steps samples were prepared with the
same monomer concentration and the same current density but with different growth
intervals designed to reach the same overall Q,. Once again, films produced from the
more concentrated monomer solution exhibited greater electroactivity. Interestingly,
while the films made with the 9 interval growth protocol technically have a very slightly
lower deposition charge (I5 mC cm™ versus 1524 mC cm? in the |5 interval
protocol), the AFM results indicated that the films were thicker than those made using
the 15 interval growth protocol. The cyclic voltammograms support this in that the 9
interval samples display a greater redox charge than their |5 interval equivalents,

suggesting more material available to undergo redox reactions.

The small scale tests reveal that there is no evidence of the thickness being affected by

the monomer concentration of the deposition solution since there were no significant
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differences in thickness between films made using the same deposition protocol and
differing monomer solutions. The only noticeable effect was in the cyclic
voltammograms, where the higher concentration of monomer seemed to result in
films that were more electroactive and displayed a more distinct oxidation peak. This
was not the case for the NR samples where in fact the opposite behaviour was
observed. Only the film grown from the lower monomer concentration produced a
cyclic voltammogram that showed distinctive redox peaks. In the literature, monomer
concentration has been found to affect the degree of crystallinity'® and the rate of
polymerisation during potentiostatic deposition'®, therefore further work should be

done to explore this variable.

The small scale tests also suggested that a greater number of growth intervals results
in slightly thinner film than the equivalent film made with less intervals. Theoretically
this result could be explained through the loss of oligomers at the surface of the film
during the pause between growth intervals. However, this does not support our
findings during the NR experiment in which the 15 interval growth protocol resulted

in a film that was almost twice as thick as the coulometric estimate.

It should be noted that the volume of the deposition solution relative to the size of the
working electrode area was significantly greater in the case of these samples compared
to those prepared in the NR investigation. While the experiments were designed to be
scaled such as to replicate the conditions used in the case of the larger samples, it is
nevertheless possible that monomer depletion at the electrode interface may have
caused the differences observed in the NR samples produced using the galvanostatic

growth protocol.
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5.5 Conclusions

This study has shown structural differences occurring within the polymer film during
the deposition process according to the choice of growth protocol. These differences

were mostly observed in the degree of solvation at the different stages of film growth.

In the case of growth controlled by the potential at the electrode, the films presented
a similar solvation profile but differed in the subsequent electrochemical
characterisation and in the film behaviour following extended cycling. Potentiostatic
deposition was found to result in greater average polymerisation efficiency than the

potentiodynamic method.

Controlling the current (and thus the rate of the reaction) produced a film that
presented a more compact structure, evidenced by a lesser degree of solvation, as well

as being slightly less electroactive.

The role of monomer concentration, current density and growth intervals was
explored in the case of galvanostatic deposition. The results indicate that the higher
monomer concentration results in a more electroactive film, however the redox

charge is found to decrease over the course of cycling for all films.

These results are only a starting point with regards to understanding how the growth
protocol affects the electrochemical polymerisation and deposition of thin films.
Further work is required to investigate the other variables in the deposition process
such as monomer concentration, species of supporting electrolyte and choice of
potential or current limits. Nevertheless, gaining insight into the solvation profile of
these films during and after the deposition process is a promising step towards
understanding how the internal structure is related to stability and electrochemical

behaviour.
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Chapter 6 - Electrodeposition of poly(3,4-
ethylenedioxythiophene) films

6.1 Introduction

In a further investigation of the effect of deposition protocol on the structure of
polymer films, this study will examine the effect of the electrochemical control function
on the structural and electrochemical properties of poly(3,4-ethylenedioxythiophene)
(PEDOT) films. Cyclic voltammetry is used to characterise the films and allow a
comparison of their electroactivity according to the growth protocol employed. AFM
is used to obtain further measurements of film thickness and to explore differences in
surface morphology related to the deposition method. Neutron reflectometry is used
to monitor the changes in the internal structure of the films as the growth progresses
and to evaluate how the films respond to charge/discharge processes. Specifically, the

spatial distribution of solvent within the films at different stages of growth is examined.

The results show that reducing the rate of deposition increases electroactivity and
produces smoother films. Potentiodynamic growth produces a consistent structure
throughout deposition that is resilient to charge/discharge processes. Potentiostatic
and galvanostatic growth protocols produce a more flexible structure in which the
solvent volume fraction changes and the films collapse when dried. Overall, the films

present similar electroactivity despite the different deposition methods.
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6.2 Experimental

6.2.1 Small scale preliminary deposition experiments

All chemicals were used as received from Sigma Aldrich. Aqueous deposition solutions
were prepared containing 0.003 M 3,4-ethylenedioxythiophene (EDOT) in either 0.3 M
LiCIO, or 0.3 M H,SO,. The deposition conditions and protocol for each sample are

listed in

Table 6.1. The films were characterised in 0.3 M LiCIO, or 0.3 M H,SO, according to

the solution in which they were grown.

0.003 M EDOT 0.3 M LiClO4

Potentiodynamic Area/cm? E/V vs Ag/AgCl rate / mVs-! cycles
PDOI 1.54 [-0.1 - 1.3] 50 5
PDO02 1.5 [-1-1.3] 100 10
Potentiostatic Area/cm? E/V vs Ag/AgCl time /s
PSOI 1.8 0.85 60
PS02 1.68 0.8 60
Galvanostatic Area / cm? I/ mA time /s
GSO| 1.26 0.6 60
GS02 I.16 0.2 60
0.003 M EDOT 0.3 M H,SO4
Potentiodynamic Area / cm? E/Vvs rate / mVs-! cycles
SPDOI 1.65 [-1-1.3] 100 3
[-0.7 - 1.3] 100 13
Potentiostatic Area / cm? E/Vvs time /s
SPSOI 1.45 0.8 60
Galvanostatic Area / cm? I/ mA time /s
SGSO1 1.49 0.2 60

Table 6.1 — Summary of deposition conditions for electrochemically prepared PEDOT films

The working electrodes from Platypus Technologies were gold coated aluminosilicate

glass slides with a titanium underlayer. The exposed surface area was delimited using
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Teflon tape. The reference and counter electrodes were a silver chloride coated silver

wire and platinum coated titanium mesh respectively.

6.2.2 Scale up deposition experiments

These films were deposited from 0.003 M EDOT in 0.3 M LiCIO, and the substrates
were gold coated glass blocks. Samples were prepared in the NR/EC cell B, details of
which are outlined in Chapter 2. The reference and counter electrodes were,
therefore, a platinum coated titanium grid and a silver wire, respectively, and the
exposed working electrode area was 24.8 cm®. The full details of the deposition
protocol for each sample are summarised in Table 6.2. Following deposition the films

were characterised in aqueous 0.3 M LiCIO,,.

