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Abstract

This thesis was concerned with the improvement of novel modified electrodes based on
polyaniline (Pani) and its copolymers with o-aminophenol (o-AP) and o-toluidine (o-
OT) and the investigation of their defluoridation properties, and further with the
enhancement of the charge transport of Pani and polypyrrole (PPy) via multiwall carbon
nanotubes (MWCNTS) in Ethaline. The principle of electrochemical ion-exchange
modified electrodes is based on the doping/dedoping process of conducting polymer
films. This feature makes it possible to remove undesirable ions, such as fluoride, from
aqueous solution. The fabrication of Pani and its copolymers with 0-AP/o-OT, carried
out under optimal conditions by EQCM, gave an excellent opportunity to test for the
removal of fluoride ions at pH 6.60 from water without chemical contamination of the
copolymer. Pani, and its copolymers with o-AP/0-OT, poly(aniline-co-o-aminophenol)
(Pani-PAP) and poly(aniline-co-o-toluidine) (Pani-POT), can theoretically take up about
91.2 mg g™ fluoride ions per redox site of polymer film. Experiments indicated that the
Pani, Pani-PAP and Pani-POT films removed 51.6 + 1.0 mg g, 65.0 + 0.6 mg g* and
66.8 + 1.8 mg g%, respectively, of fluoride ions per redox site of each (co)polymer film.
This demonstrates that the copolymerisation of aniline with its derivatives enhanced the
defluoridation properties of Pani. Pani and PPy are also promising materials for energy
storage devices. The presence of MWCNTs to some extent enhanced both the
electrochemical properties and mechanical stability in Ethaline, which maintains high
efficiency and high-quality depositions through the use of the EQCM technique. The
specific mass capacitances of these composite films were determined to be 1170.1 £
44.7 F gt and 120.5 + 5.4 F g for Pani/MWCNTSs and PPy/MWCNTS, respectively.
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Chapter I:

Introduction

1.1. Introduction

A “Chemically modified electrode” was initially identified by Murray and co-workers?
in 1975, who described that a variety of material can be immobilized onto an electrode
surface to enhance its chemical and physical properties. It was also called a “surface
modified electrode”.? This modification can be performed by adsorption®® and chemical
or covalent®° bonding. Other early studies regarding modified electrodes were carried
out by Lane and Hubbard,'*'?> who defined the modified surface effects for
electrochemical reactions at the electrode surfaces. Among such modified electrodes,
electron-conducting polymer-modified electrodes are commonly preferred, with unique
electroactivity towards oxidation and reduction of molecules on the electrode
surface.'®!* Electron-conducting polymers do not only modify the surface of the
electrode material but also provide an electrochemically stable surface.’>!® In addition
to these benefits, the modified polymers maintain their physical characteristics when

immobilized on the electrode surface.? 1

The pioneer studies of polymer-modified electrodes were conducted by Miller and van
de Mark, ™ who adsorbed poly-p-nitrostyrene onto platinum, and the 3,5-
dinitrobenzoyl moiety onto a polypeptide layer on platinum, respectively. Bard and co-
workers performed subsequent research,*”'® who synthesized polyvinyl ferrocene (PVF)
on platinum and poly(methacryl chloride) on platinum and SnO: electrodes with
corresponding anodic oxidation of polymers. The latter research highlighted the
characteristic properties of polymers needed to allow their use with modified electrodes

across a wide range of applications.

Electron-conducting polymers are classified into two groups based on the mode of
electron transfer; redox polymers, and electronically conducting polymers.*® Redox
polymers are identified by the presence of electrostatically- and spatially- localized
redox sites that can be oxidised and reduced, and electrons can be transferred between

neighbouring redox sites by an electron exchange reaction.’® In contrast to redox

1
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polymers, electronically conducting polymers have a conjugated backbone, with the
motion of the delocalized electrons, along with the backbone chain.?’® We deal with

electronically conducting polymers in the research presented in this thesis.

1.2. Electronically Conducting Polymers

1.2.1. Overview

The story of electronically conducting polymers began in 1977 with the discovery by
Heeger, MacDiarmid and Shirakawa that polyacetylene has a high electronic
conductivity.?! This discovery earned these researchers the Nobel Prize in Chemistry 23
years later.?! Furthermore, the discovery of polyacetylene as a conducting polymer lead
to the emergence of a new class conducting polymer, examples, such as polyaniline,??
polypyrrole,? poly-o-toluidine, poly-0-aminophenol, polythiophene,?*2® polyfluorene,?’
poly(5-aminoquinoline)?® and poly[bis(phenylamino)disulphide],?® are shown in figure
1.1. Electronically conducting polymers have a wide range of application in sensors,3%-3?
electrochromic devices,® corrosion protection,*3” energy storage,®*3® capacitors and

artificial muscles.1%:3°

Lo

Polyacetylene Polyaniline Polypyrrole
CH,4
NH
n
Poly(o-toluidine) Polythiophene Poly(o-aminophenol)

()

Polyfluorene
Figure 1.1. The chemical structure of various conducting polymers
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Conducting polymers can in an insulating form.*° They can be converted to the
conducting form through electrochemical redox reactions.'* During such a redox
reaction, the conducting polymer is charged in its oxidation state (p-doping) or
discharged in its reduced state (de-doping).?° Charging/discharging through the polymer
chain enhances its conductivity. This charge transfer processing takes place through the
n-electron systems of the polymer. By applying an oxidation (or reduction) potential,
conducting polymers can easily be changed between their insulating and conducting
forms.?° This electron transfer takes place on the surface of a modified electrode and is
accompanied the insertion/expulsion of counter ion in or out of the film to maintain
electroneutrality with the polymer matrix. The movement of counter ion can be the

results of the ingress/egress of neutral species such as solvent molecules.*

Conducting polymers can be prepared by both chemical and electrochemical redox
reactions from their corresponding monomers.**#2 Electrochemical polymerization is
preferable, particularly in the acquisition of, for example, polymer-modified electrodes
and thin-layer sensors because of the potential, and thus the deposition characteristic
can be controlled during the reaction.!® Chemical polymerization is preferable when a

large amount of polymer is required.*?

It is generally agreed in the literature that the electrochemical polymerization of
conducting polymers is a three-step process. In the first step, monomers are oxidized at
the anode resulting in the formation of reactive cationic radicals and soluble oligomers,
this takes place in the diffusion layer. The second step includes the deposition of
oligomers, which occurs through a nucleation and growth process. The last step is the
propagation of the polymer chain by solid-state polymerization.*® 4! The polymerization
of conducting polymers is mostly affected by the solvent*® used, the nature of counter

ions, the temperature, and the nature of the polymer itself.!*

1.2.2. Polyaniline
1.2.2.1. Overview

Polyaniline (Pani) is the most considered one of the most promising materials among

conducting polymers in terms of excellent reversibility it shows for oxidation-reduction
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reactions., its ease of preparation, high conductivity, environmental stability, and its
existence in different oxidation states.** The presence of a sterically flexible -NH- group
in the polymer backbone makes Pani particularly favourable because it contributes to a
n-bond formation, which provides environmental stability in addition to stabilizing the
protonation and deprotonation of Pani.*® Although the conducting properties of Pani
were discovered in the early 1980s, it had been known as ‘aniline black’ as far back as
the 1830s.%® The promising properties of Pani lead to the emergence of important
applications in rechargeable batteries, electrode surface modifications, electrochromic
devices, display devices, corrosion protection, chemical and biosensors, and

supercapacitors.*®

Unlike other known conducting polymers, Pani can be found in three different forms
depending on its oxidation state. They are leucoemeraldine, its fully reduced form (all
nitrogen atoms are amine groups, -NH-); emeraldine, its half-oxidized form, which
consists of equal amounts of amine and imine groups, and pernigraniline, its fully
oxidized form (all the nitrogen atoms are imine, =NH-).** The last form is unstable in
an aqueous medium and the polymer easily degrades to benzoquinone and various
oligomers. Benzoid and quinoid units (the oxidized forms of the benzoid structure) exist
in certain oxidation states of Pani.*® The conductivity and colour of Pani are changed
with the transitions between its various forms. The conducting form of Pani, emeraldine
salt (green), is oxidized to the pernigraniline salt (dark blue). The pernigraniline salt can
be converted to a pernigraniline base by treatment with a base. The emeraldine salt can
be converted to emeraldine base form by an alkaline solution or its yellow

leucoemeraldine form by a decrease in conductivity.*!

Among the various Pani forms, emeraldine exhibits high conductivity when doped with
a salt or protonated with acid, which provides protonated imine nitrogen atoms in the
polymer chain,?® whereas other known conducting polymers have a radical cation at the
carbon atom. The involvement of the nitrogen atoms in the formation of a radical cation
increases the conjugation of the polymer. This protonation also contributes to the
conductivity of polymer, in addition to the oxidation of the aniline itself.** The
conductivity of Pani is increased by doping from ¢ < 101°S cm™ in its insulating form
to o > 1 S cmin its doped form.**4" The doping process affects not only conductivity

but also the morphology of the polymers.
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H
Leucoemeraldine Base (Yellow) Leucoemeraldine Salt
+ze_+ -ze_+ +29- '28-
+2H*|| -2H +2H+ 2H+
-HA N
H
Emeraldine Base (Blue) Emeraldine Salt (Green)
+2¢ || -2e”
+2H*|[ -2H* +2¢” -26'
+2H*|| -2H*
+HA A
-HA ﬂ

Pernigraniline Base (Violet) Pernigraniline Salt

Figure 1.2. The structures of Pani forms in different oxidation states

Pani can be readily switched between its base and salt forms by treatment with acidic or
basic solutions as illustrated in figure 1.2. Imine sites of the emeraldine base can be

doped to form the conducting form of Pani, an emeraldine salt.*! 46

1.2.2.2.  Synthesis of polyaniline

There are various polymerization techniques reported in the literature regarding the
synthesis of Pani from aniline monomers, which can be classified as chemical
polymerization,*¢*®  electrochemical polymerization,*® vapour-phase deposition,
photochemically-initiated polymerization, enzyme-catalysed polymerization, and
polymerization using an electron acceptor. However, among them, electrochemical
polymerization is the most attractive method of producing Pani because of the ability to
control the describe properties of Pani-modified electrodes (e.g. morphology, thickness,

and electrical properties) by suitable choice of optimal conditions.* 46

The polymerization of aniline in acidic medium is suitable, although there are several
reports in the literature to indicate that polymerization in neutral*® and alkali media are
also possible. When the pH is elevated (pH>4), conjugated oligomeric materials tend to

form in larger amounts, which is undesirable. Contrary to basic medium, acidic medium
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increases the solubility of aniline in aqueous solutions, which is favourable for the
productions of the emeraldine form via electrochemical techniques. The formation of
the emeraldine salt does not occur at higher pH, indicating that a non-electroactive

polymer will have been synthesized.*+4¢

The electrochemical polymerization of aniline can be also performed in organic solvents
and ionic liquids® although it has been routinely carried out in aqueous electrolytes.*! It
has recently been reported in the literature that the polymerization of aniline in ionic
liquid provides for the synthesis of conductive and high-quality films on the electrode

surface.*!

A wide range of studies on the polymerization of aniline has been reported in the
literature. They have found that apart from the necessity of a strongly acidic medium,
the nature of the counter ion>>* and electrode material®* and electrolyte composition®-
%" also have a significant effect on the electrochemical polymerization of aniline. They
also affect the electrochemical properties and morphology of the Pani film and the
degradation process.*® The presence of ‘large’ counter ions, such as sulphate and nitrate,
produce more swollen and open-structure films, unlike ‘small’ counter ions, such as
ClO4 and BF4, which results in films that are more compact.** Additionally, it has been
reported that the nature of the acid itself can also influence the properties of the
polymeric films. Sulphuric acid increases the growth rate of the Pani by a factor of 2.7-
2.8 and provides a smooth morphology in comparisons with perchloric, nitric and

hydrochloric acid, which give porous and granular structures.*®

The electrochemical polymerization mechanism and kinetics of aniline have been
extensively investigated. It is generally acknowledged that the initial step of the
polymerization of aniline is the formation of aniline cation radicals by applying an
anodic oxidation potential.** The aniline cation radicals have three resonance forms,*14%

46 as shown in figure 1.3.
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t
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: NH,
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Formation of aniline radical cation

H\+N/H H\+/H H\;\]/H H\+/H
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H H
B e B e <—>‘
H

Resonance forms of aniline radical cation

Figure 1.3. The aniline radical cation and its resonance form

In the subsequent step, the aniline radical cation reacts with a second radical cation,
producing a dimer by eliminating two protons. The stereochemistry of the aniline
cations radical favours para-directed, substitution, rather than ortho- and meta-
substituents. In the final step, the oxidation of the dimeric radical cation occurs on the
electrode surface, resulting from the formation of aniline oligomers and propagation of
the Pani chain.*' 6 During this process, electroneutrality is maintained by the transfer of
counter ions from the electrolyte, and the solution can become quite colourful due to the
formation of soluble oligomers.**#® The schematic representation of these steps is

presented in figure 1.4
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Figure 1.4. The formation of the aniline radical cation and propagation of the Pani

chain
The oxidation potential of aniline should be lower than 1.0 V to avoid the degradation

of Pani, which was observed in many studied in the literature. In the case of
degradation, the Pani film would lose electroactive sites, resulting in a non-conductive
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film. Degradation initially causes the brooding and the subsequent gradually
disappearance of the associated redox peaks seen in cyclic voltammetry.*® Furthermore,
Lippe et al. studied the effect of several counter anions, such as ClO4, SO+*, CI- and
NOs’, on the overoxidation Pani, the only CIO4 anions show a specific effect decreasing

the overoxidation of Pani at higher potential.>

Although Pani has been a material of choice because of the excellent properties
discussed above, there are some limitations on its practical application due to its pH
dependence. Pani has a little redox activity and low conductivity at pH>4. In this case,
Pani almost behaves as an insulator, without redox activity. This problem can be
overcome by copolymerization of aniline with its derivatives, such as o-aminophenol®®

61 and o-toluidine. This topic will be discussed in detail further in this chapter.

Cyclic voltammetry (potentiodynamic), galvanotactic and potentiostatic techniques are
mostly used for the electrochemical polymerization of aniline. Cyclic voltammetry is
switched via the electrode potential, resulting in the change between the conducting and
insulating forms of Pani,**¢ generating a polymer film that adheres strongly to the
electrode surface.* Detailed information on electrochemical polymerization techniques

will be discussed in chapter 2.

1.2.3. Polypyrrole
1.2.3.1. Overview

The other preferred conducting polymer used in this research is polypyrrole (PPy) due
to its high electroactivity, its excellent reversibility between its conducting and
insulating states,%? its great environmental stability, its thermal stability, and its ease of
synthesis.5> % The polymerization of the pyrrole monomer was initially performed by
Diaz and co-workers®®-% and Baker and Reynolds followed the polymerization of PPy
via EQCM and reported the formation of a highly conductive, strongly adhering
polymer film on the electrode surface.”® The high application potential of PPy in
rechargeable batteries,*""> supercapacitors’®®2 and electronic devices®® has led to a
significant increase in related research in order to understand its properties in the

presence of different counter ions in the electrolyte.®® The research in the literature
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indicates that the electroactivity and chemical stability of PPy, as well as physical
properties such as morphology, mostly depend on the conditions used during
electrosynthesis.>> 8 8¢ PPy js also favoured for the production of composite films in
presence of CNTs because it is soluble in pH neutral medium in contrast to aniline

monomers.>2

1.2.3.2.  Synthesis of polypyrrole

Pyrrole has a heteroaromatic backbone, as shown in figure 1.1. PPy can be easily
synthesized by chemical or electrochemical polymerization of the pyrrole monomer
from aqueous or organic solutions.5® ¢ 0. 87 Figure 1.5 displays the electrochemical

polymerization of the pyrrole monomer.
Formation of pyrrole radical cation

Formation of dimmer

H
2H* N

Coupling of radical cations and re-aromatization

B (Hj/@ el K [ NK
@/@ L)V O Y U

Propogation of polypyrrole chain
1 | ) H L
/A A W e O

Figure 1.5. The oxidation mechanism of PPy

The conductivity of PPy can be increased with doping, which contributes to an increase

in the conductivity of PPy in comparison to its insulting form.%

10
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Figure 1.6. Electrochemical doping mechanism of PPy

1.2.4. Poly-o-aminophenol

1.24.1. Overview

Poly-o-aminophenol (PAP) is formed by the oxidation of o-aminophenol (see the
chemical formula in figure 1.1), showing its high electroactivity with the potential range
-0.2 V< E< 0.5V (vs SCE) at lower pH values during cyclic voltammetry.®® The charge
transfer mechanism of PAP has been studied by a variety of techniques® in different
media, both aqueous and non-aqueous solutions, and with a variety of electrodes
materials.>® According to these studies, there are several advantageous of PAP
compared to most aniline derivatives; PAP has a self-limiting growth, providing the
control of film thickness as being between 10-100 nm, and also allowing for
regeneration after use.?® 8 In addition to these characteristics, the presence of the -OH
group increases the density of imine sites. PAP was synthesized in alkali medium®® (pH

12) and the final film acts as a protective film for copper exposed in NaCl.%°

1.2.5. Poly-o-toluidine
1.25.1. Overview

Poly-o-toluidine (POT), shown in figure 1.1, is an aniline derivative. It is obtained from
o-toluidine monomers in a strongly acidic medium like Pani. POT exhibits good
stability. It was reported that a POT film is protective against corrosion for copper in
chloride medium.®* POT has been found to have an additional advantage over Pani due
to its fast switching time between the oxidized and reduced states. Also, the switching
behaviour from insulator to conductor of POT films synthesized by the electrochemical
method has been extensively studied.®?

