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Abstract

ABSTRACT

In the fight against climate change, effective energy storage applications are
required to efficiently store the energy of renewable sources. Supercapacitors are one
of the energy storage applications under vigorous research and development. Their
ability to store a relatively large amount of energy and release it fast over millions
of operating cycles has deemed these devices suitable for electric vehicles, for
example. But current technology lacks in energy content which is why a novel
category of supercapacitors, hybrid capacitors, has emerged. Hybrid capacitor can
consist of a battery type electrode and a capacitor type electrode or both electrodes
can be made of composite materials, which are materials composed of two or more
individual components. Combining these components in right ratios gives the new
composite material altered physico-chemical properties.

Several types of composites have been evaluated for use in supercapacitors, and
one that has reached a lot of attention are composites between graphene and
conducting polymers. The aim of this work has been to fabricate and thoroughly
characterize these types of nanocomposites. In general, the large mechanically strong
and well-conducting graphene should contribute to the cycling stability and power
capability of the material while the conducting polymer should store and release
large amount of energy. These nanocomposites can be fabricated by chemical and
electrochemical approaches, which are presented in the literature background of this
thesis. However, all of these fabrication approaches requires that both materials
should be readily available as stable suspensions. The problems and solutions of
producing graphene dispersions is therefore discussed in the literature review.

In the experimental part of this work a facile electrochemical approach is
presented for the formation of composites between reduced graphene oxide and two
different types of conducting polymers, poly(3,4-ethylenedioxythiophene) and
polyazulene, in various ionic liquids. The approach used in this project is fast and
takes advantage of the ionic liquids ability to disperse both the monomers and
graphene oxide not to mention the improvement in electroactivity and cycling
stability that is obtained by polymerizing conducting polymers in ionic liquids. The
as-prepared composite materials have been thoroughly characterized by
electrochemistry, spectroscopy, microscopy and spectroelectrochemistry.

il



Tiivistelmd

TIIVISTELMA

Taistelussa ilmastonmuutosta vastaan tarvitaan tehokkaita energianvarastointi-
sovelluksia, joilla voidaan tehokkaasti varastoida uusiutuvista energian ldhteisti
tuotettu energia. Superkondensaattorit ovat yksi energianvarastointisovelluksista,
joita tutkitaan ja kehitetddn tarmokkaasti. Niiden kyky vapauttaa suhteellisen suuri
miérd energiaa nopeasti ja useiden miljoonien syklien ajan on ominaisuus, josta
esimerkiksi sdahkoautot voivat hyotyd. Mutta kaupalliset sovellukset eivdt pysty
varastoimaan tarpeeksi energiaa minkd vuoksi on alettu kehittdd hybridikonden-
saattoreita. Hybridikondensaattori voi koostua paristotyyppisestd elektrodista ja
kondensaattorityyppisestd elektrodista tai molemmat elektrodit voivat koostua
komposiittimateriaalista, jossa kaksi tai useampia materiaaleja on yhdistetty uudeksi
materiaaliksi. Kun nditd materiaaleja yhdistetéén oikeassa suhteessa toisiinsa, uuden
komposiittimateriaalin ominaisuudet ovat huomattavasti erilaiset kuin yksittdisten
komponenttien ominaisuudet.

Monenlaisten komposiittien ominaisuuksia superkondensaattoreissa on tutkittu
ja yksi paljon huomiota saanut komposiittityyppi ovat grafeenin ja johdepolymeerien
muodostamat materiaalit. Yleisesti ottaen mekaanisesti kestédvd ja hyvin johtava
grafeeni takaa pitkén elinidn ja nopean energian varastoinnin ja vapautuksen kun taas
johdepolymeerin tehtdvani on varastoida suuri miird energiaa. Nditd komposiitteja
voidaan valmistaa useilla eri menetelmilld kuten kemiallisella polymerisaatiolla ja
sdhkokemiallisilla menetelmilld, joita kdydaddn ldpi tdmén tyon kirjallisuusosiossa.
Kaikkien valmistusmenetelmien reunachto kuitenkin on, ettd molempien
materiaalien tulee muodostaa pysyvid seoksia useissa liuottimissa. Pysyvien
grafeeniseosten aikaansaaminen on kuitenkin hankalaa ja mahdollisia keinoja
pysyvien grafeeniseosten valmistamiseen kdydéén 1api tyon kirjallisuusosiossa.

Tyon kokeellisessa osiossa esitellddn yksinkertainen sdhkokemiallinen
menetelmé, jossa valmistetaan komposiitteja pelkistetystd grafeenioksidista ja
johdepolymeereista (poly(3,4-etyleenidioksitiofeeni) ja polyatsuleeni) ionisissa
nesteissd. Téssd tydssd kéytetty menetelméd hyodyntééd ionisten nesteiden kykyé
livottaa sekd johdepolymeerien monomeerejé ettd grafeenioksidia seké niiden kykyéa
muodostaa sahkokemiallisesti aktiivisempia ja pysyvampid johdepolymeerikalvoja.
Valmistetut komposiittimateriaalit on huolellisesti karakterisoitu sdhkokemiallisin,
spektroskooppisin, mikroskooppisin ja spektrosdhkdkemiallisin menetelmin.
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Introduction

1. INTRODUCTION

During recent years, the effects of climate change have become evident in our
daily lives, and we are in a hurry to replace our current fossil fuel technologies with
eco-friendlier alternatives. The means for harnessing renewable energy exists, but
work must be done to efficiently store this energy so that it can be used when
required. This should be done with a safe system available to everyone. Current
technology for small electronics relies on Li-ions, but this technology can be
dangerous due to exothermic reaction when the battery is damaged and, furthermore,
Li is not the most abundant element. The market is also interested in bendable and
wearable electronics. These are only some of the demands set for research and
development (R&D) of tomorrow’s energy storage devices.

Since the first patents in the 1960’s, the energy storage device known as
electrochemical double layer capacitor (EDLC) or supercapacitor (SC) has been the
subject of vigorous R&D. SCs align between common batteries and capacitors in
terms of operating performance; they can produce high amount of energy fast for
thousands of times. SCs are applied in electric vehicles as complementary energy
storage devices for batteries [1] and they can be applied in autonomous energy
harvesting circuits for small electronics [2]. EDLCs can produce high amount of
energy fast due to the physical energy storage mechanism based on the formation of
an electrochemical double layer in the near vicinity of porous electrodes upon
polarization of the electrodes (Fig. 1) [3]. Following equations help to elaborate
R&D behind SCs:

Capacitance: C = A% (1.1

Energy: E=-CU§ (1.2)
UZ

Power: p== (1.3)
4R

As electrode area is directly proportional to capacitance and energy, highly
porous electrode materials are a necessity. Commercial EDLCs rely on activated
carbon (AC), since it is readily available. ACs’ high porosity ensures high
capacitance while their chemical inertness enables thousands of operating cycles, but
poor conductivity of ACs results in low power density since it is conversely
proportional to the resistance. Carbon nanotubes (CNTs) [4] and graphene [5] have
been proposed as substituents for ACs in EDLCs since they possess better
conductivities. However, CNTs are expensive while graphene suffers from
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SUPERCAPACITORS
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Figure 1. A rough family tree of different types of SCs and their schematic cross sections.

production issues. Electrochemical oxidation and reduction reactions of conducting
polymers (CPs) and metal oxides are exploited in pseudocapacitors, introduced by
Conway [6]. Pseudocapacitors are based on Faradaic charge transfer reactions taking
place in the bulk electrode material which improves the energy content, but the
advantage of extremely good long-term cycling stability is lost and, additionally, the
slow kinetics of a redox reaction introduces a decrease in the important fast
charging/discharging property.

It has been shown that it is favorable to implement both types of charge storage
mechanisms to obtain better devices. This has emerged new type of SCs, hybrid
capacitors, which cover a wide array of electrode materials and electrode
configurations (Fig. 1). Hybrid capacitors can consist of two hybrid (composite)
material electrodes, of a capacitor type carbon electrode (EDLC) combined with a
pseudocapacitive electrode, or they can be a combination of a capacitor type
electrode and a battery type electrode [7].

In the experimental part of this work we have aimed to fabricate and characterize
nanocomposites of CPs and electrochemically reduced graphene oxide (ErGO) in
ionic liquids (ILs) which could be utilized in hybrid capacitors (Papers I and IT). The
general hypothesis in fabricating these types of composites is that at certain ratios of
the two materials, a synergy between the two components results in better electrode
materials and ultimately improved device performance. Large sheets of ErGO are
supposed to contribute as the mechanical support of the polymer material during
long-term cycling, since degradation of pseudocapacitors is attributed to breaking of
the polymer as a consequence of constant swelling and shrinking during doping and
dedoping. The well-conducting graphene material should also contribute to
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improved charging/discharging kinetics, while the polymer is expected to be the
main contributor to high capacitance. By choosing electrochemistry as the material
fabrication method, a facile technique for one-pot synthesis of electrodes is realized
(Paper V), and by choosing ILs as our electrolyte, we have hoped to improve on the
nanocomposite properties, because choosing the correct electrolyte for the device
can also improve not only the energy content but also the cycling stability. ILs are a
group of designer solvents that are aimed as electrolytes in energy storage devices
because they possess low flammability and negligible vapor pressure, which are
ideal properties for making safer devices compared to easily evaporating organic
solvents, and good electrochemical stability enabling an increase in applied
maximum voltages (Up). ILs have also proven to improve the electroactivity and,
most importantly, the cycling stability of CPs [8—10].