Potentiodynamic Area/cm? E/Vvs Ag/AgCl rate/ mVs! cycles

PDGOI 248 [-1-1.3] 100 20
PDGO02 248 [-0.7 - 0.7] 100 20

Potentiostatic Area/cm? E/V vs Ag/AgCl time / s
PSGOI 248 0.65 300
PSGO02 248 0.6 300

Galvanostatic Area / cm? I/ mA time /s
GSGO|I 248 0.6 300

Table 6.2 — Summary of deposition conditions for electrochemically prepared PEDOT films on

glass substrates

6.2.3 In situ electrochemical growth and NR

Deposition solutions were 0.003 M EDOT in 0.3 M LiCIO, in D,0O. The working
electrodes were gold coated quartz blocks. Deposition was carried out in the NR/EC
cell B, described in Chapter 2, section 2.2.2. NR measurements of the gold surface in
the deposition solution were carried out prior to starting the deposition process.
Following deposition the cells were emptied and rinsed before being refilled with the
monomer-free electrolyte solution, 0.3 M LiCIO, in D,O. Each film was cycled in

monomer free electrolyte after deposition then held reduced (-0.5 V) and oxidised

Chapter 6 Electrodeposition of PEDOT films 155



(0.4 V). NR measurements were carried out on FIGARO with a low angle of 0.7° and a

high angle of 3.5° to give a Q range of 0.008 — 0.35 A™".

Table 6.3 summarises the conditions and details of each of the samples prepared
during in situ NR measurements. For potentiostatic and galvanostatic growth, t.,
indicates the total deposition time, the growth intervals between NR measurements
varied and are presented in section 6.3. The final films were intended to be of similar
thickness, which was achieved by continuous monitoring and fitting of the reflectivity

measurements.

Electrochemical control function Deposition conditions

E:[-0.7 V — Emax] vs Ag wire
v =150 mV s-!
Potentiodynamic
imax = 0.24 mA cm?2

81 cycles

E =0.55V vs Ag wire

Potentiostatic
Ltotal = |8 min

i =24 pyA cm?2
Galvanostatic
ttotal = |2 min

Table 6.3 — Summary of growth protocols for the in situ deposition of PEDOT films

Analysis of the NR data, such as the calculation of solvent content from fitted SLD

values, was carried out assuming a PEDOT SLD of 2.25 x 10® A% and p = 1.33 g cm™.

The SLDs of H,O and D,O are -0.56 x 10¢ A?and 6.3 x 10 A? respectively.
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6.3 Results

6.3.1

Small scale preliminary deposition experiments

The electrochemical results and AFM measurements of thickness of the preliminary

samples are presented in Table 6.4.

0.003 M EDOT 0.3 M LiClO4

Q; Mox /g Thickness Thickness from
/ mC cm- 1% from Qg / nm AFM / nm
Potentiodynamic ~ PDOI 60.3 5.97 283 355
PDO02 93.6 10.96 439 55+5
Potentiostatic PSOI 249 28.07 17 60+5
PS02 20.8 45.70 98 75+ 10
Galvanostatic GSOI 28.6 25.66 134 65 %5
GS02 10.3 56.18 48 50+5
0.003 M EDOT 0.3 M H,SO4
Q; Fox /g Thickness Thickness from
/ mC cm- 1% from Qg / nm AFM / nm
Potentiodynamic  SPDOI 185.8 233 871
Potentiostatic SPSOI 20.3 37.87 95 55+5
Galvanostatic SGSOI 8 48.92 38 40 +5

Table 6.4 — Summary of the electrochemical and AFM results of the characterisation of

The potentiodynamic deposition resulted in a very high growth charge density due to
the wide potential range, high current and small electrode surface area. The thickness
as measured by AFM was approximately 12% of the estimated thickness, however the
surface images showed large fibrous structures as illustrated in Figure 6.1 A(l) and

A(2). These fibres emerged from the bulk of the polymer films to heights exceeding

preliminary PEDOT samples

200 nm in the case of sample PDOI, and in excess of 2 um in the case of sample PDO02.
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Figure 6.1 — AFM images of the polymer surface for PEDOT films grown under

potentiodynamic (A), potentiostatic (B), and galvanostatic (C) conditions from 0.003 M EDOT

in 0.3 M LiCIO; the images are numbered according to the samples listed in Table 6.4

The potentiodynamic deposition carried out in H,SO, did not result in the same
fibrous structures but presented a very rough surface including large clusters of
material as shown in Figure 6.2 A. The thickness of the film could not be measured by
AFM due to this significant roughness. The oxidation to growth coverage ratio was
particularly low suggesting that the polymerisation process was very inefficient. Given
the large quantity of polymer in the form of clusters reaching heights of between 100 —
200 nm on the surface, this does not seem a likely explanation. The polymer did not
appear to have formed a condensed film but rather isolated masses of material. This
lack of connection between parts of the film could be responsible for the low redox

capacity relative to the growth charge. The polymerisation in this case may also have
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resulted in oligomers that never deposited but diffused into the solution during cycling

to the reducing potential.

The potentiostatic deposition in LiClIO,, produced a much smoother film as shown in
Figure 6.1 B(l) and B(2). Lowering the growth potential was found to produce a film
with a significantly higher oxidation to growth coverage ratio. The AFM measurement
of thickness was also found to be closer to the estimate calculated from the growth
charge. The lower potential may therefore result in a more efficient use of charge
during the polymerisation process. The potentiostatic growth in H,SO, once again

produced a film with significantly greater surface roughness, visible in Figure 6.2 B.

500 nm

Figure 6.2 — AFM images of the polymer surface of PEDOT films grown potentiodynamically
(A), potentiostatically (B) and galvanostatically (C) from 0.003 M EDOT in 0.3 M H;SO4

The galvanostatic growth with the lower current density, produced a smooth film with
an improved oxidation to growth coverage ratio and an AFM measurement of

thickness in keeping with the estimated value calculated from the growth charge.

6.3.2 Scale up deposition experiments

The electrochemical results and AFM measurements of thickness for the samples
deposited onto gold/glass substrates are presented in Table 6.5. The potentiodynamic
growth revealed that a smoother film with a better oxidation to growth coverage ratio
could be achieved by restricting both the cathodic and anodic potential limits of the

cycles. The surface images are presented in Figure 6.3.
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Q; lox/ Ty Thickness from Q, Thickness from
/ mC cm- 1'% / nm AFM /nm
Potentiodynamic PDGO| 15.88 27.55 74 55%5
PDGO02 8.35 38.33 39 205
Potentiostatic =~ PSGOI 17.9 32.02 84 50+5
PSGO02 7.8 41.22 37 40%5
Galvanostatic ~ GSGOI 7.26 69.12 34 505

Table 6.5 — Summary of the electrochemical and AFM results of the characterisation of the

scaled up PEDOT samples on glass substrates

A(2)

Figure 6.3 — AFM images of the polymer surface of the scaled up PEDOT samples on glass

substrates
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Similarly to the small scale samples presented in section 6.3.1, the potentiostatic
growth at a slightly lower potential produced a smoother film with a greater
electroactivity and a measured thickness closest to the estimated value from the
coulometric data. The galvanostatic growth produced a film with a similar growth
charge to the potentiostatic sample, PSG02. However it presented a significantly
greater oxidation to growth coverage ratio and the AFM measurement of thickness
was greater than the predicted value. This suggests possibly greater polymerisation

efficiency as well as a more porous internal structure.

6.3.3 In situ electrochemical growth and NR

The NR measurements of the potentiodynamic growth of PEDOT reveal, at a first

glance, a film deposition with regular growth intervals as shown in Figure 6.4.