11
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1.3. Copolymerization of Electronically Conducting Polymers

In some cases, the electroactivity of polymers can suffer depending on the pH of the
electrolyte solution. Specifically, the electroactivity of Pani depends on the pH of the
electrolyte solution; it has a poor electroactivity at raised pH. In the case of Pani, ring-
or N-substituted aniline derivatives, such as o-aminophenol and o-toluidine, have
gained considerable attention in the literature regarding the preparation of substituted
conducting Pani.** However, it seems that the conductivity of substituted Pani is lower
than pure Pani. One approach to addressing this problem is copolymerization, which
suppresses these less desirable characteristics and enhances the physical and chemical
properties of conducting polymers. Copolymerization consists of polymerization of at
least two different monomers species. There are a great number of studies on
copolymerization that has been undertaken by both chemical®*®® and electrochemical
methods.”® In most cases, having a functional group such as -SOsH and -OH is

preferable because these groups adjust the pH of the surrounding solution.

As a pioneer of such studies, Wei et al.”” was reported both chemical and
electrochemical copolymerization of aniline with o-toluidine and m-toluidine. The
results of this study indicated that the electroactivity of the copolymers could be
controlled a wide range of systems. Kumar®® and Savitha et al.*® studied the solubility
of the copolymer, poly(aniline-co-o-toluidine), in common organic solvents and Borole
et al.1%192 reported the copolymerization rate of aniline with o-toluidine in organic
sulphonic acids. The results of these latter studies showed excellent solubility of the

resultant copolymers in organic solvents compared to pure Pani.

Another copolymer of aniline with o-aminophenol was studies by Mu, who described
that the electroactivity of poly(aniline-co-o-aminophenol) (Pani-PAP) copolymer is a
high electroactivity as the pH value increases in the range from 5.0 to 7.1 while Pani
does not show electroactivity when pH>4.1% In addition to this study, Mu® also used
the copolymer, Pani-PAP, for construction of a Zn-copolymer battery, showing 39.8 %
a high energy density.

These results promoted research into the production of a variety of copolymers between

various monomer such as aniline and 3-aminophenol,'® aniline and o-aminophenol, %

12
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109 aniline and o-toluidine,®*

aniline and phenylenediamine,'%’: 1% aniline and thiophene,
aniline and 2-fluoroaniline,'° aniline and 2-chloroaniline,*'° aniline and pyrrole,*! o-
toluidine and o-phenylenediamine,!!? o-toluidine and pyrrole,®* and most recently o-

toluidine and o-aminophenol.®

1.4. Composite Materials of Electronically Conducting Polymers

According to studies in the literature, the interaction between polymers and other
species such as carbon nanotubes (CNTs),!*11° graphene, metals,1%1® and inorganic
compounds*!®12! have enhanced the mechanical and electrical properties of the resultant
composites. Particularly CNTs composites have received considerable interest due to
their unique molecular structure, electronic, mechanical and thermal properties, 1> 122-130
The studies reported in the literature show that the presence of small amounts of CNTs
in a polymer matrix enhance electrical conductivity and electrostatic charging behaviour
of the polymer.’3-132 |n addition to this, Guo et al.,'** contributed to this finding with a
modified electrode obtained from CNTs and Pani, indicating a higher response from
that obtained from a pure Pani-modified electrode. Liu et al.,**® also found that
Pani/CNTs multilayer films shift the electroconductivity of Pani towards a neutral

environment. 136

1.4.1. Composite Materials of Conductive Polymers with CNTs

CNTs have gained widespread recognition due to their electrical, mechanical, thermal,
and chemical stability since they were discovered by Lijima in 1991.1%" 138 These
promising properties have led to a huge amount of activity in many areas of science,
such as in nanoelectronics, nanocomposites, and biomedical applications.!3 40 There
are two different types of CNTSs; single wall carbon nanotubes (SWCNTs) with a
diameters of the order of 1 nm and a length that can be up to centimetres, and multiwall
carbon nanotubes (MWCNTS) with a diameters between 2 nm and 100 nm, and length
of tens of microns.?3" 14 SWCNTSs have a single graphene sheet while MWCNTS have
more than one graphene sheet. The morphologies of both are that of a cylinder. CNTs
can also be produced in high purity and a cost-effective manner. Among CNTSs, in a
mechanical sense, MWCNTs are better than SWCNTs in thermal and electronic

applications because SWCNTSs show a tendency to form large bundles due to Van der

13
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Waals forces and high surface energies.*3® The separation of such bundles is extremely

difficult in some applications.®*’

In the last few decades, there has been a growing interest in CNTs, which are excellent
candidates for the preparation of composite materials with conducting polymers. This
increases their electrical and thermal properties as well as increasing their surface area
due to their small dimensions.'#> 143 Even a small amount of CNTs in a polymer matrix
can considerably enhance the electrical and mechanical properties.'** Several studies
have been undertaken to explore the influence of CNTs in different polymer matrices,
such as in Pani,'?* 145 ppy 14 polythiophene, and their derivatives. The results show that
CNTs not only act as a filler but also behave as a dopant in the polymer matrix.14" 148
These studies have been performed in both aqueous solution'*1%! and non-aqueous
media, which indicates a more uniform dispersion of CNTs in non-aqueous solutions

(such as ILs) than in aqueous medium,13% 152,153

The preparation of conducting polymers with CNTs is an important issue in the
production of a homogenous material.**3** A number of strategies have been
developed to produce polymer-composite films, such as direct mixing,** chemical
surface modification of CNTs,“8 16159 the contribution of third components,®
chemical,®! and electrochemical'®* %2 polymerization, covalent bonding, Van der
Waals bonding, etc. Among these techniques, electrochemical polymerization is a
preferable technique as it exhibits a uniform material.*®® The CNT/conducting polymers
composite materials have been prepared as a gel'®* because it is otherwise difficult to
process because of the infusibility and insolubility of Pani. The nanocomposites of gels
exhibit better mechanical properties than the others. The second process is covalent
bonding®® 1% though this resulted in poor electrical and mechanical properties.'®® The
third process is non-covalent Conducting polymer/CNT composite preparation,
providing for the wrapping of the CNTs with high molecular weight polymer. The
results showed a uniform dispersion of CNTs in the desired polymer matrix.'®” A
neutral agueous solution of Pani with CNTs was used to form a composite material, but
it showed poor mechanical and electrical properties because of the poor solubility of
aniline.® The last formation method is the deposition of Pani onto CNT-layer

whiskers, which resulted in a non-uniform distribution of CNT in the polymer matrix

14



Asuman UNAL - PhD Thesis Chapter One

and poor adherence of the composite film to the desired electrode material. It is also

synthesized through interfacial polymerization.1®®

These preparation methods have low efficiency because of the inert structure of CNTs
in polymer matrices, although properties will be enhanced past a certain point. This
problem can be overcome by the addition of a functional group on the wall of the CNTs.
Doing so allows CNT to be dissolved in aqueous and indeed non-aqueous media. There
are a variety of techniques used to functionalize CNTs chemically*®®"® and

electrochemically.*’*17

The enhancement of the properties of conducting polymers in the presence of CNTs
allows their use in a wide range of application areas such as batteries, biosensors (with
Pani/CNT composites),'’ energy storage devices,'” corrosion protections (with

PPY/CNTs composites), ¢ high-strength artificial muscles® and capacitors.”

1.5. Ion and Solvent Transfer of Electronically Conducting
Polymers

The electrochemical oxidation and reduction reactions of polymers also result in the
transfer of counter ions as well as the transfer of electrons. This occurs between the
polymer film and bath solution in terms of the charge of the polymer, the mobility of the
ions in the electrolyte solution, and the charge of the ions. This illustrates the basic
principles of the development of electrochemically ion-exchange techniques'’®1"® for
charged species. This technique makes possible the selective, reversible, controlled
removal of counter ions from the copolymer film. Depending upon the polymerization

conditions, both anions and cations can be exchanged with the polymer .8

The development of conducting polymer-based ion-exchange techniques led to the use
of common conducting polymers such as PPy and Pani in these techniques. In the case
of PPy, although early studies showed the ion-exchange behaviour of PPy in an aqueous
KCI electrolyte solution,'’® 8 jt can be managed in both aqueous solutions*®!-18* and
non-aqueous solutions,®+18518 demonstrating the possible use of either anions or
cations in maintaining electroneutrality in the polymer film. Pani has a positive charge

in its oxidized state, and thus it can interact with a negative in charge a counter ion.

15
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Ultimately, ion-exchange properties depend mostly on the pH of the surrounding

medium.8’

There are two explanations for the movement of ions in or out of the polymer film upon
redox, which are the thermodynamic argument and the kinetic argument. By the
thermodynamic argument, positively-charged polymer film should be an anion
exchanger. On the other hand, the kinetic argument suggests that the ion that moves
fastest through the electrolyte will be the one to maintain electroneutrality. Both
theories show, agreement in the anion exchanger, in that anions are usually small and
mobile. In the case of a large anion (immobile) the cation should be transferred, while
the anion transfer will take longer.® Some papers reported that the solvent transfer
takes places with ions transfer between the anionic and cathodic species in order to

maintain electroneutrality when the anionic radius is relatively large.% 1%

There are a number of electrochemical ion-exchange techniques which were developed
for the extraction of chromium (VI) by Pani,'®! and the extraction of silver ions,**? and

the removal of perchlorate anions using Pani-PAP.%

1.6. Deep Eutectic Solvents

The lonic liquids (ILs) are a new class of solvents which consists of organic cations and
anions without any molecular solvent, as opposed to the conventional means of being
formed in the presence of a solvent.!® These salt solutions can be melted thermally and
have lower melting points, generally below 100 °C, than either of the individual
components'®® and they can exist as liquids at room temperature. In this context, they
are also called room temperature ionic liquids (RTILs). Their good thermal and
chemical stability, negligible volatility, and solubility in a wide range of ionic liquid
solvents has led to them receiving considerable attention for a range of approaches.'®
Both the promising solvent properties and the suitability for charge storage systems
provide a wide range of potential applications in batteries and capacitors.'®® 197 |Ls are
suitable solvents with high ionic activities and wide electrochemical windows for the
polymerization of conducting polymers,%1%819 sych as PPy,209202 nolyarene,
polythiophene,?® and particularly Panit® 204208 which provide higher potentials without

degradation.5% 299
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Deep eutectic solvents (DESs) have also been categorized as an attractive type of ionic
liquid,*®2 which are the mixture of cationic compounds such as ammonium salts (e.g.,
choline chloride, ChCI) and neutral organic hydrogen bond donors (e.g., acids, amides,
and carboxylic acids).!®* 210 DESs exhibits similar characteristics to ILs; however,
DESs have their own advantage, such as being inexpensive and having simple
preparation across a range of components.’®® DESs have prepared from a eutectic
mixture of [Brgnsted-Lowry] acids and bases with a large number of non-symmetric
ionic species. There is a delocalisation during hydrogen bonding arising from the anion
and hydrogen bond donor (HBD). This delocalisation lowers the melting point of the
mixture compared to that of the induvial components.?!’ Table 1.1 shows the
combination of DESs with common hydrogen bond donors and choline chloride.

In recent times, there has been a growing interest in the use of DESs in the deposition of
high-quality electroactive polymer films because they provide a remarkable
enhancement in the electroactivity of films such as Pani,?'? PPy*® and poly(3,4-
ethylenedioxthiophene).?* 215 Furthermore, DESs are useful medium for the dispersion
of CNTs through the solution, resulting in a much better interaction between the

monomer and CNTSs in contrast to aqueous medium because of their higher viscosity.
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Table 1.1. The combination of DESs with a hydrogen bond donors (HBDs) and Choline
Chloride

DES HBD name HBD structure
) OH
Ethaline Ethylene glycol \/\
OH
OH
Propaline Propylene glycol )\/OH
0
Reline Urea )k
HoN NH,
0
HO OH
Oxaline Oxalic acid \Hk/
0
0 0
Maline Malonic acid )\)J\
HO OH

In this thesis, we have used Ethaline, which is composed of choline chloride and

ethylene glycol, as shown in table 1.1, this research is discussed in detail in chapter 7.

1.7. Project Objectives

The research presented in this thesis has two main objectives. The first is the
improvement of both electroactivity and ionic-activity of Pani in higher pH solutions
with the copolymerization of aniline in the presence of o-aminophenol and o-toluidine,
respectively and their redox switching in monomer-free NaF electrolyte solutions. The

second introduces the polymerization of the conducting polymers, aniline, and pyrrole,
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in the presence of MWCNT-COOH in both aqueous and Ethaline media to enhance the

charge transport of Pani film.

In the first section, the electrochemical deposition of Pani, PAP, and POT is dealt with
in detail to identify their growth dynamics. Then, the conditions for the
copolymerization of aniline with o-aminophenol and o-toluidine are optimised. The
electrochemical properties of the resultant polymer and copolymer films were
characterized in 1 M H2SO4 monomer-free electrolyte solutions. In the last stage, the
defluoridation properties of these polymer and copolymer film were examined in
monomer-free NaF solutions in order to improve a novel method to remove fluoride

ions from drinking water.

In the last section, the growth dynamics of the conducting polymers, Pani and PPy, will
be performed in the presence /absence of MWCNTSs. The goal of these studies is to
improve the charge transferred and mechanical properties of the conducting polymers,

Pani and PPy, in aqueous and Ethaline media.
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Chapter II:
Methodology

2.1. Introduction

This chapter gives a comprehensive introduction to electrochemical measurement
techniques, and the surface and structure characterisation techniques used in this

research.

Electrochemical techniques are so widely used for characterisation of polymer-modified
electrodes. Electrochemical techniques are used to monitor not only the film response to
their electrolyte but also the deposition mechanisms of films. Among these techniques,
although cyclic voltammetry is the most popular, the electrochemical quartz crystal
microbalance (EQCM) is preferable for monitoring small mass changes when combined
with cyclic voltammetry.® A large number of studies have reported on the use of the

quartz crystal microbalance in different fields.*”

Non-electrochemical techniques were also used in this research to define the
characteristics of the prepared polymer-modified electrodes. Scanning electron
microscopy (SEM) and 3D microscopy have been used to define the characteristics of
the modified electrodes in high resolution while FTIR has provided for structural

analysis of the prepared modified electrodes.

2.2. Electrochemistry and Electrochemical Techniques

Electrochemistry can be defined as the study of chemical reactions by applying
electrical potential/current across the interface between electrodes (commonly metallic
but not always) and an electrolyte solution. There are two types of electrochemical
methods, which are the interfacial and bulk methods. In interfacial methods, the
electrochemical reaction takes place between the electrode surfaces, while in bulk
methods it occurs within the bulk of the solution.® We have focused on interfacial

methods in this research.
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Interfacial methods are classified into two main categories as per the absence or
presence of a current, which are referred to as the static and dynamic methods,
respectively. Static methods include potentiometric measurements. The basis of
dynamic methods is the flow of a current throughout the electrochemical cell, which
provides information about the concentration and other properties of electroactive
species.® Cyclic voltammetry and chronoamperometry are the most common dynamic

interfacial methods used in this research.

The electrochemical cell used in dynamic interfacial techniques is a simple system
consisting of a working electrode and a reference electrode. The electrochemical
reaction takes place at the working electrode while the reference electrode provides a
constant, fixed potential. Thus, the acquired response can only originate from
electrochemical reactions on the surface of the working electrode. However, to measure
the increase in any current requires a typical three-electrode system, as shown in figure
2.1.2% 10 n the three-electrode system, there is a counter electrode in addition to a

working electrode and a reference electrode.