Firstly, background on the effects ILs have on the electrochemistry of CPs is
given as it forms the basis of our fabrication approach. Since nanocomposite
formation is best accomplished in solution phase, strategies to make stable graphene
suspensions is discussed in the third chapter of the thesis. General approaches as well
as the pros and cons of chemical and electrochemical nanocomposite formation are
also presented in chapter three together with a short evaluation of the performance
of CP based materials towards SC applications. Before outlining the main aims of
the experimental work, charge carriers and electronic properties of CP based
composites are discussed. Since doping changes the structure of CPs, the redox
properties and the structural changes of CPs have been studied over the years with
combined techniques known as in situ spectroelectrochemistry. The electron
donating or withdrawing properties of the other component in CP based composites
can have an effect on the charge carrier formation or conjugation length of the CP.
Some in situ spectroelectrochemical studies have been performed on CNT based
composites [11,12] and Ceo fullerene type composites [13,14], but graphene based
composites have not, to the best of our knowledge, been addressed although they
have been extensively studied for a long time now. In the experimental part of this
work (Papers III and IV), composite formation as well as the charge carriers and the
electronic properties during doping of our nanocomposites has been studied by two
in situ spectroelectrochemical techniques to elaborate the interactions between GO
and CPs further.
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2. CONDUCTING POLYMERS IN IONIC LIQUIDS

ILs are characterized as salts that melt at very low temperatures [15]. In practice,
ILs should remain liquid preferably in room temperature or very close to room
temperature, at least for most applications. The IL era properly began in the 1990°s
when ambient stable ILs were discovered [16], which consist of large (in)organic
anions, such as tetrafluoroborate ([BF4]), hexafluorophosphate ([PF¢]),
bis(trifluoromethylsulfonylimide) ([TFSI]) and triflate ([TfO]), and of
unsymmetrical organic cations, such as imidazolium, pyrrolidinium and pyridinium
[17]. Initially promoted as “green alternative” to organic solvents, ILs have later
revealed to produce toxic gases [18,19] not to mention their eco-toxicity and poor
biodegradability [20-22], which is why ILs consisting of biomolecules, such as
amino acids and choline [23-25], have been made to meet the demand of greenness.
However, the biomolecule based ILs are still less used at least in electrochemistry
which can be due to inferior properties or lack of commercially available choices.
Today, also more specialized ILs, such as magnetic ILs [26], exist.

One property in common to all ILs is their intrinsic conductivity (0.1 — 20 mS
cm!), since these solvents only consist of ions. They can have good electrochemical
stability, depending on the ions they are made of, which allows the use of potential
regions unattainable in conventional solvents. Impurities, water amongst the most
common, however restricts these large electrochemical windows. Luckily, due to
their negligible vapor pressures, ILs can be quite easily purified of water. These are
the main reasons electrochemists adopted ILs early on. Electrochemistry in ILs is
mostly hindered by their high viscosity which slows down mass transport. Lowering
to the viscosity and an increase to the conductivity can be brought about by diluting
them with organic solvents or by performing the measurements at elevated
temperatures. The electrochemical techniques, which are applicable in ILs, include
all the same methods that can be applied in organic electrolytes, but special care
should be taken regarding the slow diffusion and Ohmic drop in certain conditions.
[17]

One direction of applications is the use of ILs in the electrochemical
polymerization and characterization of CPs, where ILs have been shown to have a
myriad of fascinating effects. For example, the fabrication of some films is difficult
in common solvents but electroactive films have been obtained in ILs [27,28]. CPs
have managed to retain high interest since the year 2000 chemistry Nobel prize
winners discovered in the late 1970’s that simple polyacetylene can be made a metal-
like conductor by exposure to iodine vapors [29]. The popularity of CPs is due to
their versatility, simple manufacturing techniques and low cost. Decades of R&D
has already resulted in some commercially available products, such as displays. The
name conducting polymer refers to the conductivity of these types of polymers while
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their other name, conjugated polymers, refers to their intrinsic conjugated structure
which enables the conductivity. CPs consist of sp? hybridized carbons and the
electrons in their p, orbitals are delocalized over long ranges. However, CPs do not
conduct electricity without the act of doping induced either by chemicals or, more
commonly, by applying potential. Reduction (n-doping) or oxidation (p-doping)
results in the insertion or removal, respectively, of electrons from the p. orbital
allowing movement of charge carriers in the polymer thus changing it from an
insulator to semi-conductor or even metal-like conductor. Simultaneously, charge
neutrality must be obeyed and doping of CPs is accompanied by the presence of
dopants of opposite charge. The redox behavior of CPs can be simply monitored by
cyclic voltammetry (CV) where typically broad peaks followed by current plateau is
observed, and the peak currents vary linearly with the square root of scan rate due to
diffusion limited reactions. [30]

CPs can be produced by chemical oxidative polymerization or electrochemical
polymerization. They form through repeated radical cation formation, coupling and
deprotonation, until at certain length the polymer precipitates from the solution or is
attached to the electrode [30]. To the best of our knowledge, this mechanism is not
changed in ILs [31], but ILs still affect especially the polymerization rate. Some
works have reported that monomer oxidation takes place at lower potentials and that
nucleation loop is missing in ILs due to improved stabilization of the radical cations
in ILs [32]. Most works report on the change of deposition rate compared to organic
solvents, and both slower and faster film formation has been explained by the high
viscosity of ILs. An early report on the polymerization of pyrrole to polypyrrole
(PPy) suggested that PPy polymerization rate is enhanced in certain ILs due the slow
diffusion of reactive species to the electrode vicinity in higher viscosity medium
[33,34], but in a later study, the polymerization of PPy was observed to be slower in
some ILs [35]. Also, the polymerization of EDOT [36], aniline [34], thiophene,
bithiophene and terthiophene [37], and azulene [32][V] was slowed down in higher
viscosity IL. The differences in polymerization of poly(3-methylthiophene) in two
pyrrolidinium based ILs was attributed to different conductivities and polarities of
the two ILs [38]. If we follow the principle of Occam’s razor, the simplest
explanation is that the high viscosity of ILs slows down the diffusion of reactive
species to the near vicinity of the electrode and thus, in general, slows down the
deposition rate of CPs.

Another interesting aspect is that independent of faster or slower film formation,
the films produced in ILs have superior performance in terms of electroactivity
[32,34-36] and cycling stability [2,8-10,39—43]. Reasons for these improvements
cannot be accounted for one property only. Firstly, polymerization in ILs naturally
affects the morphology of CPs since their microstructure depends strongly on the
polymerization environment. Again, both the formation of a denser film and a more
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porous film are explained to lead to higher electroactivity. The former is defended
by the fact that electronic charges can move more easily in a densely packed film
while the second one by the easier movement of counter ions in the porous matrix.
However, the necessity of film swelling is sometimes emphasized when denser film
is formed [35,36]. Secondly, the improvements in electroactivity have been
associated with higher amount of dopants present in ILs compared to conventional
electrolytes [33,35], and thirdly, changes in the structure has also been proposed
[14,35]. Formation of longer conjugation length has been suggested as the reason for
improved electroactivity of polyazulene (PAz) [14]. Longer conjugation length was
speculated to form due to the stabilization of ionic species in the IL which led to the
formation of longer chains before they deposited on the electrode [32]. In this work,
we discovered that using a very viscous IL might lead to shorter conjugation of PAz
[V]. The mean conjugation length of PEDOT, however, should be similar
independent of polymerization medium [44].

One of the most important properties of SCs is their long cycling life. CPs
generally exhibit poor cycling stabilities in common solvents, which is a
consequence of polymer degradation caused over time by constant stress directed to
the polymer: during doping, counter ions and solvent molecules are taken into the
film causing swelling while opposite behavior takes place during dedoping. Poor
cycling stability of CPs in common solvents has also been attributed to over-
oxidation of the polymer, nucleophilic attack of the solvent or degradation of the
solvent [9,10,39]. Surprisingly, ILs have the ability to improve the long-term cycling
stability of devices utilizing CPs [2,8,9,43]. This has been attributed to lower volume
changes taking place during doping and dedoping in ILs which would result in less
mechanical stress directed to the polymer. On the other hand, better electrochemical
stability of ILs might also have an effect if solvent degradation is assumed as one
contributor to poor cycling stability of CPs [9,10]. CPs have also been reported to
endure higher applied potentials in ILs without significant degradation [45].
However, some exceptions exist: poly(3-(4-fluorophenyl)thiophene) polymerized
and characterized in ILs had slower redox kinetics and poor electroactivity, which
was attributed to the formation of a very dense film and gradual deswelling,
respectively [46].
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3. GRAPHENE-CONDUCTING POLYMER COMPOSITES

Composite material is, by definition, a material that consists of two or more
distinguishable components that combined in suitable ratios give the new material
significantly different physical and chemical properties from the individual
materials. One of the best known examples of composites is concrete. In a
nanocomposite, at least one of the components has dimensions of less than 100 nm
or the differences between various phases of the material are in nanoscale order, and
the idea is to gain similar or better improvements on the material properties with
lower amount of filler material.

It seems only natural that the 2D wonder material graphene is applied in
nanocomposites. Already in 2006 (only two years after the discovery of graphene),
Nicholas Kotov wrote that graphene will be the cheaper option for CNTs in
composites [47], but we are still waiting for the breakthrough. Since graphene’s
extraordinary properties [48] are associated with only single or few layers of the
material, it is important to be able to produce single or few layered sheets in large
quantities for fabricating low-cost commercial scale applications [49]. High quality
graphene can be made through chemical vapor deposition (CVD) [50], epitaxial
growth [51] and micromechanical exfoliation [52], but in low yields and with high
cost. Colloidal suspensions are often the simplest and cheapest forms for up scaled
production, though the quality of the graphene produced by exfoliating graphite in
solvents is not as high [49].

3.1 Colloidal graphene suspensions

Preparing suspensions of graphene has caused some troubles in terms of
obtaining high amounts of the material preferably as large individual sheets instead
of as nanoplatelets. Since graphene consists only of carbon and hydrogen, and is thus
non-polar, dispersing it in most known solvents usually requires the presence of
surfactants. To this day, chemically modified graphene obtained by first oxidizing
graphite with strong oxidants followed by reduction back to graphene-like structures
remains the most used starting material for graphene-based applications. Actually,
the use of graphite oxide in composite materials precedes the discovery of graphene
[53]. Problems associated with using graphene oxide (GO) includes the requirement
to further reduce it back to graphene-like since GO is non-conducting, the defects
which remain in reduced GO (rGO) and make it less conducting than pristine
graphene, and GOs’ hydrophilic nature which makes it dispersible in water but not
in organic solvents. Since homogeneous suspensions are a prerequisite in forming
high quality nanocomposites, strategies to disperse graphene, GO and rGO are
presented.
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3.1.1 Non-covalent modifications

The easiest way of utilizing graphene would be to directly exfoliate graphite,
since materials produced this way could be directly used without further
modifications. One strategy is mechanical exfoliation by ball-milling or
ultrasonication, but this requires careful matching of the solvent properties and the
yields are quite low [54,55]. Usually, the best exfoliation results are accomplished
only in the presence of surfactants, and the examples are numerous [56—63]. The
analogy of graphene suspensions are dispersions of CNTs. Since CNTs can be
considered as graphene sheets wrapped in the formation of a tube, they both possess
similar large m-conjugated plane ideal for weak interactions with several surfactants,
and often dispersing strategies developed for CNTs have been directly applied to
graphene [54,60]. Interactions between the surfactants and graphene are m-m
interactions with aromatic molecules and van der Waals forces with hydrophobic
molecules.