Total charge/

mC cm?
6 — 2.19
4.4
o 5 11.73

-r - _rr—— " 1T " 7T
001 002 003 004 005 0 400 800 1200

-l o

Q (A ) distance from interface (A)

Figure 6.4 — NR measurements and fits (left) and corresponding SLD profiles (right) for the
potentiodynamic growth of PEDOT in which the polymer is modelled as a single layer; the
purple trace is the gold measurement prior to deposition. R(Q) datasets are offset by
increments of -1.5 for clarity. Experimental conditions: 0.003 M EDOT in 0.3 M LiCIO, in
D,0,E:[-0.7V—E,,] vs Ag wire, v= 150 mVs', i = 0.24 mA cm™ 81 cycles

max

Evaluation of the SLD of the polymer layer in these fits indicate a consistently solvated
state with a solvent volume fraction of between ®, ~ 0.2 — 0.23. The final three
growth stages can, however, be fitted with a model that divides the polymer layer into
two layers that can fit independently. The other stages of growth do not fit with such a
model and converge to a single layer therefore it can be concluded that these early
stages produce a homogeneously solvated film. On the other hand, the later stages of

growth reveal a divide between the polymer layer at the gold/polymer interface and
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the outer layer at the polymer/solution interface. The latter become progressively
more solvated as the growth progresses while the former retains a slightly lower
volume fraction of solvent. These models can be seen in Figure 6.5. The orange trace,
after a growth charge density of 9.47 mC cm?, shows the film presenting a very low
volume fraction of solvent of @, ~ 0.13 throughout the bulk of the film with the
polymer/solvent interface modelled using an additional layer and significant roughness

parameter.

0+ 6 Total charge/
mC cm?

11.73
15.16

| | | | | | | : I : I T I
0.01 0.02 0.03 | 0.04 0.05 0.06 0 400 800 1200
Q(A) ;

distance from interface (A)

Figure 6.5 — NR measurements and fits (left) and corresponding SLD profiles (right) for the
final stages (Q, = , 11.73 and 15.16) of the potentiodynamic growth of PEDOT in which
the polymer is modelled as two distinct layers; R(Q) datasets are offset by increments of -1.5

for clarity

The red trace shows the film, after further growth cycles, now presenting very distinct
inner and outer layers with significantly different levels of solvation. The layer at the
gold/polymer interface has an SLD indicating a solvent volume fraction of just @, ~
0.05, whereas the outer layer has a volume fraction of ®, ~ 0.26. Finally, the last
growth stage has an inner and outer layer solvation of @, ~ 0.12 and ©®, ~ 0.36

respectively.

Qg / mC cm? 11.73 15.16
. Single layer fit 74 4.7 5.1
X
Two layer fit 5.92 2 84

Table 6.6 — Comparison of x* values for single and multi-layered fits to the last three

potentiodynamic deposition steps
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The X* values for the different fits are presented in Table 6.6. Although the multi-
layered models do improve these values, the way in which the fits follow the features
of the reflectivity data is not necessarily improved. The differences between the types
of model used are predominantly at the higher end of the Q range where the
reflectivity data presents the largest error bars. The improvement in x* values may

therefore be an artefact of the manner in which they are calculated.

Total charge

-0.75 -0.25 0.25
E /V vs Ag wire

Figure 6.6 — Cyclic voltammograms recorded during the potentiodynamic growth of PEDOT.
Experimental conditions: 0.003 M EDOT in 0.3 M LiCIO, in D,O, E : [-0.7 V—E, ] vs Ag
wire, V=150 mVs', i =0.24 mA cm™ 81 cycles
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Figure 6.7 — Plots of film thickness (left) and mass per area (right) as a function of growth
charge density as calculated from the electrochemical data (blue) and from the single layer fits
to the NR data (red) from the potentiodynamic growth of PEDOT; the coloured traces are the

associated fits to the data, the black dotted trace is the linear fit to the NR data
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The plot of thickness as a function of growth charge presented in Figure 6.6 reveals the
difference between the coulometric estimate and the measured thickness from the
single layer fits, highlighting the additional volume of solvent. The data for the early
stages of growth confirms the consistent level of solvation observed in the SLD
profiles. In the later stages, however, the solvated thickness measured by NR becomes
less than the predicted thickness for the dry film. Since the SLD profiles clearly indicate
that the film is still solvated at this stage, this would suggest that the polymerisation

efficiency drops as the growth progresses.

This is more clearly seen in the mass per area plot where the gradient of the single
layer fit results falls beneath the values calculated from the growth charge density,
indicating a slower rate of deposition than that predicted by the electrochemical data.
Since this could be due to the constraint of modelling the polymer as a single layer, the
results of the multi-layer fits are examined. These were expected to provide a greater
level of detail by allowing greater flexibility in the model parameters. The results,
however, indicate lower mass per area values than those provided by the single layer
fits. This would therefore suggest that the measured growth rate diverges further from

that predicted by the growth charge.
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Figure 6.8 — NR measurements and fits (left) and corresponding SLD profiles (right) for the
potentiostatic growth of PEDOT; the purple trace is the gold measurement prior to deposition.
R(Q) datasets are offset by increments of -1.5 for clarity. Experimental conditions: 0.003 M
EDOT in 0.3 M LiCIO, in D,O, E = 0.55 V vs Ag wire, t,,, = |8 min

total —

The potentiostatic growth of PEDOT presented a slightly different growth pattern
with regards to solvation throughout the growth stages. As shown in Figure 6.8, the

early deposition intervals present a polymer layer with a low SLD which gradually
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increases with each deposition step. In terms of solvation, this translates to an initial
solvated state of approximately @, ~ 0.2 which progresses to @, ~ 0.3 and eventually

®, ~ 0.37 in the final growth stage.
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Figure 6.9 — NR measurements and fits (left) and corresponding SLD profiles (right) for the
final stages (Q, = I11.7 and 15.68) of potentiostatic growth of PEDOT in which the polymer is

modelled as two distinct layers; R(Q) datasets are offset by increments of -1.5 for clarity

Q;/ mC cm? 1.7 15.68
" Single layer fit 53 13
Two layer fit 4.2 9.3

Table 6.7 — Comparison of x° values for single and multi-layered fits to the last two

potentiostatic deposition steps

Once again, a multi-layered model can be used to fit the later stages of growth as
shown in Figure 6.9. In this case, the penultimate growth step presents distinct inner
and outer layers with solvent volume fractions of @, ~ 0.26 and ®, ~ 0.35 respectively.
The final growth stage also shows a solvation profile with a step in solvent volume

fraction from ®,~ 0.31 — 0.47.
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Figure 6.10 — Growth transients from successive steps during the potentiostatic growth of

PEDOT. Coloured traces indicate the total charge following deposition intervals. Experimental

conditions: 0.003 M EDOT in 0.3 M LiCIO, in D,0, E = 0.55 V vs Ag wire, t,,, = |8 min
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Figure 6.1 1 — Plots of film thickness (left) and mass per area (right) as a function of growth

charge density as calculated from the electrochemical data (blue) and from the single layer fits

to the NR data (red) from the potentiostatic growth of PEDOT; the coloured traces are the

associated fits to the data, the black dotted trace is the linear fit to the NR data