Waorking Electrode (Au)
Reference Electrode (Ag/AgCl)

Counter Electrode (Pt)

|

Efectrolyte

Figure 2.1. A schematic representation of a typical three-electrode system

The electrochemical reaction on the surface of a conventional working electrode can be

illustrated by the following equation:

Api + € 2 Breg 2.1

Aoxi and Bred In equation 2.1 are the oxidized and reduced forms of the electroactive

species, respectively. This reaction is driven a continuous electron transfer and the
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accompanying the mass transport of mobile species at the electrode/solution interface.
2,10

If a voltage, E, is applied between a working electrode and reference electrode, a current

would be flowed between them, then:
E=E,— Es+iR+ E;— Eof 2.2

In equation 2.2, E originates from three terms. Ee-Es is the driving force for
electrochemical reactions at the working electrode/solution interface; Es-Erer IS the
potential drop at the reference electrode; iR is the potential drop in the solution due to
the current flowing between two electrodes; lastly, R is the resistance of the bulk
solution. In the case of microelectrodes, iR can be neglected and the current can be
measured as a function of the applied potential (Ee-Es) at a fixed potential (Es-Erer). On
the other hand, iR cannot be neglected and the addition of a counter electrode is

required in the electrochemical cell to account for this.:: 2 1°

In the case of conductive polymer-modified electrodes, two or more interfaces can
appear, which are at the electrode/polymer interface (electron exchange takes place) and

at the polymer/solution interface (ion/solvent exchange occurs).!t4

2.2.1. Mass Transfer

For an electrochemical reaction to occur at the surface of an electrode, the transport of
the mobile ions is necessary. This transfer can proceed in any of three ways, by
diffusion, convection or migration. Diffusion originates from the difference in
concentration of the electroactive species in the bulk solution and the electrode surface,
which drives the dispersion of the redox species throughout the system. In contrast to
diffusion, convection occurs when applying a mechanical force. This mechanical force
can be generated not only through the involvement of external sources (stirring,
pumping, etc.) but also through natural means such as thermal gradients and/or
differences in density. The last mass transport, migration, is derived from an external

electric field. The drop in electrical potential results in an electric field (i.e., a gradient)
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at the electrode/solution interface, which induces the movement of ions to or from the

electrode.> 10

2.3. Cyclic Voltammetry

2.3.1. Overview

Cyclic voltammetry (CV) is a highly useful technique that provides a wide range of
information about the mechanism and rates of electrochemical reactions that occur at

the electrode surface/solution interface during the generation of modified electrodes.

Cyclic voltammetry is based on sweeping the potential applied to the working electrode
between a starting and finishing potential, E;: and E», respectively, at a constant scan
rate, v (V st). This gives a triangular potential waveform as a function of time, as

shown in figure 2.2.21°

time/t

Figure 2.2. The response of the applied potential as a function of time in a cyclic
voltammetry experiment

Although there is no chemical reaction at the electrode surface at the initial value, Ej,
the electrochemical reactions of the electroactive species will take place at the final
value, E2. While a potentiostat monitors the change in potentials between the working
and reference electrodes, the current flowing between the working electrode and counter
electrode is also measured. Valuable information about the electrochemical reactions of
electroactive species at electrode surface/solution interface can be derived from this

current measurement. The integration current flow with regards to time allows for the
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calculation of the total charge passed during the experiment, which is associated with a

number of electroactive species present.?

In cyclic voltammetry measurements, varying the scan rate also produces kinetic data

about the electrochemical reactions.!

2.3.2. Data Interpretation

When the potential, Ej, is applied, the formation of Bred Species occurs at the electrode
surface during the forward scan. With the application of the potential E2, Aoxi Species
will be formed on the electrode surface along the reverse scan. The E; and E> potentials
are called switching potentials, which are selected with respect to the electrochemical

properties of the sample.® 1

The initial scan can be negative or positive depending on the characteristics of the
sample. Figure 2.3 illustrates a negative scan. The current as a function of applied
potential initially increases due to the formation of Bred Species being preferable while
the potential becomes more positive. In the reverse scan, the Breq Species is transformed

to Aoxi species and the current drops to zero.

The shape of the CV is dependent on the reversibility or irreversibility of the
electrochemical reaction (Aoxi/Bred from equation 2.1) at the electrode surface/solution
interface during the forward and reverse scans. The kinetic behaviour of the
electroactive species determines the reversible and irreversible behaviour. The amount
of Aoxi and Bred Species present at any given moment changes according to electron and

mass transfer rates.! % 1
A typical cyclic voltammogram for a reversible electroactive species (Aoxi/Bred) is

presented in figure 2.3. The current flows with the sweeping potential in the forward

and reverse scans.
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Current/A
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p Ep

Voltage/V

Figure 2.3. A typical cyclic voltammogram for a reversible redox reaction

In a reversible system, the size of the peak produced in the forward and reverse
directions are almost identical. The difference in magnitude of these peaks is 59 mV (at

25°C) neglecting the effect of scan rate. Assuming the transfer of n electrons during the
electrochemical reactions:

E%* ETet| =2.218 RT 2.3
|p - Fp |— . n_F .

In irreversible electrochemical reactions, no definite anodic peak will be obtained, while
the cathodic peak appears at a more negative potential to contrary the reversible

systems. This can be an indication of the necessarily higher potential required to
observe the anodic peak in the forward scan.

Current/A

Voltage/V

Figure 2.4. Cyclic voltammogram for an irreversible redox reaction
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The scan rate has no influence on the reversible/irreversible nature of electroactive
species, but it does affect the magnitude of the peak currents of the anodic and cathodic

peaks. The relationship between the changes in magnitude of the peak current, ip, as a

1/2

function of v is linear, as shown in figure 2.5.

peak curretn/ip

0 pl2

Figure 2.5. Variation of peak current, ip, as a function of voltage scan rate, v'/2

2.4. Chronoamperometry
2.4.1. Overview

Chronoamperometry measures the current-time response (shown in figure 2.6) of the
electroactive species during an electrochemical reaction, which allows the measurement

of the rate of the reaction.> 10

current/A

time/t

Figure 2.6. The current response in a potential step experiment
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2.4.2. Data Interpretation

Initially, the current is very large, as shown in Figure 2.6, but then consistently
decreases with time. This is due to the depletion of the electroactive species (A) that
occurs with the formation of the diffusion layer. This current ultimately tends towards
zero, as is also illustrated in figure 2.6. In this case, the Cottrell equation can be useful

to define the current response as function of time;!

IS

nFADZ[Alpuik

1
2

li| = 2.4

N =

2t

In this equation, F is the Faraday constant (96485 C s™), n is the number of transferred
electrons, D is the diffusion coefficient, and | is the current. According to this equation,

it is possible to measure the diffusion coefficient with potential swept experiments.® 1

Ez —————————

Voltage/V

time/t

Figure 2.7. The variation of applied potential in a potential step experiments

2.5. Quartz Crystal Microbalance (QCM)

2.5.1. Overview

The quartz crystal microbalance (QCM) serves as a gravimetric sensor, providing high
sensitivity while allowing for the observation of small mass changes in electroactive
species on the electrode surface during electrochemical reactions via the changes in

resonant frequency of a quartz crystal as mass is deposited.’® The principle of this
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technique is based on the piezoelectric effect of the quartz crystal, as will be explained
in the following section. The QCM method is an absolute method, which means it does

not require any prior calibration.’

2.5.2. The Piezoelectric Effect

The piezoelectric effect can be generated in two ways: (i) when a quartz crystal is
exposed to a mechanical force, a potential difference occurs across its surface, which is
called the “direct piezoelectric effect”; (ii) when a potential is applied across a quartz
crystal, it causes a mechanical shear stress known as the “converse piezoelectric effect”.
The mechanical shear stress is proportional to the applied potential.® Figure 2.8
illustrated the piezoelectric effect.

Quartz crystal

Figure 2.8. (a) pizolectric effect (b) converse piezolectric effect

The connection between the piezoelectric effect and crystal structure was primarily
described by the Curie Brothers in 1880, whose studies showed the formation of an
electric potential between the faces of a quartz crystal when an applying a stress to its
two faces. This electric field, which is proportional to the applied stress, is called the
direct piezoelectric effect. The discovery of the direct piezoelectric effect leads directly
to the development of the mathematical model of the converse piezoelectric effect by
Lippmann.*® According to this model, a potential difference applied to the surfaces of
the crystal will produce a distortion in the lattice of the crystal that results in mechanical
strain at its surface. This model was proved experimentally by the Curies in 1881 but
there was little further research into piezoelectric devices until 1917. The development
of first ultrasonic detector in 1917 stimulated considerable interest in piezoelectric

devices.
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On the other words, if there is an oscillation in the quartz crystal, there is always a
resonance frequency (abbreviated to fo). This oscillation occurs with minimum
impedance in conjunction with the maximal admittance. The resonance frequency of the
quartz crystal depends on its dimensions and certain physical properties, generally its
density and shear modulus. It can vibrate at other frequencies when the admittance
decreases until the point where the vibration can no longer be detected.® This change in
resonance frequency is relevant with loading or removing the mass or during its

interaction with a liquid, which can be determined with high accuracy.®

2.5.3. The Quartz Crystal Orientation of Cut

The chemical, thermal and mechanical stability, and indeed cost efficiency, of a quartz
crystal has led to its use in a wide range of frequency-controlled devices. On the other
hand, there are many types of the vibrational mode in its natural form, which are
commonly longitudinal (extensional), lateral (flexural and shear) and torsional (twist).
This can be complicated when a particular mode is required. For these cases, the quartz
crystal is cut at a specific orientation and shape in order to avoid other modes. Both the
AT- and BT-cut angles (shown in figure 2.9) provide vibrations in one direction of the
thickness-shear mode of the quartz crystals. Thus, QCM resonators are occasionally
referred to as thickness shear mode (TSM) resonators. Also, this vibrational mode is
sensitive to any mass change of the quartz crystal, and further the AT-cut quartz crystal
shows almost zero temperature dependence at room temperature.!® Thus, AT-cut
crystals have become the preferred cut for quartz crystal microbalance (besides their
low cost).

Figure 2.9. Images of AT-cut and BT-cut quartz crystals
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2.5.4. Sauerbrey Equation

The first introduction of the principle of the QCM technique was performed by
Sauerbrey in 1959 while observing the deposition of thin films on the first quartz crystal
resonators in ultra-high vacuum conditions. According to this introduction, the

resonance frequency is proportional to the mass change of the quartz crystal.’

quartz crystal Mg A K
2q/2 | |h,
(a)
N/ %4
A, ;i‘-hq
quartz crystal Mg A
A2 | |he
(b)
N N

Figure 2.10. (a) the thickness of a QCM as relevant to acoustic wavelength (b) a rigid
mass results in an increase in hq and therefore an increase in A

The acoustic wavelength during oscillation is related to the thickness of the quartz
crystal, as shown in figure 2.10. The change in the thickness, hq, of the quartz crystal by

addition of mass causes an increase in the acoustic wavelength, A:

A
q
hg = > 2.5

The relationship between the shear wave velocity, vq, and the fundamental resonance

frequency, fo, of the quartz crystal is stated in the following equation:

fo= % 2.6
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By combining equation 2.5 and equation 2.6:

h =1N/1=1N(U—q) 2.7
a2 2 fo

Equation 2.7 shows that the resonance frequency of the quartz crystal is inversely

proportional to its thickness. N is an odd integer (N = 1, 3, 5, ...). The shear wave

velocity can be calculated from the crystal shear modulus, pg (i = 2.947x10% g cm? s

2) and the crystal density, pq (pq= 2.648 g cm™>):

1
2
vy = <&> 2.8
Pq

If equation 2.7 is inserted into equation 2.8:

1/2
1N N nm
hg = ——<“—q> =~ (17—) 2.9
2fo Pq fo S

Equation 2.9 shows the direct relationship between the thickness and the resonance
frequency of the quartz crystal. The measurements in QCM mostly employ 5 and 10
MHz frequencies, which correspond to hq values of 0.0334 and 0.0167 cm, respectively,

for AT-cut crystals.

The thickness of the quartz crystal is changed with loading mass, which leads to a
decrease in resonance frequency, as expressed in equation 2.10:
A Ah
_f = - — 2.10
fo hq
The negative sign of in equation 2.10 illustrates that the resonance frequency and the
thickness of the quartz crystal is inversely proportional. The density, pq, and
piezoelectric active area, A, of the quartz crystal help to determine the change in

thickness via equation 2.11:

Ah = Am/Agp, 2.11
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When equation 2.11 is inserted into equation 2.10, equation 2.12 can be derived as

follows:
A Am
—f = — 2.12
fo hqAqPq
The combination and rearrangement of equations 2.9 and 2.12 gives:
2f2 Am
Af = ——2— — 2.13
(quq) Ap

The obtained equation 2.13 is the basic form of the Sauerbrey Equation. The
abbreviation of equation 2.13 is given by equation 2.14.

Af = —C,Am 2.14

In equation 2.14, C1 is a constant, with a value of C; = 2.26x108 Hz cm? g* for AT-cut
crystals (N = 1). According to this equation, a 1 Hz change in frequency of the quartz
crystal for 10 MHz AT-cut crystals corresponds to a ca. 1 ng change in mass of the

quartz crystal.t’

The Sauerbrey equation is valid only for a small, rigid and uniform mass gain to the
quartz crystal so that the frequency change is directly proportional to the gain in mass.
In addition to these, the QCM technique can be used in vacuum and gaseous
environments. These limitations of the QCM application have led to the emergence of

several studies in order to utilise QCM as a gravimetric tool.t’

In the 1980s, it was shown that the QCM technique can be performed in a liquid®. In
this case, the resonance frequency change of the quartz crystal is not only due to mass
change but also the density and viscosity of the liquid, and the Sauerbrey Equation can
then be expressed as follows:

pLn Yz
Af = —f"* <nL—L> 2.15
Pqlq

In equation 2.15, p is the density of the product and 7. is the viscosity of the liquid. In

ideal conditions, the product and liquid remain constant while any experiments are
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ongoing. Then, the Sauerbrey Equation remains applicable for the liquid medium, as
shown in equation 2.16, where [ and pq are the shear modulus and density of quartz
with values of 2.947 x 10* g cm™ s and 2.65 g cm™, respectively.

Af = —2.26x107°f,*Am 2.16
2.5.5. The Effect of Excess Mass and the Surface Roughness

The other limitation of the Sauerbrey Equation is in circumstances of high mass
loading, resulting in a failure of the Sauerbrey Equation. Reported studies show that the
validity of the Sauerbrey Equation extends up to around 10% mass gain of the quartz
crystal. If there is further mass gain, then the density and the shear modulus of the film

must be taken into account.

A smooth surface for QCM applications is favourable, providing a direct relationship
between the frequency change and the square root of the viscosity-density product of
the solution?. With a rough surface, the liquid can partially or completely fill in the
surface, restricting the behaviour of the surface. In this case, a perfectly polished quartz

crystal can help minimise the effects of roughness.

Harmonic oscillation; the higher oscillating frequency of the quartz crystal increases its

sensitivity to mass change. However, the oscillating frequency can be increased by
decreasing the thickness of a crystal, resulting in a fragile, thin crystal. The other way is

to stimulate higher harmonics.
Ny,

= 2.17
N 2h,

In equation 2.17, fn is the resonance frequency and N (an integer) is the harmonic
number. The sensitivity shows a linear increase with higher harmonic numbers.

However, it indicates a squared relationship with the fundamental frequency.

2.5.6. Electrochemical Quartz Crystal Microbalance (EQCM)

The quartz crystal resonator has been used in a wide variety of areas such as

electrochemistry after the contributions by Kanazawa and Bruckenstein.® 7 12 20.22 The
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QCM contains a piece of quartz with a vacuum-deposited electrode (commonly gold, or
platinum) on either side. While one surface of the quartz crystal is in direct contact with
the electrolyte solution, the other surface remains exposed to air. The surface in contact
with the solution is used as the working electrode for electrochemical experiments. The
EQCM technique produces not only frequency changes (mass changes) but also current

density change as a function of the applied potential.

The EQCM technique can be used in a wide range of studies because it has a high
sensitivity to mass change and a short data acquisition time (commonly < 1s). Among
these studies, it has been generally preferred in studies of the electrodeposition and
charge/mass transfer processes of conducting polymers.> 14 228 Thijs is because it is

capable of quantitative analysis of rigid films owing to its gravimetric operation.?®

2.5.7. The Effect of Viscosity

In polymer-modified electrodes, the characterisation of specific ions and molecules
during electrochemical experiments can be carried out by EQCM when the mass
loading on the quartz crystal is deposited. The relationship between the frequency
change and mass change during the deposition is illustrated in the following statement:

_ CF?Am

2.18
A

Af

In equation 2.18, Am and Af are the mass and frequency change of the quartz crystal
during the deposition, respectively. F is the Faraday constant, A is the piezoelectric
active area and C is a constant of proportionality. This equation is useful for the
acoustically thin film of polymer formation on the surface of electrode, which can
measure the mass change with high accuracy. However, the polymer-modified
electrodes commonly form a thick film, which can result in a certain viscosity of the
polymer film on the electrode surface. To overcome this problem, a new model that
accounts for these parameters is presented in equation 2.19.*
iAw

47



Asuman UNAL - PhD Thesis Chapter Two

In the equation 2.19, Aw is the damping. According to this equation, there is not only a
decrease in frequency but also an increase in damping. The damping can be defined as
fwhm (full width at half-maximum) of the resonance crystal in Hz. Thus, the shear

modulus and the surface roughness of the films can be characterised.*

2.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is the most common technique in order to
characterise the properties of the polymer-modified electrodes. In doing so, information
on the growth mechanism and structural changes of the polymers can be obtained,

besides the surface physical properties themselves.