Another strategy to exfoliate graphene without the presence of surfactants is
electrochemical exfoliation, which is an intriguing choice as it may offer the
advantage of controlling the end-product using a relatively mild and eco-friendly
approach [64]. Electrochemically exfoliated graphene has already shown promise as
electrodes in EDLCs [65—67]. Electrochemical exfoliation is divided into anodic and
cathodic methods, first of which is more common and mostly conducted in aqueous
electrolytes [68—70], and by adding sonication to the process, a more efficient
exfoliation has been demonstrated [66]. However, these methods tend to introduce
defects to the graphene structure due to the formation of extremely reactive radicals,
which deteriorates the electronic properties of the exfoliated graphene. The process
has been improved in the presence of antioxidants, for example [71]. Graphene can
also be intentionally functionalized in the process: In a very recent work, graphite
was exfoliated by an electrochemical method and simultaneously decorated
covalently by diazonium salts which resulted in improved capacitive performance
[72]. This is an interesting approach since it could diminish the amount of
preparation steps required to obtain, for example, nanocomposites.

Electrochemical exfoliation has also been conducted in ILs, although, mixture of
IL and water is required for the exfoliation to take place and the product is
functionalized in the process [64,73]. Liu et al. [73] obtained an IL modified
graphene which formed stable dispersions with many common organic solvents, and
it was successfully incorporated in a polystyrene composite. They suggested that the
mechanism of exfoliation includes the insertion of imidazolium radicals to the -
bonds of graphene, but this was criticized by Lu et al. [64] since Liu et al. did not
take into consideration the radicals formed in the dissociation of water bound to take
place at such over potentials. Lu et al. studied the electrochemical exfoliation further
and suggested that water plays an important role as the hydroxyl and oxygen radicals
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will oxidize the edge planes and facilitate the intercalation of the IL anion between
the sheets [64]. They also concluded that changes in the ratio of IL to water results
in different end-products from nanoribbons (high IL:water ratio) to carbon particles
(low IL:water ratio). Electrochemically exfoliated graphene has improved the
characteristics of an electrochromic application [74].

3.1.2 Covalent modifications

Covalently modified graphene materials offer a good platform for
nanocomposite formation since the sheets are decorated with highly reactive
functional groups, ideal for further reactions to take place. The best known covalent
modification of graphene is the formation of GO. This is accomplished by first
oxidizing graphite flakes with strong oxidants using methods originally developed
by Brodie [75], Staudenmaier [76], or Hummers and Offeman [77], followed by
sonication to separate the graphite oxide flakes to single or few layered GO. GO can
be further modified back to graphene-like through myriad of reduction techniques
[78—81] or the reactive oxygen functionalities can be further modified by covalently
attaching desired molecules on them.

Although its structure remains a debate, GO sheets are believed to be decorated
with carboxyl, hydroxyl and epoxy groups. All these groups can be further
functionalized. Again, procedures developed for CNTs are sometimes applicable to
GO [82]. In one of the first examples, graphite oxide was treated with isocyanates
yielding a covalently modified material that could be dispersed in polar aprotic
solvents [83] and further incorporated in a polystyrene composite, that showed
sufficient conductivity for many electronic applications with record low percolation
threshold [84]. Isocyanate attached to the carboxyl and hydroxyl groups of GO [83]
while epoxide ring opening was expected to take place when GO was functionalized
with octadecylamine [85] and polyallylamine [86]. The carboxyl groups have also
been decorated with poly-(2-(dimethylamino)ethylmethacrylate) [87] and with a
conducting polymer [88]. Actually, one approach to improve the nanocomposite
formation between CPs and graphene towards SCs is to covalently graft the CPs to
GO [89].

As the covalent modifications are difficult to remove and might not be
advantageous in some applications, there are numerous attempts to disperse either
GO in organic solvents or rGO in aqueous medium by non-covalent interactions.
Although there are papers showing that GO [90] or rGO [91] could be dispersed as
such, usually a surfactant is required to obtain practical concentrations. Interactions
between the surfactants and GO or rGO are expected to be similar to those observed
for graphene but the oxygen moieties that are present in both materials should
contribute to additional weak interactions, such as hydrogen bonding or ionic
interactions. For example, stable suspensions of rGO in water have been obtained in
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the presence of poly(sodium 4-styrenesulfonate) [92], sodium dodecylbenzene
sulfonate [93], and an amphiphilic molecule [94]. The fabrication of nanocomposites
has also been eased by using inorganic metal oxide decorated graphene suspension
as a precursor [95].

But to retain high conductivity in the final product, surfactants are also not
always desirable, and it would seem that in composite fabrications GO is favored as
starting material. ILs ability to disperse CNTs has been known for quite some time
[96,97]. Therefore, it is not surprising that also GO and rGO can be dispersed in ILs
at quite good yields [98—100]. There is some amount of debate as to why CNTs and
graphenes form stable suspensions in ILs. The interactions between single walled
carbon nanotubes (SWCNTs) and imidazolium based ILs should mainly be weak
van der Waals interactions [97] but due to the extended m-bonding network of
graphene and CNTs also #-m interactions and cation-m interactions have been
suggested [98]. As will be discussed later, the role of water should also always be
taken into consideration since complete removal of water from GO would appear to
be very difficult. Naturally, the physico-chemical properties of ILs are also important
contributors to stable suspensions, i.e. water miscibility or immiscibility mostly
determined by the anion moiety of the IL. As is later shown, ILs constituting the
[TFSI] anion, generally attributed to water immiscible ILs, do not usually form stable
GO suspensions.

3.2 Composite fabrication methods

Strategies for fabricating nanocomposites can be categorized in many ways:
according to the processes of synthesizing graphene [101] or by polymerization
routes [ 102], for example. In this work, the fabrication approaches have been roughly
divided into following categories according to the composite synthesis routes: (i)
chemical approaches, (ii) electrochemical approaches, and (iii) miscellaneous
approaches which include more sophisticated techniques such as hydrogels [103],
Layer-by-Layer (LbL) assembly [53] and vapor phase polymerization (VPP) [104].
The electrochemical approaches also include partially electrochemical methods
where parts of the process have been made chemically. The focus in this work has
been to apply electrochemistry, but also the chemical approaches are presented since
they constitute larger part of nanocomposite fabrication.

3.2.1 Chemical fabrication approaches

Chemical fabrication of CP/graphene nanocomposites is by far the most popular
approach since these methods are usually simple and straightforward, and large
amounts of composite can be produced. These approaches are named similarly to the
approaches used for making composites of non-conducting polymers, and they
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include solution mixing [105-107] and in situ polymerization [108—114]. In the
former approach, the stable graphene, GO or rGO suspension and CP suspension are
prepared separately, then mixed together, and the final product is washed and dried.
In solution mixing, the polymer is expected to adsorb onto the graphene material
with weak interactions. If GO has been used as filler material, an additional reduction
step is needed, which is often also accomplished with chemical methods. Chemical
reduction can, however, result in degradation of the polymer [115]. Solution mixing
approach is less used than in situ polymerization where the chemical oxidative
polymerization of the CP is performed in the graphene, GO [108,109,113,114] or
rGO [111] suspension. The reduction of GO has been performed simultaneously
[113] or after polymerization [109], again presenting a risk for polymer degradation.
In this method, the CP is expected to polymerize on the graphene sheets, although
many mechanisms may also compete affecting the final morphology and capacitive
properties [114].

Nguyen and Yoon have compared chemical and electrochemical polymerization
of CPs in terms of variables in the synthesis process, cost effectiveness, morphology
control, reaction time, scalability and purity of the materials [102]. According to their
results, chemical polymerization has less variables, lower cost and is easier to scale-
up compared to electrochemical fabrication. It is possible to make inks for printing
[116] or form composite papers [107] through chemical polymerization which are
industrially desirable manufacturing techniques, but Yoon and Nguyen have left out
environmental effects from their evaluation, for example. The road to the final
electrode through chemical fabrication usually requires several washing steps,
usually with organic solvents, and since a powder is obtained as product, additional
polymer blends need to be added which can reduce the conductivity of the final
electrode.

3.2.2 Electrochemical nanocomposite fabrication

The electrochemical approaches vary from polymerizing the CP on top the
graphene-based material [117] to using GO as the dopant during the polymerization
[118-127] and to simply hoping for the large sheets to be entrapped in the film during
polymerization [128]. Partially electrochemical techniques have also been used,
where electrochemistry has been applied for the formation of the electrodes after
chemical composite fabrication [113] or the polymer is electrochemically formed on
top of chemically prepared graphene-paper [129]. GO can be reduced before [125],
after [120,124] or during [122] nanocomposite formation, and the most
environmental friendly way of doing it is by applying cathodic potentials [115]. The
possibility to reduce GO electrochemically even during film formation truly enables
a one-pot synthesis of high quality electrodes for applications.

11
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Naturally, the chosen approach should have a significant effect on the
nanocomposite properties as varying degrees of interactions between the
components should take place. The mechanism of composite formation must vary
between the different approaches, but there are only few speculations on what
happens during electrochemical polymerization of CP/graphene nanocomposites. In
aqueous solutions, GO is expected to be partially deprotonated and possess a
negative charge [130] which makes it the only counter anion balancing the cations
during polymerization [121,124]. Increase in the pH of the polymerization dispersion
has improved the composite formation since in low pH most carboxylic acid groups
are expected to be protonated [115]. Deng et al. have proposed that during
polymerization the radical cations of PPy are attracted to the basal planes of
negatively charged GO followed by polymerization of pyrrole on top of GO [126].
Other studies have suggested that increasing the number of carboxylic groups on the
basal plane of GO would result in improved synergy between GO and the CP since
the CP would polymerize from the carboxylic groups [131]. There is also results that
suggest ionic interactions between GO and PEDOT [127].