Figure 6.11 shows the plots of thickness as a function of charge in which the solvated

thickness of the films is consistently higher than that of the dry film estimate. This is

consistent with the SLD profiles that indicate a solvated film throughout the growth,

however there is no sign of an increasing degree of solvation as the deposition

progresses. As in the case of the potentiodynamic growth, this would suggest that the

polymerisation efficiency decreases with successive growth steps. The mass per area

plot confirms this hypothesis in that the final growth stages are seen to diverge from

the growth trend established by the electrochemical data.
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The NR measurements of the galvanostatic growth of PEDOT reveal a very slight
increase in the degree of solvation as the growth progresses. This can be observed in
the SLD profiles presented in Figure 6.12, where the SLD remains unchanging in the
early stages of growth before increasing slightly in the last two growth intervals. The
volume fraction of solvent in the first three growth steps is consistently ®, ~ 0.33,
before increasing to ®,~0.35 and ®, ~ 0.38 in the penultimate and final stages

respectively.
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Figure 6.12 — NR measurements and fits (left) and corresponding SLD profiles (right) for the
galvanostatic growth of PEDOT; the purple trace is the gold measurement prior to deposition.
R(Q) datasets are offset by increments of -1.5 for clarity. Experimental conditions: 0.003 M
EDOT in 0.3 M LiCIO, in D,0, i = 24 yA cm?, t,, = |12 min

total

Although the last three growth stages can be fitted to a multi-layered polymer model,
the fit converges to an SLD profile in which the film is homogenously solvated, with a
volume fraction of ®, ~ 035 — 0.37, but presents a large roughness at the
polymer/solution interface as shown in Figure 6.13. Thus the solvation level of the film
does not change significantly from the single layer models. This would suggest that the

galvanostatic film presents a more consistent structure throughout the growth.
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Figure 6.13 — NR measurements and fits (left) and corresponding SLD profiles (right) for the

final stages (Q, = , 15.97 and 17.42) of galvanostatic growth of PEDOT in which the
polymer is modelled as two distinct layers; R(Q) datasets are offset by increments of -1.5 for
clarity
Qg / mC cm-2 15.97 17.42
" Single layer fit 5.7 7.8 9.5
Two layer fit 3.8 4.7 5.2

Table 6.8 — Comparison of x’ values for single and multi-layered fits to the last three

galvanostatic deposition steps

The plot of thickness as a function of growth charge density presented in Figure 6.15
shows a similar trend to those seen previously for the films produced by
potentiodynamic and potentiostatic control functions. Similarly, the mass per area plot
indicates that the growth of the film as measured by NR was not as efficient as the
growth predicted by the electrochemical data. This suggests that the applied charge in
this case is not entirely consumed by the polymerisation process or is used to produce

oligomers that do not form part of the final film.
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Figure 6.14 — Growth transients from successive steps during the galvanostatic growth of
PEDOT. Coloured traces indicate the total charge following deposition intervals. Experimental

conditions: 0.003 M EDOT in 0.3 M LiCIO, in D,0, i = 24 uA cm® t,,, = 12 min
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Figure 6.15 — Plots of film thickness (left) and mass per area (right) as a function of growth
charge density as calculated from the electrochemical data (blue) and from the single layer fits
to the NR data (red) from the galvanostatic growth of PEDOT; the coloured traces are the

associated fits to the data, the black dotted trace is the linear fit to the NR data

The results of the linear fits to the mass per area plots are presented in Table 6.9.
Following the same methodology as that described in Chapter 5, the gradient of the
line is used to calculate the number of electrons per monomer unit consumed on
average in the polymerisation process which, compared with the theoretical value,

permits a quantification of the average polymerisation efficiency.
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e per

Intercept Gradient R monomer
(2
EC data 0 0.62 | 2.33
Figure 6.7 PD
NR data 0.66 0.43 0.9967 3.37
Figure s EC data 0 0.62 | 2.33
6.11 NR data 0.62 0.39 0.9940 3.70
i EC data 0 0.62 | 2.33
igure GS
6.15 NR data 1.29 0.29 0.9964 5.01

polymerisation
efficiency / %

69.20

63.00

46.55

Table 6.9 — Summary of linear regression analysis results from plots of mass per area as a

function of growth charge density

The potentiodynamic and potentiostatic growth protocols both produced early stages

of film growth that correspond quite closely to the coulometric estimates of growth,

such that the first 2 — 3 data points fall along the predicted trend. The plots

subsequently diverge suggesting that the polymerisation efficiency diminishes as the

deposition proceeds. In the case of the galvanostatic growth, the film presents a

consistently lower rate of deposition than that predicted by the electrochemical data.

The polymerisation efficiency is calculated to be less than 50%.

Polynomial fit coefficients Imtl.al . IOSS.Of .
polymerisation  polymerisation
A B efficiency / % efficiency / %
PD 0.6270 -0.0111 100.54 -3.56
PS 0.6270 -0.0138 100.54 -4.43
GS 0.5212 -0.0094 83.58 -3.01

0.9996

0.9991

0.9996

Table 6.10 — Summary of second order polynomial fits to the mass per area values calculated

from the NR data as a function of charge

In all cases, the linear fits to the mass per area values calculated from the NR data do

not pass through the origin and therefore indicate that the linear trend is not a realistic

model of growth. A second order polynomial fit best describes the data as discussed
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previously in Chapter 5. The results of these fits are presented in Table 6.10. The
potentiodynamic and potentiostatic methods display a similar trend with 100 % initial
polymerisation efficiency that drops by 3.6 % and 4.4 % respectively. In the case of the
galvanostatic deposition, the lower average polymerisation efficiency is shown to be
due to the initial stages of growth being less efficient but displays a lower decay in

polymerisation efficiency as a function of charge.
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Figure 6.16 — SLD profiles of the films produced under potentiodynamic (A), potentiostatic (B)
and galvanostatic (C) conditions, measured at the open circuit potential following the final
growth stage (black), held oxidized at E = 0.4 V (blue) and reduced at E = -0.5 V (red); insets
show the corresponding reflectivity data and fits from which these are derived. The model
consisted of a single polymer layer with a rough outer interface. R(Q) datasets are offset by

increments of -1 for clarity

Each film was cycled in fresh electrolyte following deposition then held in an oxidised
and reduced state to examine the effect of charging and discharging on the internal
structure of the film. Once again, the NR data could be fitted using a single layer to
model the polymer film and the results are presented in Figure 6.16 alongside the SLD

profiles of the final growth stage for each electrochemical control function.
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Overall, the films presented no significant structural changes and, in fact, showed
almost identical SLD profiles to those of the final growth stages. Only the
potentiodynamically grown film exhibited a slight increase in the level of solvation of
the film from a solvent volume fraction of @, ~ 0.22 after growth to between ®, ~ 0.24
— 0.26 in the redox states. This film also presented a slightly rougher interface at the
boundary between the polymer and the solution. The solvent volume fractions

associated with the single layer fits to the data are presented in Table 6.1 for ease of

comparison.
Potentiodynamic Potentiostatic Galvanostatic
Qg / mC cm2 (OR Qg / mC cm2 (OR Qg / mC cm2 (O}
22 0.20 0.9 0.19 7.3 0.33
4.4 0.23 23 0.21 8.7 0.33
6.7 0.23 4.1 0.25 1.6 0.33
9.5 0.21 7.8 0.28 14.5 0.33
1.7 0.20 1.7 0.31 16.0 0.35
15.2 0.22 15.7 0.37 17.4 0.38
E/V (OX E/V (OX E/V 08
0.4 0.25 0.4 0.38 0.4 0.38
-0.5 0.26 -0.5 0.38 -0.5 0.37