' Electron Gun

IA\ Electron beam

Anode

Magnetic Lens

Seanning coils

Backscattering
Electron Detector

UL

Stage

Secondary
electron detector

Figure 2.11. The schematic representation of a typical SEM technique

Figure 2.11 shows a schematic representation of the SEM technique, which contains an
electron gun for the production a beam of electrons. The energies of these electrons can
be varied between 1 keV to 30 keV by the anode. There are several condenser lenses in
order to adjust the area of the electron beam from between 0.4 nm to 100 nm in

diameter. When the electron beam hits each spot of the sample, secondary electrons are

48



Asuman UNAL - PhD Thesis Chapter Two

removed from the surface and the resultant current of secondary electrons reaches the

detector, producing an image of the sample surface.> %

In the SEM technique, a beam of electrons is scanned across the surface to acquire an
image instead of light. The surface of the sample is scanned with the electron beam.
This interaction between the atoms and the beam results in various types of the signal
from the surface. These signals involve the emission of secondary, backscattered and
Auger electrons, as well as X-ray fluorescence photons.'® All of these signal types have
been utilised for the characterisation of surface properties, but backscattered and
secondary electrons form the basis of scanning electron microscopy. These give the
opportunity to characterise of a large amount of the sample at one time, in high

resolution with high magnification of images.> %

In the SEM technique, the measurements are applied to a conductive sample in a low
vacuum so that the electron beam can travel in straight lines. However, some samples
do not display any conductivity. Therefore, they require sputtering with an inert, but
conductive, material. By doing so, non-conductive solids also can be investigated with
the SEM technique.*> %

2.7. FTIR

The defining structural changes of modified electrodes at the atomic and molecular
level can be acquired through several spectroscopic techniques. The most common
spectroscopic technique is Fourier Transform Infrared Spectroscopy (FTIR) for the
study of modified electrodes, allowing data acquisition in less than one second. The
light reflected from the surface layer provides valuable information at high sensitivity.
FTIR also offers improved signal-to-noise at a high resolution because of its analysis
the entire spectrum rather than small wavebands from a monochromator with better
accuracy.”™ 30 In this chapter, the significance of the FTIR technique for the
characterisation of modified electrodes will be discussed in detail.

The basis of the FTIR technique is the same as for IR spectroscopy; it is the study of the
vibrational motions of the conducting polymers at the molecular level. Thus, specific

information on molecular orientation and surface properties can be obtained.'> °
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IHlumination with infrared radiation excites the characteristic vibrational motions of the
polymer-modified layer. In this technique, the sample between the interferometer and
the detector absorbs at specific wavelengths.> 30
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Chapter I11I:

Experimental and Data Analysis Process

3.1. Introduction

This chapter describes the general procedures regarding materials and reagents, and
techniques and procedures. Additionally, data analysis results from experimental work

will be undertaken.

Methods of synthesis of conducting polymers are dealt with first in this chapter. The
second part of the chapter will be concerned with the preparation of the conducting
polymer, copolymer, and composite films. The last part of the chapter will deal with the
investigation of the electroactive and ionic activities of the prepared films via EQCM.

3.2. Materials and Reagents

Table 3.1 shows the material with properties and area of usage during experimental
studies. All agueous solutions were prepared using doubly distilled water. In Chapter 6
and 7, studies were conducted using ionic liquid instead of an aqueous solution, namely
Ethaline, as shown in table 3.1.

3.2.1. Storage Conditions

Of the solutions used, o-toluidine and aniline monomer solutions can be affected by air
and light, which results in oxidation of the monomers. To counter this, aniline and o-
toluidine monomer solutions were kept in a dark and cold room. Ethaline prepared from
choline chloride and ethyl glycol in various ratios (mentioned in the following section)
was kept at 50 °C in sealed containers in an oven to avoiding water absorption. The
other reagent solutions and acid solutions were kept in dark containers. It was
considered that only fresh solutions would be suitable for use in these studies; for this

reason, solutions were usually prepared daily.
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Table 3.1. List of materials and reagents utilised during the experimental studies for the

research presented in this thesis
Abbreviation

Chemical [formula of
Chemical
Aniline An
monomer
Pyrrole PPy
monomer
0_
aminophenol AP
monomer
o-toluidine oT
monomer
Sulphuric acid H2S04
Nitric acid HNO3
Hydrogen
chloride HCl
Sodium
fluoride NaF
Sodium
chloride NaCl
Multiwall
carbon MWCNT
nanotube
Choline
chloride Chcl
Ethylene CoHeOs
glycol
Potassium
ferricyanide Ke[Fe(CN)e]
Potassium
chloride KCl

Source

Sigma-
Aldrich
Sigma-
Aldrich

Sigma-
Aldrich

Sigma-
Aldrich

Fisher
Chemical

Fisher
Scientific

Aldrich

Analar

Analar

Sigma-
Aldrich
Sigma-
Aldrich
Sigma-
Aldrich

Across
Organics

Fisher
Scientific
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Purity
%

99

98

99

99

99.9

99.9

99.9

99.0

99.8

98.0

98

99.8

Utilization

The monomer of conducting
polymer/copolymer synthesis

The monomer of conducting
polymer/composite synthesis

The monomer of conducting
polymer/copolymer synthesis

The monomer of conducting
polymer/copolymer synthesis

Supporting electrolyte

The media to add the
functional group to MWCNT
and for cleaning electrode
surfaces impurities

Cleaning Ag wire electrode
and supporting electrolyte for

Electrolyte for ion-exchange
experiments

Electrolyte for ion-exchange
experiments

As a filler for the polymer
matrix

Quaternary ammonium salt

Hydrogen bond donor (HBD)

Standardization for the
reference electrode

For Ag/AgClI reference
electrode
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3.2.2. Preparation of Ethaline

The ethaline was prepared as from choline chloride (ChCI) (see figure 3.2a) and
ethylene glycol (C2HsO2) (figure 3.2b)* 2 mixed in 1:2 (ETH200) and 1:4 (ETH400)
molar ratios at 60 °C until a colourless liquid was achieved, as shown in figure 3.3. This
colourless liquid is called Ethaline, which has different characteristics depending on the

composition of the mixture.

(|:H3H H Hy

2 Mo . HO C

N T Cl

CHy—N—C ~C'~OH \cH;/ SoH
CHj, 2

) (a) ] (b)

Figure 3.1. The molecular formula of (a) choline chloride and (b) ethylene glycol

Ethaline was used as the electrolyte for the polymerization of aniline and pyrrole in the
presence of MWCNT, as presented in chapters 6 and 7, respectively. ETH200 is the
most common form of Ethaline used for coating studies, which exists as a liquid after
preparation at room temperature, contrary to the majority of ionic liquids such as
Propaline and Glyceline, which crystallise at room temperature.™: 2 On the other hand,
the solution of aniline monomer in ETH200 itself crystallised at room temperature,
while this did not occur for the pyrrole solution (figure 3.2a). To overcome this
problem, ETH400, which was comprised of a 1:4 choline chloride and ethylene glycol
mix, was used to prepare the monomer solution of aniline under identical conditions.
The prepared solution remained a liquid at room temperature (figure 3.2b). In doing so,
the electrochemical polymerization studies of aniline in the presence of MWCNT were

applied in ideal electrolyte medium.

Figure 3.2. The aniline monomer solutions formed in (a) ETH200 (b) ETH400
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3.2.3. Preparation of MWCNT-COOH

The MWCNTSs used in this study had outside and inside diameters of 10 + 1 nm and 4.5

+ 0.5 nm, respectively, and lengths of around 3-6 pm.

MWCNT have no functional groups on their wall so behaves as an inert material in any
solution. For this reason, it is necessary to add functional groups (such as the —-COOH
group) to achieve an active material. To add functional groups to the wall of the
MWCNTSs, 300 mL concentrated nitric acid was added to 2 g of MWCNT powder. This
mixture was heated in a paraffin oil bath instead of direct placement on a hotplate to
control temperature, as shown in figure 3.6. This is because the boiling point of the
paraffin oil is approximately 370 °C, which higher than water and this setup makes it
possible to gain control over temperature. The mixture was refluxed for 36 hours
keeping the temperature a 120 °C. After refluxing, the mixture left to cool for a few
hours at room temperature. The mixture was transferred to a beaker (1 L) and was then
diluted to 500 mL with distilled water. The mixture was filtered using filter paper (200
nm porosity). This washing process was repeated several times to reach a neutral pH
value. After the washing process, it was placed in an oven at 60 °C until dry.®# With the
treatment of the MWCNTSs in concentrated HNOgz, the CNTs not only gain a functional
group (figure 3.3) but also become soluble in neutral and alkaline aqueous media.

Concentrated HNO;

A

MWCNT MWCNT-COOH
Figure 3.3. The predicted mechanism to add functional groups to the walls of the
MWCNTSs

3.2.4. Preparation of Monomer Solutions

In the first part of the research presented in chapter 4 and chapter 5, monomer solutions

of aniline were prepared from either 0.1 M aniline or 0.2 M aniline in 1 M H2SO.. The
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other monomer solutions, o-aminophenol, and o-toluidine, were prepared with 0.1 M
monomer in 1 M H2SOs. The studies of the copolymer film were performed at different

ratios of between 0.1 M and 0.2 M total monomer concentration.

0= o 18
i f ine [ ﬁmdnofh¢m| folurdine

R
Figure 3.4. The images of monomer solutions of aniline, o-aminophenol, and o-
toluidine in aqueous solutions, respectively

In the latter sections of the research presented in chapter 6 and chapter 7, the monomer
solutions of aniline and pyrrole were used. The monomer solutions of aniline were
prepared from 0.1 M aniline and 0.1 M H2SO4 in an aqueous medium, and 1.0 M aniline
and 0.5 M H»SOs in Ethaline (ETH400), respectively. The acid concentrations were
kept at fixed values in both solutions considering the requirement of aniline
polymerization and the good dispersion of MWCNTS in the monomer solution.> ® The
other monomer solutions were prepared from 0.1 M pyrrole and 0.1 NaCl in aqueous
media, and 0.7 M pyrrole in Ethaline (ETH200). The concentration of the monomer was
apparently increased because of the higher viscosity of Ethaline with respect to water.
This is because the higher viscosity slows the transportation of monomers toward the

electrode surface.?’

To study composite films with MWCNT-COOH in an aqueous medium, the
concentrations of both aniline and pyrrole were fixed 0.1 M in the presence of various
amounts of MWCNT-COOH, which were 1, 3, 6, 10 and 15 wt%. Similarly, the
monomer solutions of aniline and pyrrole in Ethaline were prepared in the presence of
varying amounts of MWCNT-COOH, which were 4, 8, 12, 16 and 20 wt%. Each of the
prepared solutions was sonicated in an ultra-sonication bath for 5 hours. The monomer
solutions of aniline and pyrrole with/without MWCNT-COOH are shown as examples

in figure 3.5.
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Aniline Iniline
£ | MWENT- cook N T-cocH fniline
Pailine ' n ethaline | in gthaline

'j —]
! _ B yrrole ﬁ(rrol e
horole Purrote in ethaline N T-C0"
MW T-cod ] in ethalit

Figure 3.5. The images of monomer solutions of aniline and pyrrole with/without
MWCNT-COOH in both aqueous and Ethaline media

The different colour of the same monomer solutions can be originated the presence of

the higher monomer concentration in the Ethaline medium.

3.3. Techniques and Procedures

All the electrochemical experiments were carried out in a conventional three-electrode
system. During the copolymer studies, a platinum flag with a 2 cm? surface area as a
counter electrode and an Ag/AgCl electrode as a reference electrode were employed.
The larger surface area makes it possible to avoid the current being limited by the
reaction on the surface of the counter electrode. The counter electrode was immersed in
concentrated HNOs solution before every electrochemical experiment to remove
impurities and was then washed with tap water, distilled water, and acetone,
sequentially. The counter electrode was placed in the electrochemical cell parallel to the
working electrode to provide a uniform electric field, which enables a uniform film

synthesis on the working electrode surface. All the potential values were referred to
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Ag/AgCl reference electrode® during the electrochemical experiments conducted in
aqueous medium whilst Ag wire was used all electrochemical experiments in Ethaline
medium. The reference electrodes were discussed in detail in Chapter 2. The distance
between the reference electrode and the working electrode was minimised to minimise

the electrolytic ohmic drop.

In the Ag/AgCI reference electrode, Ag wire was coated with AgCl and placed in a
glass tube, which had a porous bottom. This glass tube was then filled with saturated
potassium chloride. Although this reference electrode is commonly preferable in an
aqueous medium, it is not useful in ionic liquids due to the liquid junction potential that
arises from the difference in viscosity between the aqueous and DES solutions. Also,
there is a possible diffusion either of salts from the electrolyte to the frit or water and
chloride ions through the frit. On the other hand, the Ag wire reference electrode that is
suitable to study in a DES consists of a high concentration of CI" ions (approximately
4.2 M in ETH200). These ions surround the Ag wire reference electrode were immersed
in the Ethaline solution. The possible reaction here is similar to that of the Ag/AgCI
reference electrode in an aqueous medium. Their potentials are also different, causing a

change in peak potential positions.

Two types of working electrode were used for cyclic voltammetry experiments during
the research presented in this thesis. In the first part of this research, chapters 4 and 5, a
gold working electrode was used for cyclic voltammetry experiments while a platinum
working electrode was used for the research presented in chapters 6 and 7 experiments,
as the ionic liquid requires a higher potential for the polymerization of the aniline
monomer. The surface area of these gold and platinum working electrodes was
determined as 0.018 cm. For the EQCM experiments, three types of AT-cut crystals
were used as working electrodes, unpolished gold for chapters 4 and 5, and polished
platinum quartz crystals for chapters 6 and 7.

Both AT-cut quartz crystals, polished and unpolished, were purchased from
International Crystal manufacturing (ICM) Co. Ltd. (Oklahoma City, USA). The
electrochemical surface areas and piezoelectric active areas were stated as 0.23 cm? and
0.21 cm?, respectively, by the supplier. This difference (0.02 cm?) arises due to the

connecting tab of the electrode. A thin slice of AT-cut quartz (ca. 0.18 mm) was
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positioned between the vacuum-deposited gold electrodes/platinum electrodes on either

side was available for experiments.

The polished crystal had a surface finish of less than 0.1 um, compared to the
unpolished crystal which had a surface finish of about 0.3 um, because there was a
chromium layer under the layer of gold. Pani and its derivatives were deposited onto the
unpolished surface. The EQCM experiments were performed with an unpolished crystal
in aqueous solution. Unpolished crystals were suitable in this instance because of the
gold surfaces, which oxidize easily at higher potentials. Thus, the polished crystal with

a platinum surface was used in all the EQCM experiments reported in chapters 6 and 7.

Two types of electrochemical cell were employed in these studies. One of these was a
home-made cell consisting of a small beaker, a counter electrode, a working electrode
and an Ag/AgCI reference electrode. The other electrochemical cell was made as a
Teflon cell, with the AT-cut quartz crystal placed at the bottom of this cell, as shown in

figure 3.6.

Figure 3.6. An image of the Teflon cell used with a quartz crystal in the centre of it

The surface of the AT-cut quartz crystal exposed to the solution behaves as a working
electrode in the Teflon cell. The Teflon cell is constructed so as not to allow any

leakage of the solution outside the cell.

3.3.1. Electrochemical Techniques

During the electrochemical experiments, the raw electrochemical data from cyclic
voltammetry and chronoamperometry, and the gravimetric data from the EQCM were
collected. The first motivation to this was the synthesis of an acoustically thin

electroactive polymer, copolymer, and composite films and also, the describing of the
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electro and ion activity of the resultant polymer, copolymer, and composite films. All
electrochemical experiments during the EQCM study were performed near the
fundamental vibrational mode (10 MHz).

In cyclic voltammetry, the ideal copolymer ratio and conditions were determined for the
copolymers (see chapters 4 and 5) and the composite films (chapters 6 and 7). In the
EQCM studies, the ideal ratios for the copolymers and composite films were
investigated gravimetrically. This was followed by electroactivity and ion-exchange

studies using various monomer-free electrolyte solutions.

Before use, the gold and platinum working electrodes were polished with Al2Os3,
providing a mirror-like surface.® In doing so, any possible contamination could be
removed from the surface, and the roughness of the working electrode was decreased,
reflecting the subsequent decrease in the resistance of the working electrode. The
polished working electrode was washed initially with distilled water, then acetone.

3.3.1.1. Cyclic voltammetry

Cyclic voltammetry is the most common electrochemical technique used to obtain
useful information about conducting polymers. Detail information about this technique

was presented in chapter 2.

In chapters 4 and 5, the electrochemical deposition of aniline, o-aminophenol, and o-
toluidine monomers, respectively, were carried out in the presence of 0.1 M/0.2 M
monomer and 1 M H2SO4 with repetitive potential cycling at room temperature. After
deposition of the films, they were transferred to 1 M H2SO4 and 0.1 M NaF solutions to
characterise the electrochemical properties of the synthesised films.

In chapter 6, the electrochemical deposition of composite films of Pani/MWCNT-
COOH was studied in an aqueous medium using a solution consisting of 0.1 M
monomer and 0.1 M H2SO4 with various concentrations of MWCNT-COOH, while a 1
M aniline and 0.5 M H2SO4 using different concentrations of MWCNT-COOH were
used in ETH400. In the meantime, the electrochemical experiments on PPy/MWCNT-

COOH were performed using 0.1 M monomer and 0.1 M NaCl in an agueous medium
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and 0.7 M pyrrole monomer in ETH200. The deposition experiments were applied

using a wide range of scan rates and cycle numbers to determine optimal conditions.

3.3.1.2. Electrochemical crystal microbalance

The electrochemical quartz microbalance experiments were conducted using an Autolab
PGSTAT12 potentiostat (Ecochemie, Holland; controlled with GPES2 software). A
Hewlett Packard HP8751A network analyser was connected through a 50 Q coaxial
cable in the vicinity of the fundamental mode (fo = 10 MHz). The gravimetric data were

acquired simultaneously in addition to electrochemical data.