Electrochemical fabrication is usually criticized for its poor scalability though it
beats the chemical fabrication in terms of material purity [102] and environmental
friendliness since the materials can be directly applied to device substrates
[2,132][V]. Another problem associated with electrochemical composite formation
is the reproducibility. The amounts of both CP and graphene are easily controlled in
a chemical approach, but when GO is used as a dopant, the amount of incorporated
graphene cannot be controlled to similar extent as in the chemical techniques,
although it is shown in [126] that as the amount of GO increases in the
polymerization medium, it also increases in the film.

3.3 Comparison of nanocomposites

The important parameters studied of a material aimed at SCs are capacitance,
rate capability and long-term cycling stability. The materials can be studied as such
in 3-electrode setups, which gives preliminary information on the materials
suitability towards SCs, but for more accurate knowledge of the properties, 2-
electrode setups or, preferably, actual devices should be applied. There are numerous
nanocomposites between graphene-based materials, CNTs, other carbon
nanostructures, CPs, metal oxides, polyoxometalates, metal organic frameworks,
biopolymers and non-conducting polymers aimed at SCs. Binary and, in increasing
numbers, also tertiary nanocomposites have been reported. Table 1 lists the
capacitance and capacitance retention values of some nanocomposites between CPs
and carbon nanostructures. All these materials show promise towards SCs, but
comparing them and putting them in rank order is difficult due to varying
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measurement procedures, which has recently been criticized [133]. The values vary
depending on the cell configuration, measurement technique, scan rate, electrolyte
solution, potential range, and calculation method.

Some general trends can be cautiously outlined. Amongst CPs, polyaniline
(PAN!I) is by far the most popular CP followed closely by PPy since they both exhibit
high pseudocapacitance already as neat polymer films [134]. PANi and PPy based
composites exhibit some of the highest capacitance values. Chemically produced
materials have higher capacitances compared to electrochemically produced films,
since the amount of material produced is substantially smaller in the latter technique.
In electrochemical fabrication, the amount of material deposited is also of huge
influence on the reported values [127]. In general, the capacitance tends to increase
when the carbon nanomaterial is incorporated or when GO is reduced, but this is not
always the case [128,135]. The increase in the electroactivity after composite
formation is often attributed to synergy between the carbon material and the
conducting polymer. For example, the formation of special charge-transfer
complexes between the CP and graphene material has been explained as the basis
for the improvements [112]. But some studies attribute the improved capacitance
values to increased area.

Stability of EDLCs is often studied by voltage floating tests [136], but to the best
of my knowledge, pseudocapacitors are still mostly tested by cycling methods.
Amongst the studied CPs, PEDOT shows best tolerance towards long-term cycling
while PANi has been reported to be the poorest CP in this parameter. Some of the
highest improvements would appear to be reported exactly for PANi-based
composites, with some exceptions [124], while very moderate improvements are
brought to PEDOT. The required mechanical stability to improve the long-term
cycling can also be brought about by incorporating a non-conducting polymer or
biopolymer with the CP. This can decrease the conductivity, but it would appear that
the use of cellulose shows very good promise in improving the long term cycling
stability of PPy [137,138]. Despite big effort, the cycling stability of CP based
materials has not been improved to the same level that is exhibited by other materials
applied in SCs which has made them a less interesting electrode material [139].

13



Graphene-Conducting Polymer Composites

Table 1. Capacitances (C) and capacitance retentions (Cy;) of some films aimed at SCs.

Symbols are as follows: GD, galvanostatic discharge; CV, cyclic voltammetry; EIS,
impedance; ¢, 2-electrode cell; b 3-electrode cell.

Fabrication Scan rate Cret
method Material C No. of REF
(Method) (cycles)
in situ PPy/MWCNT 200 F/g
chemical | PAN/MWCNT fG”g’)‘la 360 Flg i [140]
polymeri- | PEDOT/MWCNT 120 Flg [141]
zation PANi 0.2 Alg 300 Flg 74% (20000 |10
PANI/GO (GD)* 555 Flg 92 % (2000)
PANi 0.2 A/g 264 F/g 43 % (500) [110]
PANi/rGO (GD)" 526 F/g 74 % (500)
0.2 A/g 244 F/g o
PPy/Cellulose/GO (GD)" 198 Flem? 85 % (16000) | [138]
33 A/g 127 F/g
PPy/Cellulose (D I Fes | 93%(5000) | [142]
20 mV/s 8 F/g 0
SR-PE,/CNT-T (V) 45 Flem? 83 % (10000) | [133]
Solution 0.2
mixing PPy NPs/ErGO mA/em? LIOFlg 1 700 5000) | [107]
(GD)* 216 F/cm
. 214 F/g )
PANI 034/ | 116 Flem’ | 7170500 (105)
. (GD)* 210 Flg .
PANi/rGO 160 Flem? 79 % (800)
Electro- PANI 0.5 A/g 276 F/g 55 % (1000) [113]
chemical PANi/rGO (GD)* 384 F/g 84 % (1000)
2 -
PEDOT 10 mV/s 59.1 F/cmz .
PEDOT/GO (V) 75.6 F/cm 95.7 % (5000) | [131]
PEDOT/CGO 90.9 F/em® | 99.6 % (5000)
PPy 0.5 A/g 147 F/g 74 % (800)
PPy/SG (GD)" 285 F/g 92 % (800) [119]
. 2 0,
PAN% EIS? 52.2 mF/cm2 94 % (10000) [124]
PANi/ErGO 77.2 mF/cm 90 % (3000)
PEDOT/ErGO EIS? 19.3 mF/cm? - [115]
PEDOT/rGO EIS? 122 mF/em’ | 87 % (3000) | [125]
PEDOT/PSS 0.1 7/ 21.6 mF/em’® | 89 % (3000)
PEDOT/GO (.CV)bS 17.6 mF/em? | 90 % (3000) | [143]
PEDOT/rGO 22.5 mF/em’® | 86 % (3000)
PEDOT 14 mF/em’® | 93.1 % (2000)
PEDOT/GO (GD)* 14 mF/em® | 94.6 % (2000) | [132]
PEDOT/ErGO 18 mF/em’® | 93.2 % (2000)
PAz (GD)* 27 mF/cm? - [V]
PAz 20 mV/s 55 mF/em? 91 % (1200) (1]
PAz/GO (Cv)’ 130 mF/em’® | 93 % (1200)
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As was already mentioned and can be deduced from Table 1, the research around
CP pseudocapacitors revolves around PANi, PPy and PEDOT. Reynold’s group has
introduced dioxythiophene derivatives to the competition that are easy to process
[133], and naturally other thiophenes have also been studied [38]. Azulene is
characterized as a non-benzenoid isomer of naphthalene, which due to the fused
electron poor and electron rich seven membered ring and five membered ring,
respectively, has a high dipole and is thus an interesting building block for many
organic electronics devices. The ability to polymerize azulene to form polyazulene
(PAz) is also not news, but for some reasons PAz has not provoked the same amount
of interest that the monomer it consists of has. One reason could be that it is very
difficult to polymerize it chemically. One successful case has required the use of a
dibromo derivative of azulene to get the polymerization to take place in the desired
1- and 3-positions of the five membered ring and harsh reaction conditions, but the
final product has exhibited quite low conductivity of 1.22 S cm™ [144].
Electrochemical polymerization of azulene is a relatively simple process and yields
films with better conducting properties [ 145]. Another reason could be its sensitivity
to water or the high price tag on the monomer. Despite these issues,
electrochemically produced PAz has high specific capacitance of 400 F g [146].
The specific capacitance of PANi is expected to be only 130 F g'! higher than the
specific capacitance of PAz [134]. This has recently aroused more work on PAz, and
especially the focus has been on applying PAz in specific applications, such as in
solid-state ion selective electrodes [147]. Inspired by this, and by the knowledge that
ILs can have a significant effect on the electroactivity of PAz [32], we studied the
capacitive properties further in ILs in Paper V. The areal capacitance of our
asymmetric PAz SCs gives similar or slightly higher values compared to PEDOT
based materials (Table 1).
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4. SPECTROELECTROCHEMISTRY OF COMPOSITES

CPs consist of extended m-bonding systems and, as a result of doping, they
change from neutral form to conducting form. This induces both electronic and
structural changes in the CPs that are visible in the UV-Vis-NIR and mid-IR regions
[148,149]. Therefore, in situ spectroelectrochemistry is a powerful tool in
determining important properties of CPs as these techniques combine the study of
redox properties with the structure of the polymer. The transition from the valence
band (V.B.) to conduction band (C.B.) (n-n* transition, Scheme 1.) usually lies in
the visible part of the spectrum, and it gives an estimate of the band gap (E,) [148].
The position of the wn-n* transition related band is dependent on the conjugation
length of the CP and on the delocalization of the 7 electrons [148,150]. Oxidation of
CPs leads to the formation of polycations in the form of polarons and bipolarons for
thiophenes (Scheme 1.) [151] and polarons and polaron pairs for PAz (Scheme 2.)
[150,152] accompanied by the insertion of counter anions to compensate the formed
positive charges. The formation of the charged species induces a change from a
benzenoid structure to a quinoid structure, which is visible in vibrational spectra
[149], whereas in the electronic spectra bleaching of the m-n* transition band is
accompanied by the appearance of novel absorption bands originating from the free
charge carriers [148].

The nature of CPs has been verified by several in situ spectroelectrochemical
techniques over the past couple decades [44,150,152—-155]. Additional dopants or
changing the polymerization parameters [155] can affect the structure or electronic
properties of CPs, which can be observed as changes in the positions of their
characteristic doping induced bands. Although some of these changes can be
deduced from CVs only, recording the spectra simultaneously might give a more
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Scheme 1. Band diagrams and proposed structures of polaron and bipolaron charge carriers
in PEDOT
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Scheme 2.Proposed structures of polaron and polaron pair charge carriers in PAz. [1II]

detailed descriptions on the changes that take place. Therefore, many co-polymers
or composites of conducting polymers have also been studied with in situ techniques.
For example, PEDOT behaves similarly in common organic solvents and in ILs [44]
but bilayers of PEDOT and Ce fullerene become conducting at lower potentials
compared to a neat polymer film due to the electron withdrawing characteristics of
the fullerene [13]. TiO> also has a tendency to accept electrons which resulted in a
significant shift of PAz’s electronic absorption to lower energies [156]. In
composites of Cep and PAz, the conjugation length of the polymer became shorter in
the presence of fullerene [14,32]. A donor-acceptor type layer of PAz and an n-type
polymer revealed charge trapping during n-doping of the composite layers [157].
More recently, the charging mechanism of PPy/lignin composite aimed at energy
storage applications [158] was determined by in situ spectroelectrochemistry [159].