Table 6.1 1 — Summary of solvent volume fractions extracted from single layer fits to the NR
data, assuming a PEDOT SLD of of 2.25 x 10 A*

As in the case of the NR data from the growth, the redox data can also be fitted using
a model in which the polymer is divided into two layers. The results are presented in
Figure 6.17 although it must be noted that the mass per area values extracted from
these fits are not as close to the final growth stage values as in the case of the single
layer models. These values differ most significantly in the case of the potentiodynamic
data where they suggest a 23% difference in the amount of polymer. The fit indicates a
polymer film that is more solvated to a volume fraction of @, ~ 0.43 — 0.47 and in
which the polymer does not present such a large difference in solvation between the

inner and outer layers.
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Figure 6.17 — SLD profiles of the potentiodynamic (A), potentiostatic (B) and galvanostatic (C)
films measured at the open circuit potential following the final growth stage (black), held
oxidized at E = 0.4 V (blue) and reduced at E = -0.5 V (red); insets show the corresponding
reflectivity data and fits from which these are derived. The model consisted of the polymer

being divided into two distinct layers. R(Q) datasets are offset by increments of -1 for clarity

In the case of the potentiostatically grown film, the mass per area values derived from
the fit differed from the final growth stage by less than 5% which is considered within
the margins of error. However, the fit presents an unusual SLD profile in which the
outer layer of the polymer is less solvated than the inner layer. This is not only the
opposite of the multi-layered fit to the measurement of the final growth stage but also
counter intuitive. It suggests that the inner layer could form a porous area in which the
solvent collects to a volume fraction of @, ~ 0.42. The remainder of the film has a

solvation of O, ~ 0.33 — 0.34.

The galvanostatic redox data presents a more common SLD profile in which the inner
layer is similarly solvated to the film in the final growth state but presents a more
solvated outer layer with a volume fraction of ®; ~ 0.47 — 0.5. The mass per area

values are within 10% of those calculated from the fit to the final growth state.
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A comparison of x* values obtained for the different models fitted to the NR data of
the films in the different redox states is presented in Table 6.12. The solvent volume

fraction data from the multi-layered models is presented in Table 6.13.

PD PS GS
E/V 0.4 -0.5 0.4 -0.5 0.4 -0.5
. Single layer fit 16.4 18.8 16.5 16.1 375 31.5
X Two layer fit 15.2 16.8 12.1 12.9 10.6 9.4

Table 6.12 — Comparison of x* values for single and multi-layered fits to the measurements of

the redox states for each deposition method

Potentiodynamic Potentiostatic Galvanostatic

Qg / mC cm? (OR Qg / mC cm-2 (OX Qg/ mC cm-2 (OR
9.5 0.13-0.44 7.8 N/A 14.5 0.35-0.69
1.7 0.05 - 0.26 1.7 0.26 - 0.35 16.0 0.36 - 0.68
15.2 0.12-0.36 15.7 0.31-047 17.4 0.37 - 0.98
E/V (OX E/V 0N E/V D,
0.4 0.43 - 0.46 0.4 0.42 - 0.33 0.4 0.37 - 0.50
-0.5 0.42 - 0.47 -0.5 0.42 - 0.34 -0.5 0.37 - 0.47

Table 6.13 — Summary of solvent volume fractions extracted from multi-layered fits to the NR
data, assuming a PEDOT SLD of of 2.25 x 10 A*

The electrochemical characterisation of the films following deposition showed very
similar CVs for all three films as shown in Figure 6.18. The films were also cycled
between the NR measurements of the films in oxidised and reduced states as well as
following these measurements. The CVs remained unchanged with the films exhibiting

a loss of oxidation charge of less than 5% over the course of cycling.
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Figure 6.18 — Cyclic voltammograms of PEDOT films grown potentiodynamically (red),
potentiostatically (blue) and galvanostatically (green), acquired at 50 mV s™ in fresh electrolyte

solution following film deposition

The electrochemical data from the characterisation is presented in Table 6.14
alongside the growth data. The oxidation to growth coverage ratio indicates that the

films presented similar electroactivity.

Sample Potentiodynamic Potentiostatic Galvanostatic
Qox / mC cm-2 0.80 0.86 0.92
[ox / x 10-8 mol cm-2 2.49 2.67 2.86
Qg / mC cm-2 I5.16 15.68 17.42
g/ x 108 mol cm2 6.75 6.98 7.75
Fox /T % 36.88 38.33 36.91

Table 6.14 — Summary of the electrochemical characterization of the PEDOT films grown

during in situ NR measurements

The thickness results from the growth charge estimates, the AFM measurements and

the NR fits are presented in Table 6.15. They reveal disparities between the estimated

and measured values, as well as between the films grown using the different

electrochemical control functions. The potentiodynamically grown film presents the

most consistent results. The AFM measurement of thickness is only 6% less than the

solvated thickness measured by NR, suggesting that there is little or no collapsing of

the film when it is removed from the electrolyte solution.
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Thickness Thickness Roughness Sc?lvated
Qg from Q from R SAD thickness
/ mC cm? : AFM q /%  from NR fits
/ nm / nm

/ nm / nm
Potentiodynamic 15.16 71 65+5 4.8 0.5 69 £2
Potentiostatic 15.68 73.5 54 +5 6.34 0.74 77 + |
Galvanostatic 17.42 81.7 53+ 10 7.74 0.92 75 £ |

Table 6.15 — Summary of AFM characterisation of the PEDOT films grown during in situ NR

measurements

The AFM measurement of the potentiostatically grown film reveals that the film was
swollen by the solvent during the NR measurements and subsequently collapsed after
drying. The solvated thickness is 43% greater than the dry thickness. The latter is
however significantly less than the estimated value, suggesting that the polymerisation
process was not as efficient as in the case of the potentiodynamic growth. The
galvanostatically grown film presented a similar case to that of the potentiostatic
growth in which the dry film measurement indicates a collapse of the film when it is

dried. All the films displayed rather globular surface features as shown in Figure 6.19.

- Isonm
5um 0

Figure 6.19 — AFM images of the surface of PEDOT films grown potentiodynamically (A),

potentiostatically (B) and galvanostatically (C) during in situ NR measurements
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6.4 Discussion

Overall, the small scale deposition samples indicated that faster growth, whether using,
potentiodynamic, potentiostatic or galvanostatic methods, resulted in relatively poor
electroactivity as summarised in Table 6.4, which is likely to be indicative of low
polymerisation/deposition efficiency. The speed of the deposition process, controlled
by the choice of potential or current density was adjusted in the scaled up
experiments. The aim was not only to produce films with as smooth a surface as
possible and good electroactivity but also to slow the growth to a pace in which NR
measurements could capture any important structural changes in the early stages of

the deposition process.