10 MHz AT-cut crystals with Au electrodes (ca. 100nm) and with Pt electrodes (ca.
100nm) were supplied from Oklahoma. The electroactive area for each type of
electrodes was 0.23 cm? facing the solution, which was controlled with an EG&G 263 A
potentiostat, whilst the other electrode faced the air. All potentials were measured
against an Ag/AgCl reference electrode in an agueous medium.

3.3.1.2.1. Data Fitting

Acquired raw data was fitted automatically to an admittance spectrum as shown in
figure 3.7. This file was used as a matrix for fitting relevant spectra of the acquired data.
For this, an initial admittance spectrum was converted to a csv file and two columns (A
and B) were copied, and then pasted into columns A and B in the admittance spectrum
template. The variations in L(inductance), R (resistance), an (a baseline value) and fo,
(the resonant frequency) values to adjust for a matching the measured and theoretical
response were determined. Afterwards, the [Fit/Solve] command was proceeded and
recorded the file for the consecutive calculation for all data.
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Figure 3.7. Admittance spectrum fitting template

The fitting of admittance spectra data was conducted using in-house developed software
(KSR 200, based on the Sauerbrey Equation) as shown in figure 3.8. The remaining
admittance spectrum was fitted using an excel-based macro programme. The [Copy/Fit
2] command was used to fit the remaining admittance spectra. The fitting was continued
for the calculated data from each corresponding spectrum. At the end of the [Copy/fit 2]
function, the [results] command was applied, which provides a spread of data acquired

from the fitted admittance spectra.
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3.3.2. Procedures
3.3.2.1. The deposition of conductive films

The first deposition studies were applied in 0.1 M aniline monomer and 0.1 M o-
aminophenol monomer solutions, respectively, in 1 M H2SO4 at 10 mV st in the range -
0.2 and 1.0 V with continued cycling on a gold working electrode. Later, the
copolymers of those monomers from solutions consisting different ratios of these
monomers (total concentration of monomers remain 0.1 M), aniline and o-aminophenol,
in 1 M H2SO4 were performed under otherwise identical conditions, from which aniline
and o-aminophenol were deposited. The poly-o-toluidine was deposited from a 0.1 M o-
toluidine and 1 M H,SO: solution at 10 mV s between -0.2 to 1.0 V over 20 cycles.
Similarly, the copolymer deposition of poly(aniline-o-toluidine) was employed with
different ratios of those monomers under identical conditions, from which o-toluidine
was deposited. The results acquired from the copolymerization studies show that the
lower monomer concentration of o-aminophenol and o-toluidine, respectively, make
copolymer formation possible, which have different electrochemical and physical
characteristics to their respective monomers. Therefore, the electrochemical deposition
of poly(aniline-co-o-aminophenol) and poly(aniline-co-o-toluidine) was performed
between 0.1 M and 0.2 M monomer concentrations; also, the potential window was
chosen as -0.20 to 0.90 V to avoid the degradation of the copolymer film.

Further studies focused on the deposition of composite films of polyaniline/ MWCNT -
COOH and polypyrrole/MWCNT-COOH in different media, aqueous and non-aqueous,
in the presence of different concentrations of MWCNT-COOH. In the case of
Pani/MWCNT-COOH, the monomer solutions in aqueous medium consisted of 0.1 M
aniline and 0.1 M H>SOs using different concentrations of MWCNT-COOH, which
were 1, 3, 6, 10, and 15 wt%, while 1 M aniline and 0.5 M H2SO4 with different ratios
of MWCNT-COOH, which were 4, 8, 12, 16, and 20 wt%, respectively, for experiments
in Ethaline. Using these monomer solutions, the electrochemical deposition of
Pani/MWCNT-COOH was performed at different scan rates of 5, 10, and 100 mV s,

Lastly, PPY/MWCNT-COOH composite films were deposited from a solution

consisting of 0.1 M pyrrole and 0.1 M NaCl in an aqueous medium between -0.6 and
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0.7 V at 10 mV s%, whilst it was deposited from 0.1 M pyrrole in ETH200 between -0.3
and 1.3 V at 5 and 100 mV s,

3.3.2.2. The electroactive characterisation of the conductive films

The characterisation of the synthesized polymer and copolymer films was studied in 1
M H>SO4s monomer-free background solutions at different scan rates of 100, 50, 40, 30,
20, 10, and 5 mV s, respectively. The acquired cyclic voltammograms presented clear
information as to the oxidation and the reduction peak positions of the synthesized

polymer and copolymer films.

Moreover, the electrochemical properties of Pani/MWCNT-COOH and PPy/MWCNT-
COOH composite films were examined in monomer-free electrolyte solutions at 5 mV
s, Pani/MWCNT-COOH and PPy/MWCNT-COOH generated in aqueous medium
were studied in 1 M H>SO4 and in 0.1 M NaF monomer-free solutions, respectively.
The other composite films of Pani/MWCNT-COOH and PPy/MWCNT-COOH
produced in Ethaline were studied in 1 M H2SO4-ETH200 and in ETH200 monomer-

free media, respectively.

3.3.2.3. The characterisation of the ion-Exchange Properties of the conductive
Films

The ion-exchange properties of the conducting polymers have been discussed in detail
in chapter 1. Here, we characterised the ion-exchange capability of each of the polymer
and copolymer films synthesized in chapter 4 and 5. Initially, their defluoridation
properties were explored in 0.1 M monomer-free electrolyte solutions at lower scan
rates of 3, 5, and 10 mV st Furthermore, the defluoridation experiments were
processed in different concentrations of NaF electrolyte solutions, at 0.1 M, 0.01 M, and
0.001 M NaF, respectively. To obtain a further information about the performance of
the poly(aniline-co-0-aminophenol) and poly(aniline-co-o-toluidine) copolymer films,
the fluoride ions were removed in presence of different ratios of chloride ions such as
90:10; 70:30, 50:50; 30:70 and 10:90 as F: CI" in 0.1 M concentration of F~ and CI".
Lastly, the regeneration of the copolymer films was also investigated in 1 M H2SO4

after treatment with a NaF electrolyte solution at different scan rates.
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3.3.3. Surface Characterisation Techniques
3.3.3.1. Scanning electron microscopy and 3D Profiler

The surface examination of the polymer, copolymer and composite films were
performed via scanning electron microscopy (SEM). For this, an FEI SIRION SEM was
employed. The morphologies of the conducting films were studied under vacuum (10°
Pa) with an accelerator voltage of between 12 keV and 20 keV; no gold sputter coating
was required. The distance between sample and microscope was kept between 7 mm
and 15 mm to acquire higher resolution images of the polymer, copolymer and

composite films synthesized on a quartz crystal.

The 3D images of the conducting polymers, copolymer, and composite films were also

examined using a 3D profiler in addition to the SEM studies.

3.34.FTIR

The copolymer films in this research were prepared from known ratios of monomer
solutions, but it was not possible to be sure how much aniline, o-aminophenol and o-
toluidine monomer participated in the copolymer films. Similarly, we cannot be sure
how much aniline monomer and MWCNT were incorporated in the composite films.
Therefore, the structural analysis of these copolymers and composite films is necessary
to acquire more detailed information their structure and composition. For this reason,
the Perkin Elmer Spotlight FTIR imaging system was used to record IR spectra between
4000 cm™ and 750 cm™*. The reflectance mode was selected with a resolution of 8 cm™
(at 20 + 2°C).

3.3.5. Data Analysis
3.3.5.1. Surface coverage and thickness of the final films

The polymer, copolymer and composite films synthesized in this research show
electroactivity in their doped state. However, this electroactivity is related to the

existence of electroactive sites in these films. At this point, surface coverage (I', mol
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cm) can be used as an indication of the electroactive species that are on the film™°,

which were calculated using equation 3.1

_ Qred

3.1
nFA

The density of the charged species (Qred, coulomb) is referred to mostly the charge
passed upon reduction, n is the number of electrons transferred during the redox
reaction of the conducting polymer (n is 0.5 and 0.33 for the aniline and pyrrole
monomer units, respectively)' 12 and F is the Faraday constant (96485 Coulomb s?). A
is the surface area of the working electrode, which was 0.018 cm? in this study during

cyclic voltammetry experiments, and 0.23 cm? for EQCM experiments.

The other important feature of the conducting polymer, copolymer and composite films
synthesized on the quartz crystals is their thickness, h, which can be calculated with the

help of the surface coverage of the films via equation 3.2;3
h =TV 3.2

where V is the volume of the polymer, which can be expressed using equation 3.3:
m
V=— 3.3
p

where p is the density of the polymer (p = 1.02 g cm™ for the aniline monomer and 0.97
g cm for pyrrole monomer) and m is the mass of the polymer film. The volume V
refers the volume of an unsolvated polymer film. During electrochemical reactions, the

polymer films can swell or shrink with solvent transfer into/from the polymer film.

3.3.5.2. The apparent molar mass (Mapp) of the final films and the species
transferred during redox cycling

The mass of polymer film coated on the quartz crystal can be found with the help of
Faraday’s law, which introduces the concept of the total charge (4Q) during oxidation
or reduction of the polymer film being associated with the mass (4m) of the polymer
film deposited on the quartz crystal.'® This is expressed as shown in equation 3.4;
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Mapp = nF — 3.4

where Mapp IS the apparent molar mass of the polymer, n is the number of electrons
transferred per ion during the redox reactions and F is the Faraday constant. 4m/4Q can
be measured from the slope of a mass-charge curve. 4m can obtain from the equation
Am = - cAf, where c is a constant; this can be achieved with the help of the value for Af

acquired from EQCM experiments.

During the oxidation and reduction reactions of the conducting polymers, ion-exchange
occurs between the polymer film and electrolyte. Upon oxidation, the polymer film is
positively charged and the anion (or cation ejected) would be incorporated to maintain
electroneutrality. In the reverse scan, the anion releases in opposite site while polymer
film turns out its insulating form. In this case, 4m take a negative or positive value,
which is an indication of either a mass increase of the film for a positive value of 4m or
a mass decrease for a negative value of 4m.*® This process also involves the transfer of

solvent.1®

Magp can be used as a tool to identify the species involved in the mass change.!’ Ideally,
the expected Mapp Value is unique to one type of ion species transferred during the
electrochemical experiments. In other words, if the polymer films are positively
charged, the transfer of anionic species can be expected. If the polymer film is
negatively charged, the transfer of cations would similarly be expected. However, in a
non-ideal situation, the sum of ions transferred, including solvent molecules, occurs

between the polymer film and electrolyte solution.™
Mapp = Mam'on + ﬁMcation + aMsolvent 3.5

where Manion, Mcation, and Msoivent in equation 3.5 are the molar masses of the transferred
anion, cation, and solvent molecules, respectively. a and g reflect the relative amount of

solvent and cation transferred per anion.
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3.3.5.3. The ohmic resistance of the polymer films

The ohmic resistance (Z) of the polymer films deposited on quartz crystal can be
determined?® in liquid media by equation 3.6;

Zpeak = 3.6

Ypeak

where Ypea is the admittance of the quartz crystal.

3.3.5.4. Mass specific capacitance from cyclic voltammetry

The molar specific capacitance (MSC, F g?) of the resultant polymer films can be
determined from cyclic voltammograms of the polymer films in monomer-free
solutions. When the area of curve is divided by the scan rate, the charge passed (Qred)

upon reduction can be found, and this value can be used in equation 3.7;%% 20

Qred

MSC =
AVm

3.7

Where 4V is the voltage variation during the redox cycling and m is total mass of

polymer film on the quartz crystal.
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Chapter 1V:

The growth dynamic of poly(aniline-co-o-aminophenol)
copolymer film and the investigation of its defluoridation
properties by means of EQCM

4.1. Introduction

4.1.1. Overview

Polyaniline (Pani) has emerged as one of the most common conducting polymers due to
its high electroactivity, environmental stability, ease of preparation and the excellent
reversibility between its oxidation and reduction reactions.® 2 In addition, the presence
of the chemically flexible -NH- group in its polymer backbone provides for both n-bond

formation as well as mediating protonation and deprotonation.®

Pani also differs from other common conducting polymers, such as PPy and PEDOT,
because it can be found in three different forms, those of leucoemeraldine, emeraldine
and pernigraniline (detailed information about these was presented in chapter 1).% 4 °
There are many practical applications of Pani in rechargeable batteries, electrochromic

devices, sensors, corrosion protection and supercapacitors.5®

On the other hand, the electroactivity of Pani is reduced at pH > 5, at which point it
behaves almost as an insulator.? ® The pH dependence of Pani restricts its applications
in neutral and alkali media considerably. To overcome of this, one effective approach is
to carry out the copolymerization of aniline in the presence of other monomers
(copolymerization is presented in detail in chapter 1).> ® A copolymer can be
considered analogous to a metallic alloy, which shows different properties to those of
the individual metals used for its preparation.? In the case of copolymerization, the fact
that copolymers have different electrochemical characteristics to the constituent
homopolymers is only to be expected.? There are several studies on the
copolymerization of aniline in the presence of other monomers, such as p-
phenylenediamine,! pyrrole,’® and 2-amino-4-hydroxbenzenesulphonic acid (in ionic

liquid),?2 which show that copolymerization is a convenient tool to achieve new
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conducting materials with [more] desirable properties. Among these monomers,
substituted aniline derivatives involving a functional group such as -OH, -SOzH, -
COOH are favourable because they decrease the pH dependence of aniline at higher pH
values whilst retaining good redox activity.> Among these copolymers, poly(aniline-co-
o-aminophenol) (Pani-PAP) is particularly promising, as its use in copolymerization
shows good electroactivity in neutral and alkali media of Pani because of functional
group (-OH, in this case) modulation of pH.%> ! In addition to improved electroactivity
in neutral and alkali media, the copolymerization of aniline with o-aminophenol (o-AP)
has improved its solubility,'® corrosion protection, environmental stability, and its
capacity for energy storage.!®* However, the ion-exchange properties have remained
uncertain despite its promising properties. We focus on the ion-exchange properties of
Pani-PAP during this research. Figure 4.1 shows the oxidized and reduced states of
Pani-PAP.

Ty S0 S G

reduced state

(O O OO

oxidised state

Figure 4.1. The oxidised and reduced states of Pani-PAP®
4.1.2. Defluoridation of Water by Conducting Polymer Films

The concentration of fluoride in drinking water in the UK is higher than the 1.5 mg/L
that has been recommended level by World Health Organisation. ¢ For this reason, a
variety of techniques have been developed to remove fluoride from drinking water such
as chemical treatment,” membrane separation,® ion-exchange with adsorption®2? and
electrochemical ion-exchange techniques. Among these techniques, the electrochemical
ion-exchange techniques,?® which are mostly based on CPs, are remarkable due to their
electrochemically reversible ion-exchange processes, being highly selective, being

inexpensive, they are environmentally friendly and are easy to use.
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The principle of electrochemical ion-exchange techniques is based on a
doping/dedoping process in a polymer matrix.2*% In the oxidized state of the polymer,
the polymer film carries a positive charge with the application of an anodic potential (in
figure 4.2). A positively charged polymer film shows a tendency to maintain neutrality
with any accompanying anions (such as the fluoride ions in figure 4.2) in the electrolyte
through their uptake into the polymer film matrix. In the case of applying a cathodic
potential, the polymer film carries a negative charge, causing the expulsion of doped
anions from the polymer matrix.?® Because of this, conductive polymers are considered
potential candidates for water purification without contamination of chemical
properties.® This exchange occurs during the transformation between the fully reduced
states (leucoemeraldine) to the half-oxidised state (emeraldine) in Pani film.?®

polyaniline modified
electrode
oxidation of Pani film
at 0.5V in 0.1M NaF

N reduction of Pani film e

| N at-0.2Vin 1M H2504 <

\/\ polymer chain

) positive charge

F- fluoride ion

Figure 4.2. A representation of defluoridation by a polymer film (for example, Pani)

Although Pani itself is an excellent material for ion-exchange techniques in acidic
systems, it loses its electroactivity in neutral and alkali media (pH 5 or greater). It is not
suitable for defluoridation in drinking water because of the pH value of the medium,
which is supported by the experimental results of Cui et al.!® However,
copolymerization gives the opportunity to develop a new reactor for the removal

fluoride ions from water in neutral medium.

In light of the above, we have studied the copolymerization of aniline with o-AP and o-
OT, respectively, in order to gain a deeper understanding of their growth mechanisms

and to improve their defluoridation properties for pH > 5. These studies were presented
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separately in chapters 4 and 5; chapter 4 considers the study of Pani-PAP while chapter

5 will present electrochemical studies of the poly(aniline-co-o-toluidine) copolymer.
4.1.3. Aims and Objectives

The objectives of the studies reported in this chapter are (i) the understanding of the
growth dynamics of Pani and poly-o-aminophenol (PAP) films; (ii) the
copolymerization of Pani-PAP from different ratios of aniline and o-AP monomers in
acidic medium; (iii) the effect of the different concentrations of monomers on the rate of
copolymerization of Pani-PAP; (iv) the examination of their applications via the
electrochemical ion-exchange technique, particularly as regards its defluoridation
properties by means of the EQCM technique; (v) the characterisation of the acquired
polymer and copolymer films via scanning electron microscope (SEM) and

spectroscopic (FTIR) techniques.