The study of CP/graphene nanocomposites has focused on their electrochemical
performance and composition. Especially when GO is used as dopant during the
electrochemical fabrication of composites or when CPs are chemically polymerized
or grafted onto GO or rGO, changes in the conjugation or electronic properties might
take place. GO has been characterized as an electron withdrawing material [112],
which should be seen through in situ analysis. Formation of composites between CPs
and CNTs has been shown to affect the doping behavior of the nanotubes [11,12]. In
a work by Yang et al. [120], the in situ UV-Vis spectra of a PPy/GO composite was
recorded but it was interpreted only in terms of GO reduction, and the effects on
polymer properties was not addressed. In addition to giving vital information on
material characteristics, in situ spectroelectrochemistry has been applied on studying
the charging mechanisms of EDLCs [160] and to determining the electrochemical
stabilities of electrolytes in a more precise manner [14].
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5. MAIN AIMS OF THE EXPERIMENTAL WORK

Main aim of this thesis project was to fabricate composites of conducting
polymers and electrochemically reduced graphene oxide in ionic liquids, and to
study their performance towards supercapacitor applications. Electrochemistry was
our method of choice for the composite fabrication since it offers possibilities to
control the film formation and it also enables a relatively mild route from poorly
conducting GO to better conducting ErGO. Additionally, by electrochemical
fabrication method, the film is formed directly on a conducting substrate, ready for
end-use applications, without the need for further modification steps as is the case
with chemically fabricated materials. ILs were chosen as the solvent medium due to
their good properties in electrochemistry, i.e. broad electrochemical stability, and
especially in electropolymerization of conducting polymer films, ILs have proven
their worth for producing films of higher electroactivity. The additional benefit of
using ILs is that both GO and the monomers could be dispersed into ILs in practical
concentrations. The aim was also to study these composite materials by in situ
spectroelectrochemistry to gain deeper insight into the properties of these types of
nanocomposites.

In Paper I, a protocol for dispersing GO in imidazolium-based ILs was
established and PEDOT/ErGO composites were polymerized directly from GO/IL
dispersions in two ILs constituting different cations. In Paper II, GO was dispersed
in various other ILs, this time constituting various cations and anions with very
different physico-chemical properties, and PAz/ErGO composites were successfully
fabricated in GO/[Choline][ TFSI] dispersions. The composition and electrochemical
behavior of PAz/ErGO composites were studied in Paper II and compared to PAz
properties while the same properties were determined for PEDOT/ErGO composites
in Paper I. Papers III and IV focus on understanding the underlying electronic
properties as well as charge carrier formation of PAz/GO and PEDOT/GO
composites, respectively. Additionally, in Paper IV the composite formation and
electrochemical properties are compared between different electrolyte systems to
gain deeper understanding of the interactions between GO and CPs. Apart from the
other papers, in Paper V the capacitive behavior of neat PAz films was studied in
different ILs and the performance of bendable symmetric and asymmetric PAz
supercapacitors was determined for the first time.
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6. SUMMARY OF EXPERIMENTAL TECHNIQUES

6.1 Dispersing graphene oxide in ionic liquids

GO was prepared by a modified Hummers method [161] according to a protocol
summarized in Paper 1. Stable dispersions of GO in ILs was obtained according to
[98] by mixing desired volumes of GO aqueous solution with IL followed by
ultrasonication and drying procedure, where the dispersions were first dried with
rotary evaporator at 45 °C for 4 h followed by further 4 h in 45 °C vacuum oven
(Memmert). Using low temperature was necessary to avoid thermal reduction of GO,
and the ultrasonication before drying ensured that the GO sheets were well separated
for efficient removal of water. The as-prepared GO/IL dispersions were analyzed by
Karl-Fisher (KF) titration, thermogravimetric analysis (TGA), and FTIR and UV-
Vis spectroscopies. The concentration of GO in the dispersions was determined with
UV-Vis spectroscopy from the intensity of the shoulder at 300 nm using an
absorption coefficient of 18.3 mL mg!' cm™.

Upon adding GO(aq) to ILs incorporating the hydrophobic [TFSI] anion, instant
agglomeration of GO was observed. The tested cations were 1-ethyl-3-
methylimidazolium ([Emim]), 1-butyl-1-methylpyrrolidinium ([Bmpy]) and 1-
butyl-3-methylpyridinium ([Bmp]). Even prolonged heating at 100 °C did not
produce homogeneous dispersions in these [TFSI]-based ILs. To our surprise, a
stable dispersion was obtained in a choline-based IL incorporating the [TFSI] anion,
although the dispersions were homogeneous only after drying (Fig. 2a-c). Mixing
and demixing behavior of a mixture of [Choline][TFSI] and water as a function of
temperature has been observed previously [162]. Also, in 1-hexyl-3-
methylimidazolium tetrafluoroborate ([Hmim][BFs]) a phase separation was
observed directly after adding GO(aq), which can be seen in Fig. 2d, where a layer
of water is observed on top of the dispersion with 2 mg mL"' concentration of GO.
In water miscible ILs 1-butyl-3-methylimidazolium tetrafluoroborate
([Bmim][BF4]), 1-butyl-3-methylimidazolium triflate ([Bmim][TfO]), and 1-butyl-
3-methylpyridinium triflate ([Bmp][TfO]) light brown and homogeneous GO
dispersions were obtained directly after mechanical mixing of GO(aq) and IL (Fig.
2e). All dispersions showed good stability over a longer period of time, although
freshly prepared dispersions were used for composite film fabrication.

The removal of water was verified by KF titration, TGA, and IR spectroscopy
by the disappearance of the characteristic broad OH stretching vibration at 3400 cm
"' (Fig. 3a-b). However, especially in [Hmim][BF4], two bands at 3635 cm™ and 3558
cm™! would sometimes remain in the IR spectra of the dispersions after drying (Fig.
3a). These bands originate from “free” water molecules interacting with the anion
through hydrogen bonding in a symmetric complex [163]. Further drying was
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Figure 2. (a-c) GO in [Choline] [TFSI] (a) directly after combining the two solutions, (b)
after overnight stirring and 15 min ultrasonication, and (c) after drying 4 h in 45 °C vacuum
oven. [II] (d) Different concentrations of GO (mg mL”') in [Hmim][BF, after
ultrasonication. (e) 0.5 mg mL ! GO in [Bmim] [TfO]. (f-g) Solvothermally reduced GO (150
°C for 4 h) in [Bmim][TfO] (f) directly after the procedure, and (g) after ultrasonication.

applied, if these signals were observed. Also, both KF titration and TGA analysis
suggested that certain amount of water is still present in the GO/IL dispersions after
drying. Complete removal of water from GO seems somewhat impossible, and it is
possible that some amount of water is actually required to obtain stable suspensions
of GO in other media than water.

The UV-Vis spectrum of GO (Fig. 3c) presents an absorption at 231 nm
attributed to the m-n* transitions of aromatic C-C bonds of the ketones or dienes, a
broad shoulder at 300 nm attributed to the n-n* transitions due to the presence of
C=0 linkages, and a featureless absorption tail (Paper I). Upon reducing GO, the
absorption at 231 nm gradually shifts to 270 nm while the shoulder at 300 nm
vanishes and the absorption tail intensity increases as the conducting w network is
restored [130]. The UV-Vis spectra of different GO/IL dispersions with varying GO
concentrations are shown in Fig. 3c, and it shows that during solvent exchange and
drying in low temperatures any significant conversion of functional groups did not
take place in any of the applied ILs since GO features are present (Paper I). Some
GO/IL dispersions were subjected to elevated temperatures in vacuum oven. The
lowest concentration dispersions (0.5 mg mL!) in [Bmim][TfO] and [Bmp][T{O]
showed agglomeration after 4 h at 150 °C (Fig. 2f) and a distinct color change from
light brown to black can be observed. Similar color changes were observed for other
dispersions as well, but no agglomeration occurred. After short sonication, both
dispersions were homogeneous (Fig. 2g), and preliminary results showed that their
UV-Vis spectra indicated changes, such as disappearance of the absorption at 300
nm and increase in the absorption intensity, indicative of partial reduction of GO.
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Figure 3. (a-b) IR spectra of wet (dashed lines) and dried (solid lines) GO/IL dispersions:
(a) 2 mg mL' GO in [Hmim] [BF4], and (b) 2 mg mL"' GO in [Choline] [TFSI]. (c) UV-Vis
spectra of GO(aq) (solid line), 1.8 mg mL™" GO in [Choline] [TFSI] (dashed line), 2.0 mg
mL" GO in [Bmim] [BF,] (dotted line) and 2.3 mg mL™' GO in [Hmim] [BF 4] (dash-dotted
line).

Solvothermal reduction of GO is one technique used for obtaining colloidal graphene
suspensions [81,100].

6.2 Electrochemical polymerization and characterization of composites

In all electrochemical experiments, a coiled Pt wire and a Ag wire coated with
AgCl served as counter and reference electrodes, respectively. The Ag/AgCl pseudo
reference electrode was calibrated vs. ferrocene (Aldrich, 98 %) prior to use. The
potential was controlled with either an Autolab PGSTAT101 (CV) or an IviumStat
(electrochemical impedance spectroscopy (EIS)) potentiostat. A Pt-minielectrode (=
= 1 mm) was polished with diamond pastes (DP-Paste-P from Struers) of various
grain sizes (0.25 — 3 um) and carefully rinsed prior to serving as working electrode.