Both the small scale samples and the experiments on glass substrates indicated that in
the case of potentiostatic growth, lower potentials were conducive to greater
electroactivity of the resulting film. Furthermore, the use of a lower deposition
potential produced films for which the estimated thickness from the growth charge
and the thickness measured by AFM were more comparable, suggesting that the
charge applied was more efficiently used in the growth process. This is in keeping with
the work by Pigani et al who have also reported that higher potentials result in a lower
polymerisation efficiency'. The small scale galvanostatic samples displayed the same
benefits brought about by using lower current densities. Additionally, reducing the
growth charge density was found to reduce the surface roughness which is supported

by the findings Baek et al*.

In the case of the potentiodynamically grown films, limiting the potential range, the
maximum current density and increasing the scan rate, such that the potential window
for deposition was reduced, were all used to limit the rate of growth. These variables
also played a role in controlling the surface roughness. In the study by Patra et al,
which used scanning electron microscopy to examine the role of electrochemical
control function in determining the morphology of PEDOT films, higher potential
ranges were found to produce a more fibrous structure as opposed to lower current
densities and potentials that resulted in a globular morphology’. The choice of
potential range has also been shown to influence the degree of crystallinity of the
deposited films*. AFM images of the small scale PEDOT samples grown from lithium

perchlorate monomer solutions revealed that the potentiodynamic growth resulted in
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large fibrous structures on the surface of the films, as shown in Figure 6.1. Using the
same growth protocol and a greater number of cycles but on a substantially larger
working electrode area, thus reducing the total growth charge density, resulted in a
film that did not present such large surface features, illustrated by the AFM images in
Figure 6.3. Thus the large surface area necessary for the NR experiments proved to be
an advantage in producing the low surface roughness that would allow successful NR
measurements of the sample. Films grown from the sulphuric acid solutions presented
significantly greater roughness and inhomogeneities compared to the films prepared
from lithium perchlorate therefore the latter was selected as the growth medium for

the NR experiments.

The surprising feature of the potentiodynamically grown films with large growth charge
densities was their apparently low electroactivity. The charge density not only
predicted very thick films but the AFM revealed the large amount of polymer fibres on
the surface, distinct from the bulk of the film. Melato et al have previously reported
that PEDOT has a fibrous morphology when prepared potentiodynamically, as
opposed to a granular structure when deposited under constant potential® therefore
the topographical features are not unusual. However, it is generally considered that
increased porosity results in greater electroactivity, as well as stability during cycling,
since it allows greater solvent penetration to the active sites within the film®. This is
evidenced by studies that have explored the role of the counter ions and found that
the molar mass of the ions has an effect the electroactive response of the polymer
films’; notably, smaller ionic species will have greater ease in penetrating the polymer
matrix resulting in faster ion transport®. Theoretically, therefore, it could be assumed
that these fibrous structures would increase the active surface area of the film, creating
greater accessibility to the redox active sites in the polymer chains and thus increasing
the electroactivity of the film. Since this was not observed, it raises the question as to
whether these surface structures are sufficiently connected to the bulk of the film
covering the electrode. Perhaps the connection to the surface bound film becomes
strained as these fibres increase in size, or maybe the greater electroactivity results
from a polymer matrix and not from large, separate clusters. The parameters of the
growth protocols employed in this case were quite different therefore these samples
do not provide sufficient information to explore these theories since a number of

factors could be responsible for these features.
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In the deposition experiments conducted on glass substrates, one of the potentiostatic
samples and the galvanostatic samples were deposited to a similar growth charge
density yet presented differences with regards to electroactivity and thickness as
measured by AFM. The details are summarised in Table 6.5. The galvanostatic film
presented a greater oxidation to growth coverage ratio and the thickness measured
was greater than the estimate from the growth charge density, suggesting greater
polymerisation efficiency as well as possibly a different internal structure. In the case of
samples produced during the NR measurements, however, these differences were not
apparent between the potentiostatically and galvanostatically grown films. Both films
presented a similar electroactivity, as summarised in Table 6.14 and, in both cases, the
AFM measurements of thickness were less than the estimates from the growth charge,
although the solvated thickness was in keeping with the predicted value as shown in
Table 6.15. Furthermore, the analysis of the plots of mass per area as a function of
growth charge revealed that the galvanostatic deposition resulted in the lowest

average polymerisation efficiency at 47 %.

In terms of structural differences, the single layer fits to the NR data do not reveal
significant differences although the potentiostatic growth presented a film that was
increasingly solvated as the growth progressed whereas the galvanostatically grown
film remained largely at the same level of solvation throughout the deposition process.
The multi-layered fits, on the other hand, indicate significant differences in solvation
within the potentiostatically grown film, with a more solvated layer at the
polymer/solution interface that is not so distinct in the case of the film grown
galvanostatically. The more homogeneous solvation of the latter could indicate a more
consistent porosity throughout the film. In the case of the potentiostatically grown
film, perhaps areas of the films present different degrees of porosity which inhibit the
movement of ions in solution thus affecting the overall redox capabilities of the film.
Such a difference in electroactivity was not, however, observed in the characterisation

of the films using cyclic voltammetry.

When comparing the electroactivity of the samples on glass substrates, it was
observed that a decrease in the growth charge density produced films with greater
redox capacity. This coincided with decreasing the potential limits in the

potentiodynamic growth and the lowering of the deposition potential in the case of the
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potentiostatic growth. However, the galvanostatically grown film from the NR
experiment was grown with exactly the same current density as the sample on glass
but to a greater growth charge density and presented a lower oxidation to growth
coverage ratio. It is therefore suggested that a greater growth charge density, which
ultimately translates to a greater thickness, could result in a less electroactive film. This
could be explained by a loss of accessibility to the more ‘buried’ redox sites as the film
becomes thicker. Furthermore, the mass per area plots associated with the samples
studied using NR revealed that the polymerisation efficiency decreases as the growth
progresses. As a result, the formation of oligomers that do not form part of the
deposited film may increase with increasing growth charge which would also explain a
decrease in relative redox capacity. More experiments are needed to explore this
hypothesis and further NR measurements during growth to lesser and greater growth
charge densities could help identify these possible structural variations. It should be
noted that the NR measurements required the growth to be interrupted which may
also have affected the structure and therefore electroactivity of the sample, as it has
been reported that a layer-by-layer approach to deposition may indeed reduce the

redox capacity of the film produced’.

The NR data was fitted to two types of models, one in which the polymer layer was
modelled as a single layer and another in which the layer was divided in two. Dividing
the polymer into further layers was not found to improve the fits. The fits only
converged successfully to multi-layered models for the measurements of the final
growth steps and of the film held in oxidised and reduced states. VWhen modelled using
a two-layered system, the other stages of growth resulted in a fit in which only one
layer modelled the polymer film and the other layer converged to a thickness of 0;

these datasets therefore fitted best to the single polymer layer model.

In the case of the potentiodynamic and potentiostatic growth, the multi-layered fits to
the final stages of the deposition revealed a split solvation with a significant difference
between the inner layer, at the polymer/electrode interface, and the outer layer, at the
polymer/solution interface. While it is conceivable that there be distinct areas of
differing solvent content, and particularly an increasing degree of solvation from the
electrode to the solution interface, the extent to which the polymers porosity appears

to change between the earlier and later stages of growth is unexpected. When the
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multi-layered fits to the redox data are examined, they present further changes that
seem unrealistic, particularly in the case of the potentiostatically grown film where the
solvation profile becomes inverted as shown in Figure 6.17. Melato et al have reported
that the potentiostatic deposition of PEDOT can results in a two layered system in
which the first layer on the electrode surface is more compact and the outer layer
consists of polymer clusters'®. These features were, however, observed only for films
with a growth charge density > 20 mC c¢m™ and the deposition was carried out in

acetonitrile as opposed to aqueous solutions.