4.1. Results and Discussions

4.2.1. The Growth Dynamic of Pani and PAP Films
4.2.1.1. Polyaniline film

Initially, the deposition of Pani films from a solution containing 0.1 M aniline monomer
and 1 M H2SO4 on a gold working electrode (the surface area of the working electrode
used was 0.018 cm?) were applied between -0.2 and 1.0 V vs. an Ag/AgCl reference
electrode at over various numbers of cycles at 10 mV s with cyclic voltammetry. The
acquired I-E curves show considerable similarity to those reported in the literature.?’%
During the redox reactions, the colour of Pani film changed to dark green (fully
oxidized state, pernigraniline) from light green (fully reduced state, leucoemeraldine).

The increased cycling during the deposition of the Pani film not only the electroactivity
but also physical properties such as thickness. The results show that the electroactive
sites of the Pani film are enlarged with cycling. The other important outcome is that the
thickness is significantly increased with cycling. The application of a slow scan rate and
a high number of cycles generated a very thick film. However, these thick Pani films

(deposited over 30 cycles) have undesirable properties such as poor adhesion in
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comparison with thin Pani film (deposited over 5 cycles). This is an important issue
because the thickness of modified electrodes must at some point be considered® when
removing ions from solution, such as with the fluoride ions investigated herein. On the
other hand, thick polymer films are not suitable for study with EQCM due to the
validation of the Sauerbrey Equation mentioned in detail in chapter 2. This is because

we have used the EQCM to acquire electroactivity with high-quality polymer films.

Later, the deposition of a Pani film via EQCM was carried out on a unpolished quartz
crystal (A = 0.23 cm?) from a solution consisting 0.1 M aniline and 1 M H2SO4 between
-0.2 and 0.9 V at 10 mV s (to overcome the overoxidation problem of the Pani film,
the upper potential was chosen to be lower than 1.0 V). The deposition of the Pani film
was ended over 17 cycles. The current, mass, and charge density change during
deposition of the Pani film as a function of applied potential is presented in figure 4.3.
The anodic peak at 0.30 V, which is attributed to the redox reaction between
leucoemeraldine and emeraldine, and is accompanied by the exchange of anions, SO4>
in this work, between the Pani film and the bulk solution.* ® As the deposition
progresses, a second anodic peak appears at 0.6 V in the 10" scan. This second peak
probably corresponds to the interconversion between quinone and hydroquinone or
quinoneimine. Besides, the current density of the oxidation and reduction peaks increase
rapidly with an increasing number of potential cycles. This is an indication of the
autocatalytic effect of Pani described in early reports in the literature.* 3! This can be
explained by the existence of the Pani film on the working electrode surface ensuring a
large redox active area for the deposition of the Pani film with each cycle. After the
deposition of the Pani film, a thin light green Pani film was obtained on the quartz

crystal, as shown in figure 4.4.

Figure 4.3. An image of the Pani film obtained from figure 4.4
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Figure 4.4. (a) The CV curve of the Pani film growth from 0.1 M aniline and 1 M
H2SO4 crystal between -0.2 and 0.90 V (b) the mass and (c) the charge changes of the
Pani film (I, 76.1 nmol cm for dimeric aniline units) (the numbers indicate the cycle
numbers)
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The mass loading in figure 4.4b rises gradually, reaching a maximum of about 60 pg
cm at the end of the 17" scan. The charge increases with each cycle at the same time.
The mass and charge relationship of the Pani film synthesized using EQCM was
explored by a mass-charge plot (in figure 4.5) obtained from figure 4.4. The mass of the
quartz crystal increased with the cycling, demonstrating the formation of the Pani film
on the quartz crystal. In the case of the reduction of the Pani film, the mass of the quartz
crystals is not changed but the charge of the films decreases. From the ratio of the mass
change to the charge passed, the apparent exchange of molar mass across the copolymer
film can be calculated®? using equation 3.4.
22—
64 17
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Figure 4.5. The mass-charge curve of the Pani film from figure 4.4 (the numbers
indicate the cycle numbers)

The total mass density of the film is 59.5 pg cm (synthesized in figure 4.7b) while the
apparent molar mass is 475.0 g mol* (using equation 3.4). The molecular weight of two
aniline monomers is 186.2 g mol™* (n is 1 for dimeric aniline unit). The difference
between these values can be derived the solvent molecules incorporated during the
deposition of the Pani film mentioned in chapter 3. Regarding the transfer of solvent
molecules, the solvent molecules («) transferred into the Pani film was determined
(using equation 3.5) as 16.0 per redox sites of the polymer. It can be concluded the Pani

is a soft film due to the content of solvent.
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Figure 4.6 reveals the crystal admittance spectra of the Pani film mentioned above.
According to this data, the Pani film behaves as a rigid film when it is deposited under
lower applied polymerization potentials, such as 0.90 V over a number of cycles.
During EQCM experiments, we concluded that 30 % reducing (corresponding 1.7 mS)
in admittance gives an acoustically thick film on the quartz crystal. In doing so, an
appreciable thick Pani film was obtained, which is one of the most important aspects of
ensuring good ion-exchange properties of modified electrodes.?® Moreover, the ohmic
resistance of the Pani film is considerably lower in an aqueous medium. The ohmic

resistance of the quartz crystal is found as 575 Q (calculated using equation 3.6).
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Figure 4.6. EQCM data acquired during deposition of the Pani film from figure 4.4 (a)
the admittance change (b) the ohmic resistance of the Pani film from figure 4.6a

Surface coverage (', mol cm) is an indication of the electroactive sites present on the
polymer films,3® which were calculated using equation 3.1 mentioned in chapter 3. The
surface coverage of the Pani film is 76.1 nmol cm whilst the thickness is 138 nm for
dimeric aniline unit. This also indicates the formation of an acoustically thin film with
high electroactivity (n = 1 for dimeric aniline units and A = 0.23 cm?).

The electroactivity of the Pani film was characterised in 1 M H2SOs monomer-free
background solutions at different scan rates, will be presented in “regeneration of the
polymer and the copolymer films™ in this chapter.

4.2.1.2. Poly(o-aminophenol) film

Figure 4.7 reveals the polymerization of a PAP film in the presence of 0.1 M 0-AP and
1 M H2SO4 between -0.2 and 1.0 V at 10 mV s over 18 cycles. It showed an anodic at
0.2 V and two cathodic peaks at 0.16/0.22 V, respectively. The polymerization peak
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appears at 0.53 V corresponds to the oxidation of the amino group in the phenyl ring of
0-AP. With an increasing number of scans, the peak currents show a small decrease,
indicating the low electroactivity and poor reversibility of the PAP films. After each
PAP film deposition, a visible film could not be found on quartz crystal even with 100
cycles despite observing redox reactions between -0.2 and 1.0 V at 10 mV s™. Thus, the
PAP film is not suitable for ion-exchange because the thickness of the polymer film is

more relevant.?> 34
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Figure 4.7. The CV curve of a PAP film growth from 0.1 M 0-AP and 1 M H2SOg4, v =
10 mV s (T", 14.8 nmol cm for dimeric o-aminophenol units)

The simultaneous mass and charge change of the PAP film was revealed, as shown in
figure 4.8. The mass loading of the PAP film is extremely slow compared with the Pani
film synthesized under identical conditions.>®> The PAP film shows a higher current
density in first five cycles, but this decreases gradually with an increasing number of
cycles, despite the low scan rate used. The total mass density of the PAP film at the end
of the deposition was 11.6 pg cm™.

Figure 4.9 shows the mass-charge curve of the PAP film during growth. Initially, the
mass and charge of the PAP film increase slowly over 5 cycles, but the charge passed
started to decrease while the mass continued to increase. This can be explained the
overoxidation of the PAP film, indicating the decreasing of the electroactive sites. Also,
the apparent molar mass of the PAP film was determined as 57.8 g mol for dimeric o-

aminophenol units by equation 3.4 in chapter 3. The molecular weight of 0-AP was
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reported as 218.2 g mol (for dimeric o-aminophenol units) in the literature. It means

the electrochemical deposition of the PAP film occurred in lower efficiency.

Figure 4.8. The simultaneous mass and charge change of the PAP film (from figure 4.7)
as a function of applied potential, v = 10 mV s*

-12 -8 -4 0 4 8 12 16 20
Q/mC cm*

Figure 4.9. The mass-charge curve of the PAP film from figure 4.7. (h, 32 nm for
dimeric o-aminophenol units)

4.2.1.3. Comparison of the Pani and the PAP polymer films

The electrochemical data for Pani and PAP from their voltammograms indicates that the

electroactivity of PAP (I, 14.8 nmol cm for dimeric units) film is lower than that of
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Pani film (I, 76.1 nmol cm for dimeric units). However, the thickness of the polymer
films is a significant issue for ion-exchange techniques®+* but there was no visible film
on the quartz crystal even over 100 cycles at 10 mV s. On the other hand, the
deposition of a polyaniline film under identical conditions provides a thick film on the

quartz crystal in just 7 cycles.

After the electrochemical deposition of Pani and PAP films, the films were transferred
to a 1 M H>SO4 monomer-free solutions in order to characterise their electrochemical
properties at 50 mV s, Their redox peaks appear at distinctive potentials, as shown in
figure 4.10. The anodic and cathodic peaks of the Pani film were observed at 0.34 V and
0.19 V, whilst the anodic and cathodic peaks of the PAP film appeared around 0.25 V.
Also, in the case of the PAP film, the anodic and cathodic peaks were highly symmetric

in shape, in terms of their potential positions and areas.
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Figure 4.10. Characterisation of the Pani (figure 4.4) and the PAP (figure 4.7) films in 1
M H2S04, v =50 mV s
4.2.2. The Copolymerization of Pani-PAP Copolymer Films

4.2.2.1. Copolymerization of Pani-PAP copolymer films by chronoamperometry

The formation of copolymer films is occurred by head-to-tail coupling of the monomers

like polymerization of aniline.® The electrochemical deposition of Pani-PAP films was
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studied in the presence of different ratios of monomer, aniline and 0-AP, in 1 M H2SO4

using the chronoamperometry technique. The results acquired are shown in figure 4.11.
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Figure 4.11. Chronoamperometry results of copolymerization of Pani-PAP; (a) the
current change as a function of time during the electrochemical deposition of Pani-PAP
copolymer films at E; = 1.0 V and E2> = -0.2 V; (b) a detailed representation of the
anodic deposition of the Pani-PAP copolymer films at 1.0 V; (c) the charge transport of
the Pani-PAP films against the ratio of 0-AP in 0.1 M monomer solution (from figure
4.11a) (The numbers indicate the ratio of monomers as 0-AP:An)

The amount of 0-AP plays a significant role the synthesis of electroactive Pani-PAP
copolymer films, as can be seen in figure 4.11. The current density and the calculated
charge values during the deposition at 1.0 V were raised with lower amounts of 0-AP in
0.1 M monomer. 5 mM and 10 mM o-AP concentration were used, keeping a 0.1 M
total monomer concentration to give an electroactive film. The Pani-PAP copolymer
films from 95:5 and 90:10 as An:0-AP/mM give compact films, while other ratios

involving higher amounts of 0-AP did not reveal any visible copolymer film.

4.2.2.2.  The growth of Pani-PAP copolymer films by means of EQCM

Intially the deposition of aniline and o-aminophenol were carried out for the ratios
50:50, 60:40, 70:30, and 80:20 (An:0-AP). Different redox peaks for pure Pani and pure
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PAP film growth voltammograms appeared for 90:10 and 95:5 (An:o-AP) monomer
ratios while giving similar current densities as a function of the applied potential. This
shows that even the presence of a small amount of o-AP still dominates the
copolymerization of the Pani-PAP, which are different from those homopolymers but
showing a lower electroactivity. In the meantime, the visible film did not observe with a
higher level of o-AP in monomer concentrations, showing the polymerization rate
became significantly slow. Therefore, the total concentrations of monomers were
increased to improve the effect of aniline in lower amounts of o-AP in further studies
(via EQCM) to obtain a deeper understanding of the dynamic and the mass loading of

the copolymerization of the Pani-PAP films.

Figure 4.12 shows the CVs of the Pani-PAP films from a solution consisting of different
ratios of An:o-AP (90:10; 95:5; 160:40; 180:20; 190:10; 280:20; 290:10)/mM between -
0.20 to 0.95 V (avoiding overoxidation) at either 5 or 10 mV s. They give two anodic
around 0.35 V and 0.50 V and two cathodic peaks around 0.32 and 0.45 V, implying the
formation of copolymer films rather than a mixture of the monomer. However, many
cycles caused a change in the electrochemical properties of the Pani-PAP copolymer
films at a slow scan rate, 5 mV s™. In the case of large amount of aniline, such as with
ratio 95:5 and 290:10 (An:0-AP/mM), the voltammograms appear essentially identical
to that of pure Pani film, showing that a large amount of aniline starts to dominate the
formation of the copolymer film. In the case of large amounts of 0-AP, such as with a
ratio of 160:40, the current density continued with subsequent cycling, such as with the
deposition of pure PAP. The peak current densities of Pani-PAP copolymer films are
smaller compared to that of Pani film but larger than those of PAP film.
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Figure 4.12. The CV curves of the Pani-PAP growth from different monomer
concentrations (An:0-AP) (a) 90:10 at 5 mV s? (b) 95:5 at 5 mV s (c) 160:40 at 10
mV s (d) 180:20 and 190:10 at 10 mV s (e) 280:10 at 10 mV s, v =10 mV s* and
(f) 290:10 at 5 mV st (the numbers indicates the number of cycles)

The surface coverage values of the Pani-PAP copolymer films are presented in table 4.1
(for dimeric units), showing the best electroactivity is obtained from 90:10 (An: o-
AP/mM). Also, at the end of the deposition of the copolymer films from figure 4.12, the
different colour copolymer films were observed on the quartz crystals, as shown in
figure 4.13. The electrochemical deposition of the Pani-PAP (90:10) copolymer film
give a sufficient and uniform film. Also, the different colour of the Pani-PAP (90:10)
film is a significant indication of the formation of a new copolymer film as a different

copolymer film reported in the literature. %
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Table 4.1. Electrochemical data obtained from the voltammograms of the Pani-PAP
copolymer films from figure 4.12 (n is 1 for dimeric units)

An:o-AP Colour of the film on

iy I'/nmol cm™ h/nm quartz crystal An:0-AP%
90:10 266.8 523 brown 90:10

95:5 136.4 267 light green 95:5
160:40 35.3 69 light brown 80:20
180:20 349.8 686 light green 90:10
190:10 151.9 297 light green 95:5
280:20 160.2 314 not visible 93.3:6.6
290:10 1548.2 303 dark green 96.6:3.3

Figure 4.13. The image of the Pani-PAP copolymer films synthesised over various
numbers of cycles (in figure 4.12) (a) 180:20 at 10 mV s (b) 190:10 at 10 mV s (c)
290:10 at 5 mV s (d) 90:10 at 5 mV s (e) 95:5 at 5 mV s and (f) 160:40 as the ratio
An:0-AP/mM at 5 mVs?

The admittance data obtained simultaneously during the deposition of the Pani-PAP
copolymer films from figure 4.12 are plotted in figure 4.14, showing the formation of
acoustically thin copolymer films on the quartz crystal, although a large number cycles
did have to be used to achieve this in certain instances. The interesting thing from this
figure is that the Pani-PAP films in ratios such as 290:10 (An:o-AP/mM) and 190:10
(An:0-AP/mM) that contained large amounts of aniline in the monomer solution gave

acoustically thin films, because Pani film itself gives a thick film with as few as 7 cycles
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in 0.1 M monomer and 1 M H2SO4 solution under identical conditions.®® The addition
of 0-AP in aniline monomer solution significantly decreases the growth rate of the Pani
film while at the same time providing compact, rigid films. A shift in frequency change

was observed in the case of 90:10 and 180:20 ratios with continued cycling.
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Figure 4.14. The admittance data of the Pani-PAP films deposited from different ratios
of aniline and 0-AP monomers at various scan rates (a) 90:10 at 5 mV s (b) 95:5 at 5
mV s? (c) 160:40 at 10 mV s (d) 180:20 and 190:10 at 10 mV s (e) 280:10 at 10 mV
st v=10mV stand (f) 290:10 (as An:0-AP/mM) at 5 mV s (from figure 4.12)

Of the Pani-PAP copolymer films deposited, the Pani-PAP (90:10) ratio seems most
promising because it exhibited uniform deposition on the quartz crystal with high

electroactivity. The mass-charge curves for this copolymer film as a function of applied
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potential are plotted in figure 4.15. The mass loading is extremely slow for the first 20
cycles, though it did gradually increase over successive cycles. With a large number of
cycles, the mass loading increases in rate. This could arise from the increasing ratios of
aniline monomer consuming the o-AP monomers over the initial cycles. A similar
phenomenon occurred during the change in charge of the Pani-PAP (90:10) copolymer

film shown in figure 4.15b.
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Figure 4.15. (a) the mass loading (b) the charge changes of the Pani-PAP film (90:10)
as a function of applied potential, v =5 mV s? (c) the mass-charge curves of the Pani-

PAP growth

The apparent molar mass (Mapp) of the Pani-PAP (90:10) film is 155.6 g mol* whilst the
solvent content is 2.5 for dimeric units by equation 3.4 and 3.5. These findings indicate
the copolymerization of aniline with o-aminophenol provides a firmer film because the

solvent content of the Pani film is 16.0 mentioned above.