The monomers were added directly into the GO/IL dispersions with varying
amounts of GO, and the electrochemical polymerization was performed by CV using
a conventional one-compartment 3-electrode electrochemical setup. For comparison,
polymer films were fabricated either using same amount of polymerization cycles or
by accumulating same amount of charge. If we assume that the total charge
consumed during electrochemical polymerization all goes into the formation of the
polymer, the films should be similar in polymer content. The electrochemical
polymerization of CPs can be done using galvanostatic, potentiostatic or
potentiodynamic (CV) techniques. Most popular method of these three is the
potentiostatic deposition. However, during potentiodynamic polymerization the
process can be monitored better which is why CV was used to fabricate the films in
this work. As it has been shown that GO can be effectively reduced by negative

21



Summary of Experimental Techniques

potentials in various electrolytes [115,164], electrochemical reduction of GO was
performed after the deposition of the composite films by cycling to -2.0 V over 30
cycles (Paper I) or to -1.9 V over 10 cycles (Paper II). Lower amount of cycles was
used in Paper II due to the poor stability of PAz during cycling to negative potentials.
Electroreduction of GO was also performed by drop-casting GO(aq) on a conducting
substrate and cycling from 0.0 V to -2.0 V or -1.9 V in [Bmim][BF4] and
[Choline][TFSI], respectively. In both ILs, the reduction of GO was observed to
begin around -0.4 V (vs. Ag/AgCl) with a broad peak around -1.0 V (vs. Ag/AgCl)
in the first cycle. Since the reduction of GO appears to begin at quite high potentials,
it is likely, that some reduction of GO already took place during electrochemical
polymerization.

The as-produced films were characterized by CV and EIS before and after
electroreduction, and in Papers Il and V also after 1200 p-doping cycles. CV and EIS
are the most common techniques used for evaluating the electrochemical doping
behavior of CPs. EIS gives important information on the interfacial reactions. A
typical Nyquist impedance plot of a CP can have a charge transfer resistance (R
related semi-circle in the high frequency range followed by a Warburg diffusion line
rising at 45° in the mid-frequencies, and ideally a vertical capacitive line is observed
in the low frequency range. Capacitance can be determined from CV, the low
frequency range of the Nyquist impedance plots or from galvanostatic
charge/discharge experiments (GCD). GCD usually yields more accurate values, and
it was therefore used in determining the capacitance of the devices in Paper V.
Capacitances calculated by integrating the CVs give a good estimate whether a
material can be considered a supercapacitor electrode or not. Therefore, CV was used
for capacitance evaluation in 3-electrode configuration in Papers I, Il and V. Firstly,
the charge was obtained by integrating the forward scan of the CV, and from this the
capacitance can be obtained by using a simple equation: C = Q/U, where C is the
capacitance, Q is the charge that was passed during the forward scan and U is the
voltage. Areal capacitance is further obtained by dividing the capacitance with the
area of the electrode. In Paper V, another well-known strategy for obtaining the
capacitance from CVs was additionally applied: CVs were recorded at several scan
rates and the maximum currents plotted against the scan rates. The capacitance is
obtained from the slope of the relation.
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6.3 Spectroscopic and surface characterization of the films

In a typical study of composite materials, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), IR and Raman spectroscopies, X-ray
photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) are applied for
determining the structural and chemical composition of the composites. In this work
SEM, IR, Raman and XPS were applied. For spectroscopic and surface
characterization, the films were fabricated on fluorine doped tin oxide (FTO) glass
(K Glass from Pilkington with 8.1 © c¢cm? sheet resistance) (IR, SEM, Raman) or on
Au coated Si(111) wafers (Okmetic, Finland) (XPS). Polymer and composite films
were polymerized on the glass or Si substrates, and carefully rinsed with organic
solvents (dichloromethane) to remove any excess monomer-, oligomer- and IL-
residues. However, despite exhaustive washing procedure, complete removal of IL
from the films proved difficult which was observed by XPS analysis in Paper II, and
has been reported also earlier [46].

Raman is an especially powerful tool for studying carbon based materials, and it
is considered a complementary technique to IR. In both techniques, the molecule
interacts with electromagnetic field, but for a molecule to be IR active, a change in
dipole moment should take place whereas for a molecule to be Raman active, a
change in polarization should occur. GO and rGO contain oxygen functionalities,
and both IR spectroscopy and Raman spectroscopy can be applied to study their
structure, especially to determine effective oxidation/reduction of the material
[164,165]. Bruker Vertex 70 equipped with MCT detector and Harrick Seagull™
variable angle reflection accessory was applied for IR measurements, and Raman
experiments were performed by Renishaw Ramascope (system 1000B) (Paper I) or
Renishaw inVia QONTOR Raman microscope (Paper II) equipped with a Leica
microscope and a charge-coupled device (CCD) detector. The scattering signal was
collected at 180°.
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6.4 in situ spectroelectrochemical characterization

The cell configurations used for in situ UV-Vis and attenuated total reflection
(ATR) FTIR spectroelectrochemical analysis are presented in the supplementary
information of Paper III, and detailed measurement conditions are given in Papers
I and IV.

In the internal reflection mode of ATR-FTIR spectroscopy, the IR radiation
approaches the electrode/electrolyte interphase from the optically denser material at
an angle higher than the critical angle which results in total reflection of the beam
(Fig. 4). At the point of incidence, a standing wave of the superimposed incoming
and reflected IR beams is formed perpendicular to the surface, and when there is an
absorbing substance placed on the reflecting element, the wave will interact with it
resulting in the attenuation of the reflected beam. During in situ ATR-FTIR
spectroelectrochemistry, the reflecting element is applied as the working electrode
where the film under study is polymerized, and spectra are recorded during positive
and/or negative doping of the film and compared to a reference spectrum. [149] We
used a ZnSe hemisphere crystal (CRYSTRAN) as the reflecting element with a
conducting layer of Pt in a Kretschmann type configuration with 68° angle of
incidence. Spectra were recorded during polymerization and p-doping.
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Figure 4. Schematic representation of ATR-FTIR spectroscopy.
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7. SUMMARY OF RESULTS AND DISCUSSION

7.1 Composite fabrication

Composites of GO and ErGO with PEDOT were formed in two ionic liquids
sharing the same small inorganic anion ([BF4]) and an imidazolium-based cation
with varying length of hydrocarbon substituents: a butyl group ([Bmim]*) and a
hexyl group ([Hmim]"). This small change in the cation affects the water miscibility
and the viscosity of the ILs already quite dramatically [166]. For comparison,
PEDOT/PSS and PEDOT/GO composite films were also fabricated in water.
PAz/GO composite films were formed in [Choline][TFSI] and in [Hmim][BF4], but
in the latter IL the performance of the films was found to be poor.

Using potentiodynamic technique for polymerization enables the comparison
between the formation of composite and polymer films. In general, the composite
film formation was found to be similar to the polymer film formation as can be seen
from the CVs shown in Fig. 5 for PAz based materials. All composite films showed
increasing current of characteristic polymer redox responses as the polymerization
proceeded indicating growth of an electroactive film. The composite films had good
adhesion on all the applied substrates.

In Paper IV, polymerization of PEDOT/GO film in aqueous electrolyte was
found to be much slower than PEDOT/PSS film formation, which corroborated
previous studies conducted with potentiostatic polymerizations where the low pH of
the GO(aq) solution resulted in the carboxyl groups to be in their protonated state
thus hindering EDOT polymerization [121]. In water, GO carries a negative charge,
which has been shown by zeta potential measurements [130], and it is entrapped in
the film as the solemn counter anion. In IL, GO interacts with the cations of the IL
through at least -7 interactions or van der Waals forces, and the main counter anion
is most likely the IL anions, in this case either [BF4]" or [TFSI]. How GO is
incorporated, when the composite is formed in IL, is purely speculative and, although
it has been suggested that it would act as counter anion, a more likely route is
mechanical entrapment. The deposition rate of the composite films in ILs was found
slightly faster compared to polymer film formation in Papers [ and IV. In Paper I the
accelerated film formation was attributed to the charged GO which is adsorbed to
the electrode along with the IL. The presence of large counter anions has been shown
to be beneficial for EDOT polymerization, but the faster film formation can also be
caused by water impurities; even small amounts of water affects the physicochemical
properties of imidazolium ILs [166], and the analysis showed that small amount of
water remains in the suspensions.
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Figure 5. Multicycle voltammograms of the first 5 polymerization cycles of (a) azulene, (b)

azulene and 1 mg mL™! GO, and (c) azulene and 2 mg mL™ GO. Azulene concentration was
0.05 M.

The polymerizations in the ILs was performed in the presence of different
concentrations of GO, since the properties of nanocomposites are dependent on the
ratios between the different components. In the SEM images of [126], it can be
clearly seen that increasing the amount of GO in the polymerization medium also
increases the amount of GO in the composite film. For PEDOT composites, highest
electroactivity was obtained using a GO-concentration of 2 mg mL™! while 1 mg mL-
"' GO concentration appeared to form the most electroactive PAz composites (Fig.
6). The optimum GO concentration is dependent on the formation of an effective
three-dimensional structure [I] but it also has to depend on the synthesis route of GO
since GO materials vary in terms of relative amount of functional groups according
to the graphite starting material and the applied oxidation method. The storage time
and method (dried or in aqueous solution) can also change the structure of GO which
has been described a dynamic material [167].
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Figure 6. Influence of GO concentration on the electroactivity of (a) PEDOT/GO [I] and (b)
PAz/GO composite films [11]. Concentration of EDOT was 0.1 M, and azulene concentration
was 0.05 M.
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Figure 7. Complex Nyquist impedance plots: (a) PEDOT/GO (o) and PEDOT/ErGO
composites after 10 (®) and 30 (4) reduction cycles. Inset shows the low frequency range. [1]
(b) PAz after polymerization (0) and after n-doping for 10 cycles (m). The inset shows the
plots for PAz/GO (o) and PAz/ErGO (®) composites. [1I]

Another optimized parameter was the amount of electroreduction cycles.
PEDOT/GO films were cycled between -0.4 and -2.0 V using 10, 20 and 30 cycles
at 50 mV s! scan rate in [Bmim][BF.] in Paper L. In the CVs, the electroactivity was
observed to increase and the shape changed towards more rectangular promising
improved characteristics. In the complex Nyquist impedance plots, the capacitive
low frequency line approached the ideal 90° vertical line but simultaneously two Re
related semi-circles in the high frequency range emerged suggesting changes in
morphology or chain packing (Paper I).