The multi-layered fits to the galvanostatically grown film, on the other hand, simply
present a rougher interface between the polymer and the solution. The NR
measurements of the redox states reveal a slight increase in solvation at the
polymer/solution interface, with a bulk solvent content in keeping with that observed
during the growth. These differences between the films suggest that the galvanostatic
growth produced a polymer film structure that is more homogeneous throughout the

film.

It is important to note, that the reflectivity data acquired for these samples only
extends to Q = 0.06 A" and that any improvements to the fits, brought about by the
additional layer to model the polymer, usually occurred in the range of Q = 0.04 — 0.06
A" The errors in this area are greater than in the rest of the reflectivity data so, while
the multi-layered fits suggest that there may be further information to be extracted,
these fits are less reliable in terms of the accuracy of the information they provide. To
improve the statistics in the higher range of Q, the reflectivity would have to be

measured using an additional incident beam angle.

The single layer fits to the data acquired during the potentiodynamic growth of
PEDOT reveal that the film grows with a consistent volume fraction of solvent
between @, ~ 0.2 — 0.23 as shown in Figure 6.4 and Table 6.1 1. The final growth stage
was the only dataset in which the SLD parameter had to be restrained as it would
freely fit to a higher SLD. Although this produced a lower x* value, the model did not
fit the prominent features of the reflectivity data in the higher Q range. The single
layer fits to the redox data indicate a slightly increased solvation of ®, ~ 0.24 — 0.26.
These fits do not suggest any significant differences in terms of structure, surface

roughness or loss of material as a result of cycling and charging/discharging of the film.
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This is supported by the fact that the cyclic voltammograms revealed only a small, less
than 5%, decrease in oxidation charge following cycling and redox measurements. This
is consistent with the study by Aradilla et al in which the layer-by-layer deposition
protocol produced PEDOT films that were less electroactive but more stable than

those grown by continuous deposition’.

The AFM results presented in Table 6.15 indicate that the potentiodynamically grown
film thickness was in keeping with the growth charge estimate and the NR fits to the
solvated film. This suggests an efficient use of the charge in the polymerisation process
and a stable, robust film that did not collapse upon drying. This polymerisation
efficiency is supported by the mass per area analysis of the data, presented in Figure
6.7, which reveals a good correlation between the mass per area values calculated
from the growth charge and the values extracted from the fits to the NR data, in the
early stages of growth. However, the two datasets begin to diverge as the growth
progresses, suggesting that the efficiency diminishes as the quantity of surface bound
polymer increases. This is likely to be because more charge is required to oxidise the
polymer film before further polymerisation can occur. There may also be the
formation of oligomers during the oxidising potential sweep which do not deposit and
diffuse into the bulk of the solution during the reduction of the film. Nevertheless, the
potentiodynamic growth appears to be the most efficient according to the fits to the
mass per area data, resulting in an average polymerisation efficiency of 69 % and a

decay in efficiency of 3.5 % as a function of charge.

The potentiostatically grown film presented an interesting case in which the polymer
film was incrementally more solvated as the growth progressed, as shown in Figure
6.8. The early stages of growth presented a solvent volume fraction of approximately
@, ~ 0.2 and the following steps increased to a final solvation of @, ~ 0.37. This would
suggest that the initial polymer layers are more compact and the continued
polymerisation renders the film more porous. Surprisingly, it does not appear that
these early growth steps form a ‘base’ layer with a lower level of solvation that persists
in the structure of the film following further deposition, but rather that the film
maintains a homogeneous degree of solvation throughout its thickness. This is
counter-intuitive since it could be assumed that the initial polymer layer becomes less

porous as it is gradually filled in by the nucleation of additional oligomers. However, if
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it is considered that each chain is extended with subsequent growth steps, then it is
conceivable that the lengthening of the polymer strands could result in a more

disordered and porous structure.

The redox measurements revealed very little change from the final growth stage and
the cyclic voltammograms remained consistent following cycling and the
charge/discharge measurements. This suggests a stable film in terms of its
electrochemical behaviour however the AFM measurements of thickness revealed that
the film may not have been as structurally robust. The thickness was substantially
lower than both the estimated thickness from the growth charge and the solvated
thickness from the fits to the NR data. This indicates a collapse of the film from the

solvated to dry state of around 30 %.

The combination of these results appears to indicate that the potentiostatic growth
produced a film that was more porous than the film grown potentiodynamically.
Although the electrochemical characterisation of the films was very similar as seen in
Figure 6.18, the films reveal a different internal structure with the potentiostatic
growth resulting in a higher volume fraction of solvent penetrating the film. While the
potentiodynamic growth displayed a consistent level of solvation during the deposition
process, the potentiostatic growth suggested a changing structure throughout the

growth.

The galvanostatically grown film displayed features present in both the
potentiodynamic and potentiostatic growth. In the early stages of growth, the solvent
volume fraction remained stable around ®; ~ 0.33. In the final stages, however, this
increased to @, ~ 0.35 then @, ~ 0.38. This increase in solvation is not as significant as
that observed during the potentiostatic growth but suggests nevertheless a less
consistent growth than the potentiodynamic deposition. Once again, the redox data
indicates that there is very little change between the measurement of the final growth
stage and the measurements following cycling and charge/discharge of the film, and the
cyclic voltammograms present consistent electrochemical behaviour suggesting good

stability.

The AFM measurements of thickness reveal similar results to those found in the case

of the potentiostatically grown film, indicating a collapse of the film after drying. The
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solvated measurement of thickness from the NR fits differs significantly from the dry
measurement although it is comparable to the growth charge estimate. The
comparison of the mass per area values derived from the growth charge and NR data,
presented in Figure 6.15, also reveal that the galvanostatic growth was less efficient
than the deposition using the other control functions. In both the potentiodynamic and
potentiostatic growth, the mass per area values in the early stages of growth extracted
from the NR data matched those calculated from the growth charge. It was only as the
growth progressed that the two datasets diverged. In this case however, the mass per
area values for the very first growth step differ significantly and the rate of the
deposition as measured by the NR data is clearly not as fast as that predicted by the
growth charge. This suggests a much less efficient use of charge in the polymerisation

process than observed for the other two growth protocols.

Expressing the quantity of polymer in the form of mass per area as opposed to
thickness or moles is important as it allows the thickness measurements from the fits
to the NR data to be converted to a quantity that represents solely the polymer and
not the solvent content. Consequently, these values can also be converted into an
estimate of the dry thickness, in which it is assumed all solvent has been removed,
along with the volume it occupies, and is thus comparable to the AFM measurements
of the films in the dry state. Accordingly, the potentiodynamically grown film has a
calculated dry thickness of 53 nm and the potentiostatic and galvanostatic growth
protocols should result in a dry thickness of 49 and 47 nm respectively. This
demonstrates that the AFM measurements of thickness are in keeping with the fits to
the NR data, although the potentiodynamic growth appears to produce a more porous

film.