4.2.2.3. Characterisation of the Pani-PAP (90:10) copolymer film

The Pani-PAP copolymer films deposited in figure 4.12 were transferred to 1 M H2SO4
monomer-free background solution to explore their electroactivity. The associated

cyclic voltammograms are displayed in figure 4.16. The redox peaks of the Pani-PAP
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(90:10) film appears at 0.32/0.27 V, representing the distinctive than the other Pani-PAP
films because they generally give around 0.35/0.24 V. This outcome also supports the

formation of a new copolymer film from 90:10 (An:0-AP/mM).
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Figure 4.16. The CV curves of the Pani-PAP (An:o-AP) copolymer films in 1 M H2SO4
(a) 90:10 (b) 95:5 (c) 180:20 (d) 190:10 (e) 290:10 (as An:0-AP/mM) ; v =5 mV s (the
numbers indicate the number of cycles)

The surface coverage of the Pani-PAP (90:10) copolymer films was found as 198.7

nmol cm whilst its thickness is 401 nm, indicating an acoustically thin film.

4.2.3. The Removal of Fluoride lons

The removal of fluoride ions from drinking water is highly possible using the
conducting polymer electrodes mentioned in the first part of this chapter. In the
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following section, we will present the performance of the Pani film (in figure 4.4) and

the Pani-PAP (90:10) copolymer film (in figure 4.12) synthesized in this regard.

4.2.3.1. Removal by the Pani Polymer film

Figures 4.17 shows the redox cycling of the Pani film in 0.1 M NaF at 5 mV s. The
film behaves in a reversible manner between its oxidation and reduction reactions in
terms of mass and charge change in 1 M H>SOs monomer-free solution. In the
meantime, the Pani film uptakes anion into the film structures because the mass increase

during the oxidation shows anion transfer to maintain the electroneutrality of the Pani

film.
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Figure 4.17. The removal of fluoride ions by the Pani film (a) the CV curve of the
redox cycling of the Pani film in 0.1 M NaF (b) the mass change and (c) the charge
change as a fuction of applied potential (d) mass-charge curve of the Pani film in 0.1 M
NaF, the scan rate, v = 5 mV s (the number indicates the cycle numbers)

Considering all the above, the molar mass of the incorporated anions and the number of
transferred solvent molecules transferred (o) were found as reported in table 4.2 for the
Pani film. According to these results, the ion exchange behaviour of the Pani film in 0.1
M NaF at different scan rates is reversible in terms of the apparent molar mass.
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Table 4.2. Apparent molar mass (Mapp) and number of transferred solvent molecules (o)
during the redox cycling of the Pani film syntheised in figure 4.4

During During During During
Scan N . L .
Film oxidation reduction oxidation reduction
rate/mVs-
Magp/gmolt  Mapp/gmol?  a/per anion  a/per anion
3 404.6 385.9 21.4 20
Pani 5 305.0 305.0 15.8 15.8
10 572 469 25 25

The Pani film uptakes 0.5 mol ion per redox sites of the polymer film as a theoretical. In
the case of the Pani synthesized in figure 4.4, the Pani film takes 0.25 mol fluoride ions
per redox sites of the polymer film at 0.3 V, corresponding 51.6 mg g fluoride ions
from 0.1 M NaF upon oxidation and releases 50 mg g upon its reduction at pH 6.60.
The performance of the Pani film is decreased practically. On the other hand, this
amount is a considerably much greater than the available ion-exchange techniques the
fluoride in the literature.** 6, They showed Pani films take 0.78 mg g and 20 mg g* at
1.5 V. These films have taken a few fluoride ions while requiring a high potential,

which can be resulted in the degradation of the film.

4.2.3.2. Removal by the Pani-PAP (90:10) copolymer film

The Pani-PAP (90:10) copolymer film deposited in figure 4.12 was transferred to 0.1 M
NaF solutions at 5 mV s after the characterisation in 1 M H2SOs monomer-free
background solutions in figure 4.18a. The Pani-PAP (90:10) copolymer film give
certain redox peaks (at 0.30/0.1 V), representing the ionic activity of the Pani-PAP
(90:10) film in 0.1 M NaF at 6.60.

The simultaneous mass-charge change of the Pani-PAP (90:10) copolymer film is also
plotted in figure 4.18b, showing the almost reversible change for the Pani-PAP (90:10)
copolymer film while they behave as anion exchangers in 0.1 M NaF. The apparent
molar mass of the incorporated ions is reported as 123.7 g mol™ during both oxidation
and reduction. This means that the Pani-PAP (90:10) film is promising regarding the
immediate uptake of fluoride ions from water and their immediate release at negative

potentials.
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As we mentioned earlier, the Pani-PAP (90:10) film must take 0.5 mol ions per redox
sites of the copolymer film in theory. Here, the Pani-PAP (90:10) film takes 0.35 mol
fluoride ions per redox sites of the copolymer film upon oxidation, which is much
greater than the Pani film, taking 0.25 mol ion upon its oxidation. The corresponding
amount of fluoride ions taken by Pani-PAP films were found as + 65.0 mg F~ g* upon
oxidation and -64.3 mg F~ g* upon reduction, showing the excellent ability for the Pani-
PAP (90:10) film. Besides, the Pani-PAP (90:10) film makes possible the successive
use without pre-treatment. The findings proved that the copolymerization of aniline

with o-aminophenol enhanced markedly its defluoridation properties.
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Figure 4.18. (a) The CV curves of the Pani-PAP (90:10) copolymer films in 0.1 M NaF
(b) the mass-charge curve of the Pani-PAP (90:10) film in 0.1 M NaF, the scan rate, v =
5 mV s (the numbers indicate the cycle numbers)

To explore the ionic activity of the Pani-PAP (90:10) film, this copolymer film was
studied at different scan rates under otherwise identical conditions, as shown in figure
4.19. It shows the reversible behaviour of the Pani-PAP (90:10) film. Also, the
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performance of the Pani-PAP (90:10) film was investigated in different concentrations
of NaF, 0.01 and 0.001 M as shown in figure 4.20, showing a good ionic activity in
even 0.001 M NaF with a reversible manner. The acquired gravimetric data was
presented in table 4.3.
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Figure 4.19. The removal of fluoride ions by Pani-PAP (90:10) film synthesised (see
figure 4.12) NaF (a) the CV curves of the redox cycling of Pani-PAP (90:10) film at
different scan rates of 3, 5 and 10 mV s in 0.1 M NaF (b) mass-charge change at 10
mV s (c) the mass-charge change at 3 mV s

Table 4.3. Apparent molar mass (Mapp) and number of transferred solvent molecules (o)
during the redox cycling of the Pani-PAP (90:10) copolymer film

During During During During
Scan . . N .
NaF/M oxidation reduction oxidation reduction
rate/mVs?
Magp/gmol™  Magp/lgmolt  a/per anion  a/per anion
3 0.1 106.5 106.5 4.9 4.8
0.1 123.7 123.7 5.8 5.8
5 0.01 74.7 118.4 3.1 55
0.001 185.2 185.2 9.2 9.2
10 0.1 119.2 119.2 5.6 5.6

91



Asuman UNAL — PhD Thesis Chapter Four

0.4 04
-1 4
0.2
o o 24
£ £
(%] (&)
L 00+ 2 -3
£ E
0.2
-5
—— 01MNaF
—— 0.01MNaF P’
-0.4 1 ——0.001M NaF
01 00 01 02 03 04 05 06 0.7 038 0.0 0.8 16 24 3.2
E/V vs Ag/AgCI Q/mC cm™
4.8 ' ‘
4.0
3.2
o 2.4 4
£
[&]
o 161
E o8]
0.0
0.8 -
161

-16 -0.8 0.0 0.8 1.6 2.4 3.2 4.0
Q/mC cm?

Figure 4.20. The removal of fluoride ions by Pani-PAP (90:10) film synthesised (see in
fiure 4.12) in the presence of different cocntrations of fluoride ions, v =5 mV s (a) the
CV curves of the redox cycling of Pani-PAP film in 0.1 M, 0.01 M and 0.001 M NaF
(b) the mass-charge change in 0.01 M (c) the mass-charge change in 0.001 M NaF

The performance of the Pani-PAP (90:10) copolymer film was also explored in the
presence of both chloride and fluoride ions at 5 mV s, indicating the transfer of the
same amounts of ions in different ratios, as shown in figure 4.21. The ionic-activity of
the Pani-PAP (90:10) film in the NaF and NaCl electrolyte solution with a different
ratio resulted in similar current densities. This can be explained the insertion of F~ and
ClI can be together in terms of their ratios because of their small sizes. For instance, in
the presence of 90 mM F and 10 mM CI, the ions taken by the film can comprise 90%
fluoride and 10% chloride ions in terms of the same current density values. The
apparent molar mass values of the Pani-PAP (90:10) film determined by equation 3.4
showed in table 4.4. The solvent molecules transferred was determined by equation 3.5
considering the insertion of both ions, fluoride and chloride, in terms of their

concentration ratios in electrolyte solutions.
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Figure 4.21. The removal of fluoride ions in the presence of F~ and CI ions (total
concentration of ions is 0.1 M) by the Pani-PAP (90:10) copolymer film (synthesised in
figure 4.25a), v = 5 mV s? (a) the CV curves of the redox cycling of Pani film in
different concentrations of F~ and ClI ions; the mass-charge curves of (b) in 90 mM F
and 10 mM CI" (c) in 70 mM F and 30 mM CI" (d) in 50 mM F and 50 mM CI (e) in
30 mM F and 10 mM CI" (f) in 10 mM F and 90 mM CI
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Table 4.4. Apparent molar mass (Mapp) and number of transferred solvent molecules (o)
during the redox cycling of the Pani-PAP (90:10) copolymer film in the presence of
chloride ions, v =5 mV s!

During During During During
Ratio/mM oxidation reduction oxidation reduction
F: CI
Magp/gmol* Magp/gmolt alper anion alper anion

90:10 76.4 96.9 3.1 4.2
70:30 107.7 110.1 4.6 4.8
50:50 96.4 96.2 3.8 3.8
30:70 91.1 109.1 3.4 4.4

4.2.4. Regeneration of the Polymer and the Copolymer Films
4.2.4.1. The Panifilm

The electroactivity of the Pani film synthesized in figure 4.4 was explored in 1 M
H>SO4 monomer-free background solution before and after treatment with a NaF
electrolyte solution to obtain a better understating of the defluoridation on the properties
of the Pani film. Cyclic voltammograms of the Pani film in 1 M H2SO4 at different scan
rates and 5 mV st are shown in figure 4.22a-b, indicating a higher current density with
an increase in scan rate. After the treatment with NaF electrolyte solution, the Pani film
was transferred to 1 M H>SO4 under identical conditions as those applied with NaF. As
can be seen in figure 4.22c, the current density of the Pani film increases with each
cycle, indicating the fluoride ions being released from the Pani film.

The log ip-log v curves of the Pani film in 1 M H2SOg4 are presented in figure 4.23 after

NaF treatment, showing the reversibility of the Pani film was similar to when it was
synthesized.
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Figure 4.22. The electroactivity of the Pani film (from 4.4) in 1 M H,SO;4 (a) the CV
curves of the Pani film at different scan rates before treatment with NaF (b) the
electroactivity of the Pani film in 1 M H,SOs at 5 mV s before treatment with NaF (c)
the CV curves of the Pani film at different scan rates after treatment with NaF (d) the
electroactivity of the Pani film in 1 M H.SO4 at 5 mV s after treatment with NaF (the
numbers indicate the scan rates in figure 4.22a-d, while representing cycle number in
figure 4.22b-c)
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Figure 4.23. log ip-log v curves of the Pani film in 1 M H>SO4 before and after
treatment with NaF (from figure 4.22)
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4.2.4.2. The Pani-PAP (90:10) copolymer film

The electroactivity of the Pani-PAP (90:10) copolymer film was examined in 1 M
H>SO4 at different scan rates, as shown in figure 4.24a. The current densities of the
copolymer film increase with increasing scan rate. The electroactivity of the copolymer
film shows significant similarities after treatment with NaF electrolyte solution because
there is no significant difference between figures 4.24b-c. However, the peak current
densities increase after treatment with NaF, showing the release of fluoride ions from
the film. Figure 4.25 displays the log ip-log v curves of the Pani-PAP film in 1 M H2SO4
which were presented in figure 4.41 after treatment with NaF, showing the reversibility

of the Pani-PAP copolymer film is similar to that when it was originally synthesized.
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Figure 4.24. The electroactivity of the Pani-PAP (90:10) film in 1 M H2SOs (a) the CV
curves of the Pani-PAP film at different scan rates before treatment with NaF (b) the
electroactivity of the Pani-PAP film in 1 M H2SO4 at 5 mV s before treatment with
NaF (c) the CV curves of the Pani-PAP film at different scan rates after treatment with
NaF (d) the electroactivity of the Pani-PAP film in 1 M H2SOs at 5 mV s? after
treatment with NaF (the numbers indicate the scan rates in figure 4.24a-d while
representing cycle number in figure 4.24b-c)
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Figure 4.25. log ip-log v curves of the Pani-PAP (90:10) film in 1 M H2SO4 before and
after treatment with NaF (from figure 4.24)

4.2.5. The Surface Characterisation of the Polymer and the Copolymer
Films

The characterisation of the morphologies of the polymer and copolymer films were
carried out via scanning electron microscopy (SEM) to obtain detailed information

about the morphologies of the resulting films on the quartz crystals.

4.25.1.  Scanning electron microscopy

The SEM images of the copolymer and homopolymers are given in figure 4.26. As can
be seen, there is a clear difference in the morphology of the copolymer, showing a
highly porous surface. The SEM images presented to support the assumption of the
deposition of a copolymer, rather than a mixture of monomers of aniline and o-AP. The
Pani film has a highly porous surface compared to that of the Pani-PAP film. The Pani-
PAP film shows a tight surface even at 1000x magnification. However, with higher
magnifications, such 4500x, the porous surface can be observed, but it is still firm in
comparison to the Pani film. This can be explained by solvent transfer, which also

explains why it is smaller for the Pani-PAP film during redox cycling.
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Figure 4.26. SEM images of (a) the Pani (b) the PAP (c-
at different magnifications

4.2.6. FTIR

FTIR spectra of the Pani film and the Pani-PAP (90:10) copolymer film were presented
in figure 4.27 and figure 4.28 while the corresponding possible vibrations were
presented in table 4.5. The small peaks at 3782.8 cm™, 3321.3 cm™ and 3642.8 cm™ in
both spectrums can be assigned to the -OH groups from water in the sample. The
feature at 1637.4 cm™ appeared in both spectrum can be assigned the C=C stretching
and the deformation vibration of a primary -NHz. Furthermore, the peaks also observed
in both spectra around 1520 cm™ are attributed to the C=C aromatic stretch vibration,
which due to the absorption of a benzene ring and quinone ring vibrations, and the C=N
stretching vibration produced from the formation of the polymer film. In addition, the
peaks appeared in both spectrum around 1380 cm™ is attributed to the O-C and C=N
groups. These peaks are the indication of quinoid ring vibration involving C=N and C-N
groups. The presence of the peak at 1280 cm™ in both spectrums can be assigned to the
O-C (which is the stretching vibrations of C-O in phenols generally appear 1200 cm™)
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and the C-N stretching vibrations (which can be arisen in aromatic amines are in the
range 1280-1180cm™). In the meantime, the feature around 1080 cm™, and 850 cm™ are
attributed to the C-N and N-H, =C-H for both spectrum.! %

The similar spectrum of both the Pani and the Pani-PAP films exhibits the presence of
aniline unit in both films. However, in figure 4.28, the shifting in spectrum band can be
explained the participation of 0-AP but cannot be obvious due to the low ratio in the

polymer film.

Table 4.5. The absorption peaks of the Pani and the Pani-PAP films and corresponding
functional group

Absorption of ] Absorption of ]
Pani/em Functional group Pani-PAP/cm- Functional group

3782.8 O-H (free) 3642.8 O-H (H-bonded)
3321.3 O-H (H-bonded) 1637.4 C=C, -NH2
1637.4 C=C, -NH2 1522 C=C, C=N
1519.5 C=C, C=N 1379.6 O-C
1389.4 O-C 1261.8 O-C,C-N
1274 O-C, C-N 1077.7 C-N

1082 C-N 910.7 =C-H
10114 C-N 854.3 N-H, =C-H
891.1 N-H, =C-H
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Figure 4.27. FTIR spectrum of the Pani film
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Figure 4.28. FTIR spectrum of the Pani-PAP film

4.3. Conclusion

In this study, we have studied three different aspects of conductive polymers, which
were (i) the polymerization of Pani and PAP, (ii) the copolymerization of Pani-PAP
films from their monomer solutions in various ratios and (iii) the defluoridation

properties of the resultant Pani-PAP copolymer films.