For PAz/GO composites the reduction cycles were limited to 10 due to polymer
restrictions. The reduction step of GO could have been avoided by using graphene
directly exfoliated from graphite which can be achieved by electrochemical
exfoliation in ILs, for example. Several projects on the electrochemical exfoliation
of graphite in ILs and in solvent mixtures were going on in the laboratory during the
time this thesis work was done, but the exfoliation of graphite in these works was
not satisfactory for composite film formation. Reduction did not improve the
electroactivity of PAz/GO composites, but a decrease in the electroactivity of neat
PAz films was detected after n-doping whereas the composite films seemed to retain
their electroactivity better. In the complex Nyquist impedance plots, an increase of
the R related semi-circle of PAz could be seen indicating polymer degradation (Fig.
7b).

7.2 Chemical and structural composition

The composition of the films was determined by SEM, XPS, IR, UV-Vis and
Raman spectroscopies which are common techniques for the assessment of
composite materials. IR spectroscopy and XPS appeared to be poor characterization
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techniques for these composite films. In IR, the vibrations of the polymer, GO and
rGO overlapped to a large extent, and the spectrum of the polymer governed the
recorded IR spectra. The interpretation of XPS results, on the other hand, turned out
quite tricky due to using ILs as electrolyte. ILs are difficult to completely remove
from the film without removing the entire film from the substrate. Especially in
Paper 11, the presence of [Choline][ TFSI] in the films could be verified by XPS from
the C-F bonds in the C 1s spectra and F 1s spectra. Additionally, the hydroxyl group
on cholinium was present in the C 1s spectra of PAz at 286.6 eV (C-O). This is
usually attributed to the hydroxyl and epoxy groups of GO in these types of
composites. The PAzZ/GO composite did, however, exhibit with higher relative
amount of C-O and lower C:O ratio which was cautiously attributed to the
incorporation and reduction of GO.

Raman spectroscopy revealed some key differences between the polymer and
composite films. In the Raman spectra of PEDOT-based composites (Aexc = 514 nm),
small shoulders were observed at the characteristic G- (1590 cm™) and D-band (1300
cm’') Raman shifts of GO (Fig. 8a) while these bands were clearly visible in the
Raman spectrum of PAz composites obtained using the excitation wavelength of 785
nm (Fig. 8b). PAz materials’ spectra were also collected using another excitation
wavelength (Aexe = 532 nm), which lay closer to the n-n* transition of the polymer
(430 nm). This excitation wavelength resonance enhanced the signals of the polymer
film [155,168], and in these spectra only small shoulders of GO could be observed.
Since the n-n* transition of PEDOT lies around 580 nm, measuring Raman with Aexc
= 514 nm has likely resonance enhanced the signals of the polymer which could
explain why GO bands were only observed as weak shoulders in Paper L.
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Figure 8. Raman spectra of (a) PEDOT (thin line) and PEDOT/GO (thick line) measured
With Aexe = 514 nm [I], and (b) PAz (thin line) and PAz/GO (thick line) measured with Aex. =
785 nm [11].
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Figure 9. SEM images of (a) PEDOT/GO and (b) PEDOT/ErGO made in [Bmim][BF4], (c)
PEDOT/GO and (d) PEDOT/ErGO made in [Hmim][BF4] [I], and (e) PAz/GO and (f)
PAz/ErGO [1I]. The magnifications are 1000x (a, c and e) and 10000x (b, d and f).

Figure 10. SEM images of (a) PEDOT/GO and (b) and PEDOT/ErGO made in water. The
magnification is 10000x. [I] (c) SEM image of PAz/ErGO made in [Hmim][BF4] at 1000x
magnification.

The morphologies of the polymers were granule-like, and in the composites,
crumpled sheets of GO and ErGO were uniformly distributed over the analyzed areas
(Fig. 9). The morphology of the PEDOT-based composites was very similar before
and after electroreduction independent of the IL but varied significantly from the
composites formed in water (Fig. 10a-b) (Paper I). Interestingly, the microstructures
of PAz-based composites were different before and after reduction: PAz/GO showed
a GO-governed, compact film with some bigger holes (Fig. 9¢) and PAzZ/ErGO
composite showed porous polymer matrix with embedded sheets of ErGO (Fig. 9f)
(Paper II), similar to PEDOT-based composites. PAz/GO composites were also
fabricated in [Hmim][BF4], but the electrochemical properties of these films were
poor. Fig. 10c shows a SEM image of PAz/ErGO composite made in [Hmim][BF4],
and as can be seen the film structure is very compact with only few sheets of GO
visible in the analyzed area. In Paper V we discovered that PAz morphology varies
significantly depending on the polymerization IL, and in the lowest viscosity ILs the
microstructure resembled those seen in organic solvents, but in [Hmim][BF4] large,
poorly connected granules were obtained. Previously reported composites of
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PEDOT and GO fabricated in water electrochemically show similar compact
morphology independent of electropolymerization technique [121,127,131].
Similarly, compact microstructures have been reported for PANi-based composites
[124] and PPy-based composites [118,120]. Interestingly, composite of PEDOT and
rGO polymerized from an aqueous dispersion of rGO showed a very porous
microstructure [125], as did composite of GO and poly(N-methylaniline) [128]. It is
well-established that polymerization of CPs in ILs produces films with very different
morphologies from their counterparts made in conventional solvents, which explains
the porous polymer structure seen in our films. The microstructure of the composite
films likely depends on whether GO is used as the main dopant or as co-dopant, and
also on the procedures preceding the polymerization, for example ultrasonication
times (long periods of sonication can break GO down to smaller flakes).

7.3 Electrochemical properties

When cycled at faster scan rates (>20 mV s!), the CVs of PAz-based composite
films showed increased difference between the peak oxidation (E;.) and reduction
potentials (E,c) compared to PAz (Fig. 6b). We speculated in Paper II that this could
originate from (i) the resistive behavior of GO in the composite film, (ii) the
formation of thicker films, or (iii) the compact microstructure which could have
hindered ion diffusion. On the other hand, later studies by in situ
spectroelectrochemistry in Paper III suggested that PAz might form shorter
conjugation length during polymerization in the presence of GO which can make the
material less conducting and cause an increase of AE. When characterized with very
slow scan rates (2 mV s), three oxidation and two reduction responses for the
composite film appeared while two redox couples were observed for the polymer
film in IL (Fig. 11a). Upon cycling the films in acetonitrile (Fig. 11b), the composite
film oxidation and reduction responses were at substantially higher potentials
compared to the polymer film, corroborating the finding of shorter conjugation in
Paper I11.

In the slow scan rate CVs of PAz in Paper 111, indications of charge trapping in
the form of pre-peaks could also be distinguished. Upon cycling PEDOT and
PEDOT/GO films made in IL using water (Fig. 11c) and organic electrolytes,
PEDOT film had a very sharp pre-peak while in the composite CVs this pre-peak
was much broader or even absent in acetonitrile. Both PEDOT/PSS and PEDOT/GO
films formed in water showed sharp pre-peaks of similar shape and magnitude in all
the studied electrolytes. The films made in water also showed R related semi-circles
in the complex impedance plots upon applying IL or acetonitrile electrolyte, while
PEDOT/GO composite formed in [Bmim][BF4] exhibited capacitive lines
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Figure 11. (a-b) CVs of p-doping PAz (thin line) and PAz/GO (thick line) at 2 mV s in (a)
[Choline] [TFSI] and (b) 0.1 M TBA-BF; in ACN on ZnSe crystal. [11I] (c) CVs of p-doping
PEDOT (thin line) and PEDOT/GO (thick line) at 100 mV s in 0.1 M KCl(ag) on Pt-
minielectrode. [IV]

throughout the frequency range. This proves the enhanced charge transport in the IL-
based composite compared to materials made in water.

Capacitance in 3-electrode setup was evaluated from CVs. The CVs of PAz/GO
composites showed deviation from the ideally rectangular shape at higher scan rates
(<50 mV s, and their capacitance decreased to slightly less than half of the initial
value as the scan rate increased from 20 to 200 mV s (Fig. 12a). [Choline][TFSI]
with a reported viscosity of 93.4 cP at 30 °C [169] was partially blamed for this
behavior since high viscosity results in slow mass transport, but GO and short
conjugation could affect as well. The capacitance of PEDOT-based films is
substantially lower than the capacitance of PAz-based materials, but PEDOT-based
films are less dependent on the scan rate since at 500 mV s! they still have retained
over 85 % of their initial capacitance (Fig. 12b). Better rate capability of PEDOT-
based films is explained by the better conductivity of PEDOT (highest reported
conductivity of PAz is 2.2 S cm™! [145] and the conductivity of electropolymerized
PEDOT is 10 S ¢cm™ [170]). PEDOT-based films polymerized in IL show higher
capacitance values than PEDOT/PSS and PEDOT/GO films fabricated in water. The
PEDOT/GO made in water showed higher capacitance than PEDOT/PSS throughout
the scan rate range studied, but the films made in IL behaved differently.
Surprisingly, the capacitance of the composite film made in IL was similar or even
lower than the polymer film capacitance at low scan rates (< 100 mV s) and only
at faster scan rates, the capacitance of the composite film was substantially higher
than the polymer film capacitance indicating that the composite film made in IL had
better rate-capability over the polymer film.

One of the main drives for fabricating composites is to improve the cycling
stability of pseudocapacitors. To be an eligible candidate for SCs, the electrode
material should exhibit almost negligible capacitance loss over several thousand
cycles, and a loss of 30 % is considered end-of-life for the devices [136].
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Figure 12. (a) Areal capacitance of PAz (m) and PAz/GO fabricated using 1 mg mL” GO (e)
after polymerization (solid symbols) and long-term cycling (empty symbols). [1I] (b) Areal
capacitances of PEDOT/PSS (m), PEDOT/GO(aq) (o), PEDOT(IL) (®) and PEDOT/GO(IL)
(o) in [Bmim] [BF4]. The capacitances were evaluated from CVs.