A value of the polymerisation efficiency was derived from the linear fits to the plots of
mass per area as a function of growth charge and allowed a comparison of the different
methods used. Accordingly, the electrochemical control functions, under the
conditions used here, can be ranked in order of polymerisation efficiency as follows:
potentiodynamic > potentiostatic > galvanostatic. Interestingly, the electrochemical
characterisation indicated little to no differences between these films, the features that
differentiate them are observed in the structural characterisation using NR and AFM.

The electroactivity of the films was very similar with regards to the oxidation to
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growth coverage ratio, as summarised in Table 6.14. This is somewhat surprising since
it could be assumed that a film in which the growth charge did not produce the
maximum amount of polymer would therefore not exhibit as great an electroactivity as
a more efficiently polymerised film. It seems clear that the differences in internal
structure observed in the variations in solvent content throughout the growth indicate

differences in porosity that also contribute to the redox capacity of these films.

Finally, it is important to note that the deposition process was frequently paused to
allow for the NR measurements. While the use of NR allows measurements in situ
which could not be achieved by any other technique, interrupting the growth may also
have had an effect on the resulting films. For instance, during the data acquisition, the
films were at the open circuit potential since any current or potential would have
continued the polymerisation process. Consequently, when the deposition was
restarted, a proportion of the charge supplied would have been used to oxidise the
film before polymerisation progressed. In the case of the potentiodynamic deposition,
this is probably not an important factor since the NR measurements were carried out
following full cycles such that the film would have already been at a reducing potential
and the deposition would have been continued from this same potential. In the case of
the potentiostatic and galvanostatic growth, however, the film would be progressively
oxidised throughout the growth if the deposition were continuous. The lower

efficiency may therefore be related to this stop/start mechanism.

Ideally, the growth of these films would be slowed down such that NR measurements
could be acquired in real time. However, this poses several problems: firstly, the range
of Q would remain limited by the use of a single angle as changing angles requires
several minutes for the instrument to adopt the correct configuration, a timescale that
is not appropriate for these kinetic measurements; secondly, the growth of films at
such a reduced rate may not be representative of faster growth mechanisms. While
this would be a valid and certainly interesting experiment, it would not be sufficient in
fully understanding the structural implications of the choice of electrochemical control

function.

To complement these experiments, further measurements are needed to explore the
effect of the stop/start mechanism as well as the role of the total growth charge

density. This could be easily achieved by growing films in situ, without interruption of
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the deposition process, with the same growth protocol and growth charge density.
These could then be compared to films with the same growth protocol but lower

growth charge density.
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6.5 Conclusions

In this study, the role of the deposition protocol has been explored in terms of its
effect on the electrochemical behaviour, internal structure and solvation properties of
PEDOT films. The small scale experiments revealed that decreasing the rate of
deposition by using faster potential scan rates, lower current densities and lower
potentials increases the relative electroactivity of the films as well as producing a
smoother surface morphology. Increasing the electrode surface area was also found to

facilitate this.

NR measurements revealed that the potentiodynamic growth results in a more
consistent deposition, producing a homogeneously solvated film that retains this
structure when subjected to charge and discharge processes. This film also presented a
robust, porous structure evidenced by only a 6 % reduction in thickness from the
solvated to the dry state. The potentiostatic and galvanostatic growth protocols
resulted in films that were more solvated and that presented an increasing degree
solvation during the deposition process. Furthermore, the films were more flexible as
demonstrated by shrinking of the films when dried, resulting in a dry thickness that was
30 % less than that of the solvated film. These three films displayed similar
electrochemical behaviour and were found to be comparably electroactive despite

different polymerisation efficiencies.

The potentiodynamic growth was found to be the most efficient in terms of the
growth charge resulting in polymerisation. This finding may however be related to the
way in which NR data was acquired by pausing the film growth which is unlikely to
have affected the potentiodynamic deposition but may have had an adverse effect on
the films grown using the other two control functions. Consequently, further work is
needed to confirm or eliminate the impact of the stop/start methodology on the

polymerisation efficiency during potentiostatic and galvanostatic deposition.
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Chapter 7 - Conclusions

The body of work on the study of conducting polymer films is substantial and one of
the prevalent features of these systems is the wide range of electrochemical and
structural properties that can be manipulated according to the parameters of the
deposition protocol. The research presented here therefore contributes to a much
wider investigation of such variables and focusses particularly on the internal
structure of the polymer matrix. In part, the novelty of this work is the use of
neutron reflectometry as the predominant technique, allowing unique insight into the
spatial distribution of solvent species within the films. The results are analysed in

conjunction with electrochemical and surface characterisation techniques.

In a first instance, the incorporation of NDs in a PEDOT film was explored with
respect to the influence afforded by the particles on the electrochemical response
and the structural changes they produce in the polymer matrix. A comparison of
pristine and composite films produced by potentiostatic and potentiodynamic
methodologies revealed no consistent differences in electroactivity. Under a constant
potential growth protocol, the presence of NDs in the deposition solution produced
a more porous film. Composite films grown potentiostatically displayed a greater
surface roughness than the pristine PEDOT films. The NR investigation revealed that
the NDs produced films with greater thickness and a more ordered internal structure
which is in keeping with previous studies indicating that the incorporation of carbon

nanoparticles affords greater structural stability.

In the subsequent studies, the role of the electrochemical control function in affecting
film structure and the charge/discharge processes was examined in the case of PPy
and PEDOT films. The former presented a similar solvation profile, and therefore
porosity, when deposited using potentiodynamic and potentiostatic methods but
displayed structural differences following electrochemical characterisation, indicating a
greater re-ordering of the polymer matrix in the case of the film grown
potentiodynamically. The galvanostatic deposition resulted in more compact and less

electroactive film. All the films presented a decrease in polymerisation efficiency as
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the growth progressed, with the potentiostatic growth presenting the most efficient

use of charge overall.

This contrasts with the case of PEDOT for which the potentiodynamic deposition
was found to be the most efficient method, as well as producing the most consistent
and stable structure throughout the growth and following charge/discharge processes.
Both the potentiostatic and galvanostatic methods resulted in porous films and an
evolving structure throughout the growth. These films were also less robust,

appearing to collapse once dried.

These results suggest that the effect of the electrochemical control function may
differ for each polymer species. The role of the other variables should not however
be overlooked; due to the poor solubility of the EDOT monomer, the concentration
used in deposition of PEDOT was very low compared to that used in the case of PPy.
The molecular structure of these two species is also markedly different therefore it
would be interesting to investigate whether or not trends in structural features result
from the deposition method for polymers with similar composition and/or bonding

structure.

Looking ahead, proposals have already been submitted to neutron facilities requesting
beam time on NR instruments to further investigate the structural differences
afforded by the growth protocol. In particular, these studies would explore whether
or not the features of the internal structure such as greater density, or conversely
porosity, are maintained following extended charge/discharge processes, or whether
the polymer films eventually adopt a common structure regardless of the deposition
method used. Additionally, a comparison of films grown continuously and those
deposited using the stop/start protocol would be advisable in order to establish the

effect of the layer-by-layer approach.

NR is undoubtedly a powerful tool in elucidating the structural features of these films.
These studies have shown how the combination of this technique with
electrochemical methods can provide unprecedented insight into the structural

features that directly impact on the electroactivity and stability of these films.
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