In this study, the materials were studied by cycling them for 800 (Paper I) or
1200 (Papers II and V) cycles. All films retained over 85 % of their capacitance
during the cycling test showing slight tendency that the composite films retain their
properties better. However, in the experimental conditions of this work, the
differences between the polymer films and the composite films in terms of long term
cycling stability were very small. As PEDOT already in itself is quite stable a
polymer, the long-term cycling performance perhaps does not improve to such a
large extent for PEDOT based nanocomposites. Electropolymerized PEDOT/PSS,
PEDOT/GO and PEDOT/rGO exhibited capacitance losses of 10.7 %, 9.9 % and
13.9 %, respectively, in 3-electrode configuration over 3000 cycles [143]. On other
occasions, increase of capacitance has been demonstrated in a 3-electrode cell during
10000 cycles but a decrease occurs in a device configuration [124]. Cycling stability
also depends on the applied potential range [ 143]. Minor improvement of the cycling
stability may also just be a property of the electrochemically fabricated composites
as it would appear that chemically prepared nanocomposites sometimes show
significant improvements in long-term cycling performance, as can be seen from the
values gathered in Table 1 (Chapter 3.3). PAz did, however, show improved cycling
stability in ILs compared to organic solvents (Paper V) which is a common feature
observed for CPs. The EIS analysis was repeated after long-term cycling, and for
PAz the R related semi-circle observed in the high frequency range grew
substantially while impedance plots of the composite film showed much smaller
changes indicating improved long-term cycling stability for the composite film.
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7.3.1 Performance in bendable devices

Capacitance of PAz had been previously determined in organic solvents in 3-
electrode configuration [146], and the result suggested that PAz could have similar
capacitive properties to PANi which holds the highest capacitance values of CPs
[134]. However, the performance can be very different in a device configuration, and
also the electroactivity of PAz had been shown to improve upon using ILs [32].
Therefore, in Paper V we studied the capacitance of PAz in three different ILs with
varying cations, anions and viscosities in a 3-electrode configuration by CV and EIS
as well as determined the performance of PAz in symmetric and asymmetric
supercapacitor configurations. Naturally, the capacitance of PAz measured in 3-
electrode cell was highest in the lowest viscosity IL and lowest in the highest
viscosity IL since viscosity affects the mass transport (Fig. 13a). Also, in
[Emim][TFSI] the rate capability was found much better than in the two higher
viscosity ILs.

By using electrochemical fabrication, we could directly apply the films on
bendable substrates, and both symmetric and asymmetric devices were
characterized. In device configuration, only [Choline][TFSI] served as electrolyte
and, although PAz was polymerized also in [Emim][TFSI], the device performances
were very similar. PAz turned out to perform very poorly in a symmetric
configuration due to undoping of the negative electrode which is why it was replaced
with AC for asymmetric devices. The asymmetric devices had a capacitance of 27
mF c¢cm™ and equivalent series resistance (ESR) of 19 Q at 1.5 V cell voltage (Paper
V). Using IL as electrolyte allowed us to increase the cell voltage up to 2.4 V, and
the capacitance and energy increased by 33 % and 240 %, respectively, (Fig. 13b).
The maximum voltage of 2.4 V is low compared to some of the records obtained
using ILs as electrolytes in SCs and it is similar or lower to organic electrolytes, but
ILs are considered safer than organic solvents due to their negligible vapor pressure.
The devices were also bent down to a radius of 1.5 cm, which did not affect the
capacitance (Fig. 13c¢).
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Figure 13. (a) Areal capacitance of PAz films in different ILs using 3-electrode
configuration. (b) Discharge and (c) charge/discharge curves of asymmetric PAz
supercapacitors. [V]
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7.4 Electronic properties and charge carrier formation
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Figure 14. The UV-Vis spectra of composite films obtained in situ during anodic scan of p-

doping. (a) PEDOT/GO(aq) from -0.7 to 0.7 V. (b) PEDOT/GO(IL) from -0.4 to 0.8 V. [1V]
(c) PAz/GO from 0.0 to 1.0 V. [1II]

In the UV-Vis spectra recorded in situ during p-doping, all films showed
bleaching of the neutral polymers m-m* transition related absorption band
accompanied by the growth of new bands related to the formation of the charge
carriers: PEDOT-based films above 800 nm, and PAz-based films above 800 nm and
at 450 nm (Fig. 14) (Papers III and IV). At the end of the p-doping cycle, the initial
state was reinstated for all the studied films showing that the materials had good
reversibility, and the composite films fabricated in ILs had their absorption bands at
similar wavelengths as the polymer films, and the changes in the spectra took place
at similar potentials. The only films showing more differences compared to each
other were the PEDOT/PSS and PEDOT/GO films fabricated in aqueous solution
(Fig. 14a). The n-n* transition related absorption band of the composite film laid at
higher wavelength, and the appearance of the film was gauzy compared to the light
blue color of PEDOT/PSS.

Composite film fabrication was followed by in situ ATR-FTIR
spectroelectrochemistry during the first five polymerization cycles and compared to
the growth to the corresponding polymer film’s spectra. In the high wavenumber
region, one broad electronic absorption was observed for PEDOT/GO film in IL, and
it showed a decreasing tendency after the 2™ polymerization cycle while PEDOT
film’s electronic absorption became more intense during the experiment (Paper IV).
This shows that incorporating GO into PEDOT causes some changes in the packing
of the film. For both PAz and PAz/GO film, two differently behaving absorptions
were observed during polymerization in IL while single broad electronic absorption
grew in the spectra of PAz polymerized in acetonitrile (Paper III). We speculated
that this could be an indication of two differently behaving charge carriers in PAz as
this type of behavior had been previously pointed out in the literature [14,155,157].
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Figure 15. The in situ ATR-FTIR spectra in the range from 6500 cm™ to 700 cm™ obtained
during the anodic scan of p-doping for (a) PAz/GO composite in [Choline] [TFSI] [III] and
(b) PEDOT/GO(IL) composite in [Bmim][BF, [IV]. The potentials are indicated in the
figures, and the insets show the corresponding CVs recorded at 2 mV s scan rate.

Spectra recorded during p-doping PAz and PAz/GO films also exhibited growth
of broad electronic absorptions at higher wavenumbers. When a reference spectrum
was chosen at a higher potential where the materials were already partially charged,
two independently behaving absorption bands was revealed, a broad decreasing band
around 3000 cm™! and an increasing band around 5500 cm™ (Fig. 15a) indicative of
increase of polaron pairs and decrease in polarons (Paper III). During p-doping,
PEDOT materials had only a single broad electronic absorption growing in the
higher wavenumbers (Fig. 15b).

Growth of the electronic absorptions was accompanied by the appearance of new
doping induced infrared active vibration (IRAV) bands in the lower wavenumber
area which corresponded to the IRAV fingerprint of the polymers spectra for all
materials (Fig. 16). Unfortunately, the interpretation of the IRAV bands of PAz-
based films turned out to be difficult in [Choline][TFSI] since the strongest
absorbance bands of the [TFSI] anion critically overlapped most of the IRAV bands
of PAz, but in acetonitrile all PAz IRAV bands became visible: the IRAV bands of
PAz were located at 1589, 1473, 1427, 1344, 1190, 1053, 879 and 752 cm™!, while
the IRAV bands of the composite were found at slightly higher wavenumbers at
1595, 1487, 1421, 1350, 1203, 1056, 894 and 754 cm! (Paper III). The small shift
towards higher wavenumbers was interpreted as shortening in the effective
conjugation length of the polymer in the presence of GO. In the spectra of PEDOT-
based films, the vibration bands of the IL were observed as an increasingly negative
band, contrary to what was observed in Paper III for [Choline][TFSI], and the IRAV
bands of PEDOT and the composite were located at similar wavelengths indicating
that incorporation of GO does not affect PEDOT conjugation.
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Figure 16. The in situ ATR-FTIR spectra in the range from 1650 cm™ to 650 cm™ of (a) PAz
(thin line) and PAz/GO composite (thick line) in 0.1 M TBA-BF; in ACN at 0.6 V [1ll], and
(b) PEDOT (thin line) and PEDOT/GO composite (thick line) in [Bmim][BF] at 0.1 V [1V].
For PAz films the reference spectrum was obtained at 0.0 V, for PEDOT at -0.7 V and for
PEDOT/GO film at -0.9 V.
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8. CONCLUSIONS AND FUTURE OUTLOOK

Although promising materials, conducting polymer-graphene nanocomposites
have a long road ahead to be used in actual devices, and have especially recently
received some criticism, since despite huge effort, the long-term cycling stability
remains too low. In a supercapacitor device, all the pieces in the puzzle (electrode
material, electrolyte, current collectors) affect the final picture, and therefore no
material should be overlooked.

The work conducted in this project is a very basic study on some conducting
polymer-reduced graphene oxide nanocomposites. It shows, that nanocomposites
between conducting polymers and electrochemically reduced graphene oxide can be
produced from stable suspension of GO in ionic liquids with a facile electrochemical
approach. The electrochemical approach, although produces materials with lower
energy content than chemically made films, does not burden the environment to
similar extent, and if biomolecule based ionic liquids would be utilized, the eco-
friendliness of this process could be further improved. By using electrochemistry,
one-pot synthesis of CP/rGO composite electrodes is possible if suitable potential
ranges are applied during electrochemical polymerization, and the approach can be
scaled-up to make small bendable devices, although the energy densities obtained
herewith are low compared to some record-high values reported in literature. Using
GO as a dopant during the polymerization is an efficient way to incorporate it inside
the polymer matrix, but it needs to be reduced back to its conducting form. Since
some polymers, PAz included, are sensitive to very negative potentials, an approach
where exfoliated graphite is used as graphene-precursor might be a better option.
The electrochemical characteristics of the materials made in this work have been
studied in 3-electrode setups and in device configurations, and their composition has
been thoroughly characterized. As ionic liquids already have the ability to improve
conducting polymer film electroactivity and long-term cycling stability, the addition
of large ErGO sheets only slightly improved these properties further. In this work,
the possibility of using a “new” conducting polymer, polyazulene, as a
supercapacitor electrode material has been further studied. The first bendable
symmetric and asymmetric PAz supercapacitors were fabricated and characterized
in this work, and their capacitive properties were good.

This work also presents an effort to understand the interactions between the
conducting polymer and GO in the nanocomposites better, and how the incorporation
of GO might affect the polymers electronic and charge carrier behavior. While
PEDOT has yet again proven to be a robust polymer that does not change from
additional dopants, PAz appears to be more susceptible to changes in the
polymerization environment.
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