In the first section, the electrochemical depositions of Pani and PAP films were
presented, which showed considerable differences to each other, while the acquired
voltammograms for both growth and characterisation show good agreement with similar
reports in the literature.* ** Although the electrochemical deposition of Pani resulted in
a thick film after only 7 cycles,® the electrochemical deposition of PAP did not provide
a visible film, even over 100 cycles under otherwise identical conditions. This indicates
that there is a huge difference between their growth rates. Afterwards, a Pani film was
synthesised between -0.20 to 0.90 V over 17 cycles at 10 mV s™. This Pani deposition
behaved as a rigid film (h, 138 nm) with a high electroactivity (", 78.4 nmol cm for
dimeric aniline units) in an acidic medium. Furthermore, the ionic activity of the Pani
film was examined in 0.1 M NaF monomer-free solution (pH 6.60) at 5 mV s. The
redox cycling of the Pani film in NaF provides a particular anodic peak at 0.34 V and
two cathodic peaks at 0.09 V and 0.38 V, while the mass of the Pani film increased

upon oxidation. A quantitative evaluation of the Pani film showed it took 0.25 mol
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fluoride ions per redox site of the film upon oxidation, which was attributed 51.6 mg £
1.0 F g! at pH 6.60. Theoretically, a Pani film should take 0.5 mol fluoride ions per
redox site, accompanying 91.2 mg F! g1. This indicates the efficiency of the Pani film
synthesised in this study is significantly high. The amount of fluoride ions is much
greater than the available techniques reported in the literature, which showed 0.78 mg g
! by polyaniline** and 20 mg g at 1.5 V by polyaniline.'® Also, this techniques requires
a high potential, which can result in the overoxidation of polyaniline.

Mu® reports that the electroactivity of polyaniline in a neutral medium was enhanced
by the copolymerization of aniline with o-aminophenol, while the ionic activity of the
final copolymer films became uncertain. Thus, we focused on the copolymerisation of
Pani-PAP films in order to obtain information about their ion-activity in a neutral

medium.

Several copolymer films were synthesised using different o-aminophenol and aniline
monomer ratios, keeping the total monomer concentration constant at either 0.1 M or
0.2 M. The results showed that different anodic and cathodic peaks could appear in the
presence of a small amount of o-aminophenol, such as in a 90:10 ratio (An:0-AP/mM).
The presence of larger amounts of the o-aminophenol monomer results in a similar
voltammogram to those observed for the PAP film, showing the domination of the o-
aminophenol monomer regarding the film’s resultant physical properties. The best
copolymer composition was achieved from a solution of 90 mM aniline and 10 mM o-
aminophenol in 1 M H,SO. between -0.2 and 0.95 V at 5 mV s over 84 cycles. This
copolymer film, called Pani-PAP (90:10), formed as an adherent, smooth, thin film (h,
523 nm) on quartz crystal with a high electroactivity (I, 266.8 nmol cm?). This
supports the notion that the copolymerisation of aniline with o-aminophenol enhanced
the consequent electroactivity. The brown colour of this copolymer film was also
distinctive in comparison with the other copolymer films synthesized in this research.
Both the electrochemical and physical properties of the Pani-PAP (90:10) film
confirmed the synthesis of a novel copolymer film with promising features. The
admittance data for the Pani-PAP (90:10) film supported the formation of an
acoustically thin film in figure 4.14a, showing rigid behaviour.
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In the latter part, the removal of fluoride ions by the Pani-PAP (90:10) films synthesized
in this study was explored in 0.1 M NaF electrolyte solutions at 5 mV s. The Pani-PAP
(90:10) took 0.35 mol fluoride ions per redox site of the polymer films, which indicated
the efficiency of the polyaniline film had been increased by copolymerisation of aniline
with o-aminophenol. The corresponding amount of the fluoride taken from this
copolymer film was determined as 65.0 + 0.6 mg F~ g*. Similarly, Karthikeyan et al.,
studied the increase in capacitance of the polyaniline film to remove fluoride ions by
polyaniline/alumina (Pani-AlO) and polypyrrole/alumina (PPy-AlO). The maximum
amount of fluoride taken by Pani-AlO and PPy-AlO was 6.6 mg g and 8.0 mg g*,
respectively, in acidic media.®” The necessity for an acidic medium and a lower number
of fluoride ions for these films showed that our copolymer film represents a promising
means by which to remove fluoride ions. Additionally, the Pani-PAP (90:10) copolymer
film shows reversible behaviour between its oxidation and reduction reactions at
different scan rates in the absence/presence of NaCl at pH 6.60. Further, it can be used
successively without compromising its chemical properties according to our

regeneration experiments (figure 4.24).

Furthermore, it has been reported that the highest amount of fluoride in drinking water
has been found as 2800 mg/L, whereas WHO recommends no more than 1.5 mg/L
fluoride ions in drinking water.241® In this case, 2798.5 mg/L fluoride ions would have
to be extracted to make this drinking water ‘safe’. When we consider the Pani-PAP
(90:10) copolymer film obtained in this study for this process, we can categorically state
that this copolymer is not able to absorb this amount. However, the capacitance of the
Pani-PAP copolymer film can enhance such a process in two ways: i) we can synthesise
a thicker Pani-PAP copolymer film or ii) we can use a large surface area to obtain a
Pani-PAP copolymer film. In both ways, although the capacitance can increase easily,
the thicker film might cause low loading and take a longer time to be effective. In the
case of a large surface area, the Pani-PAP copolymer film can absorb fluoride ions in a
relatively short time. On the other hand, the regeneration experiments showed we can
use the Pani-PAP (90:10) copolymer film successively. This makes it possible to clean
the electrode of fluoride ions after each process, and thus remove excessive fluoride

ions with the same electrode.
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In conclusion, the Pani and the Pani-PAP (90:10) films synthesised in this study
represent a promising development in terms of the removal of fluoride ions in a
straightforward and inexpensive way. Also, SEM suggested a firmer uniform surface for
the Pani-PAP (90:10).
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Chapter V:

The electrochemical deposition of poly(aniline-co-o-
toluidine) copolymer film and film population changes in
neutral medium

5.1. Introduction

5.1.1. Overview

Chapter 4 of this thesis presented the electrochemical copolymerization of aniline with
o-aminophenol (0-AP) and its redox cycling in monomer-free NaF electrolyte solutions.
Here, we will discuss the electrochemical characteristics of both the poly-o-toluidine
(POT) polymer and its copolymer, poly(aniline-co-o-toluidine) (Pani-POT), as obtained

from aniline and o-toluidine monomers in a strong acidic medium.!

POT is one of the copolymers obtained the oxidation of o-toluidine monomers, which is
a derivative of the aniline monomer that includes a methyl (-CHz) substituent in its
backbone chain, as different from the aniline monomer itself.* Although the structure of
o-toluidine is similar to that of with aniline, the electroactivity of POT polymer film is
significantly lower than Pani film. However, the copolymerization of o-toluidine with
various monomers, such as aniline,>* o-phenylenediamine® and o-aminophenol,®
reported in the literature provides for the improvement of the electrochemical properties
of POT. The study reported Borole et al.? focus on the effect of the o-toluidine
monomer on the growth of polyaniline (Pani), while Kumar® was interested in the
influence of o-toluidine on the solubility of Pani in an organic solvent. On the other
hand, the ion-exchange properties of the resultant copolymer film have become
uncertain. In this study, we focused on two important aspects of the Pani-POT
copolymer films, which are the preparation of a high-quality copolymer with a high
electroactivity, and the film population changes in monomer-free NaF electrolyte

solutions as a different from the literature.

The addition of the o-toluidine monomer to an aniline monomer solution during

electrochemical deposition can cause different sequences of monomers. Some possible
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sequences of Pani-POT copolymer films are illustrated in figure 5.1. Among these, a

possible sequence is the first, which is most commonly observed in the literature.t

E
+ T
QNHB @NHZ in acidic medium

aniline o-toluidine

CHs CHs
H H
%: ;—N—< >—N—< ;—H*=< >=ﬂ [
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— N N ”"
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Figure 5.1, Some of the possible sequences of o-toluidine monomer in Pani chain (the
literature shows the high possibility of 1)
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5.1.2. Aims and Objectives

The objectives of the studies undertaken in this chapter are, (i) the understanding of the
growth dynamics of POT films; (ii) the copolymerization of Pani-POT between aniline
and o-toluidine in acidic medium; (iii) the effect of the ratios of monomers on the
copolymerization of the Pani-POT; (iv) the examination of their applications by means
of the EQCM technique, such as defluoridation of water; (v) the characterisation of the
morphologies of the acquired polymer and copolymer films via microscopic (SEM) and
spectroscopic (FTIR) techniques.

5.2. Results and Discussion

5.2.1. Electrochemical Deposition of the Poly(o-toluidine) Film

The electrochemical deposition of POT films was initially studied using a solution
consisting of 0.1 M o-toluidine and 1 M H,SO. between -0.2 and 1.0 V at 10 mV s*
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scan rate with several cycles of a gold working electrode (the surface area of the
working electrode was 0.018 cm?). However, the POT films easily degraded due to
higher potential like Pani films. Thus, in further experiments, the deposition of the POT
film via EQCM was carried out between -0.2 V and 0.95 V from 0.1 M o-toluidine and
1 M HzSO4 at 10 mV s? scan rate over 20 cycles on a unpolished quartz crystal, as

shown in figure 5.2.
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Figure 5.2. The CV curve of the deposition of a POT polymer film from 0.1 M o-
toluidine and 1 M H,SOs as a function of applied potential, the scan rate, v = 10 mV s

There are three anodic peaks at 0.38 V, 0.54 V and 0.76 V, respectively, while the
oxidation of monomers occurred at 0.81 V. In the reverse cycle, three cathodic peaks at
0.22 V, 0.50 V and 0.65 V, respectively, appear. The redox peak current densities
increased with cycling but decreased with irreversible peak current densities. The redox
couple at 0.39/0.42 V, which is either due to the dimer soluble products or to
quinone/hydroquinone loosely surface-bound hydrolysis products.> © The redox
potential positions of the POT polymer films indicates the stability of them during a
large number of cycles. In addition, the increase in the current densities shows a gradual
increase in each peak over the 10 cycles. It then started to increase rapidly due to
autocatalytic polymerization of POT.® The quartz crystal was covered in a thin green

film, as shown in figure 5.3.
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Poly-o-toluidine

Figure 5.3. An image of the POT film synthesized from figure 5.2

The mass-charge curves were simultaneously acquired as a function of applied potential
(from figure 5.2) are displayed in figure 5.4. The mass loading of the POT polymer film
is extremely slow for the first 4 cycles, but started to increase, and continue with a
gradual increase, with increased cycling. Simultaneously, the charge of the POT
polymer film increased the polymerization potential until the 18" cycle but decreases
thereafter. This is probably due to degradation of POT film causing the loss of

electroactive sites. On the other hand, the mass loading continued with cycling.

wo Brijw

Figure 5.4. The mass-charge change of the POT (from figure 5.2) as a function of
applied potential during the electrochemical deposition of POT from 0.1 M o-toluidine
and 1 M H,SO4 with 20 cycles, the scan rate, v = 10 mV s

The charge passed (calculated from voltammograms areas) during the anodic and
cathodic reactions can be determined as 0.55 mC and 0.54 mC, respectively. This

indicates the overoxidation of the POT is not a serious issue between -0.20 and -0.95 V
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but does become a significant problem after a large number of cycles. It was noted that
the charge passed began to decrease after 18 cycles, and it was considered possible that
the autocatalytic behaviour of POT accelerated the overoxidation of POT after a large
number of cycles. The surface coverage of POT film in figure 5.2 was found to be 24.3
nmol cm? using equation 3.1 for the dimeric o-toluidine unit, implying a lower

electroactivity for the POT film.

The apparent molar mass of the POT film synthesized was found from the slope of the
associated mass-charge curve (in figure 5.5b), using equation 3.4, at 91.1 g mol™. This
value is quite close to 272.0 g mol™, showing the electrochemical deposition of POT
polymer film happened with high efficiency. The solvent content of the POT film was

determined as 3.2, showing the formation of the firmer film compare with the Pani film.
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Figure 5.5. (a) the charge-time (b) the mass-charge curves of the POT film during
electrochemical deposition from figure 5.2

The acquired EQCM admittance data for the POT film deposition is shown in figure
5.6, indicating a small decrease (about 30%) in admittance during the electrochemical
deposition of the POT polymer film. The ohmic resistance of the POT film was
obtained using the data from figure 5.6a, which increases steadily with continued
cycling. At the end of the deposition, the impedance was found as 510 Q, while a rigid
film had formed on the quartz crystal.
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Figure 5.6. The EQCM data acquired simultaneously from the electrochemical
deposition of the POT (see figure 5.2); (a) the admittance changes of the quartz crystal
(b) the ohmic resistance of the POT film in aqueous medium (from figure 5.6a)

5.2.1.1. Comparison of the Pani, the PAP and the POT polymer films

The POT film synthesized in figure 5.2 was transferred to 1 M H2SOs monomer-free
solution in order to define the electrochemical activity at 5 mV s, The oxidation peak
of the POT appeared at 0.38 V, while for the Pani film synthesized in chapter 4 this

value is 0.33 V, which are quite close each other (in figure 5.7). The reduction peaks of
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the POT and the Pani films appear at 0.25 V and 0.19 V, respectively. The surface
coverage of the POT is 24.3 nm cm for dimeric o-toluidine units while it is 78.4 nmol
cm? for the Pani film (the surface coverage was calculated using the areas of
voltammograms in figure 4.8). Moreover, the charge passed during the reduction of the
POT film in 1 M H2SO;4 is considerably lower than the charge passed during the
oxidation. This indicates degradation of the POT film, which must be deposited at a
lower potential than 0.95 V. The surface coverage of the POT is 24.3 nmol cm-2, which
is larger than the PAP (14.8 nmol cm) while the growth rate of the PAP is extremely
smaller than the POT film. Among them, the electroactivity of the Pani film is much
greater than both the PAP and the POT whilst the PAP has the lowest electroactivity (in
figure 4.10 and 5.7).
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Figure 5.7. Characterisation of the Pani and the POT films (which were synthesised
under identical conditions) in 1 M H2SO4 monomer-free solution, v =50 mV s

Figure 5.8 shows the scan rate effects on the electroactivity of POT, which shows a
reversible behaviour with happening by diffusionless at different scan rates due to a

rapid charge transfer. It is supported the curve of log ip/log v plotted in figure 5.8.
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Figure 5.8. The electrochemical activity of the POT film (from figure 5.2) in 1 M
H2SO;, at different scan rates, v = 3, 5, and 10 mV s; (a) the CV curves of POT in1 M
H2SO4; (b) log ip-log v curves from figure 5.8a (the number indicates the scan rates)

5.2.2. Copolymerization of the Pani-POT

5.2.2.1. The copolymerization of the Pani-POT by chronoamperometry

Although o-toluidine shows considerably lower electroactivity, as presented in first part
of this chapter, the copolymerization of o-toluidine with aniline can improve the
electrochemical properties while giving a different (co)polymer film. For this reason,
the electrochemical deposition of Pani-POT films was applied by chronoamperometry
using different monomer ratios of aniline and o-toluidine, while keeping the total
concentration fixed at 0.1 M. Figure 5.9 indicates the result obtained using the

chronoamperometry technique at 1.0 V for 600 s and for at -0.2 V at 600 s.
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Figure 5.9. Electrochemical copolymerization of Pani-POT from 0.1 M monomer
concentrations (0-OT: An) in 1 M H>SO4 by chronoamperometry; (a) the current-time
curve at 1.0 V and -0.2 V; (b) the anodic deposition of Pani-POT film in detail at 1.0 V
(the number indicates the ratio of (0-OT: An)
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The current density during the deposition of the Pani-POT films was increased in
presence of a small amount o-toluidine monomer in ratios such as 90:10 and 80:20 (An:
0-OT). This is an indication of the major influence on the copolymerization rate. The
charge passed whilst applying the potential at 1.0 VV was plotted against the ratio of o-
toluidine monomer in total monomer solutions, as shown in figure 5.10. It also gives
supporting data as to the effect of the o-toluidine concentration on the copolymerization
rate because it gradually decreases with an increasing amount of o-toluidine in the

monomer solution.
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Figure 5.10. The charge passed of the Pani-POT films against the ratio of o-toluidine in
0.1 M monomer solution (from figure 5.9)

5.2.2.3. The electrochemical deposition of the Pani-POT copolymer
films by means of EQCM

Several copolymer films of the Pani-POT deposited from various monomer
concentration ratios of 50:50; 60:40; 70:30; 80:20; 90:10, as An:0-OT/mM, between -
0.2 and 1.0 V at 50 mV st in 1 M HzSO4 solution using cyclic voltammetry technique.
In doing so, different voltammograms of the Pani-POT copolymer films to those of the
homopolymers, Pani and POT, was obtained with a decreasing amount of o-toluidine
(0-OT), such as 90:10 and 80:20 ratios. This indicates the domination of 0-OT like o-
AP (see chapter 4) in the growth of the Pani film. Similarly, the film formation did not
occur during the 10 cycles for the higher ratios of 0-OT monomer.

The results obtained from cyclic voltammetry experiments, showed two findings; (i) the
Pani-POT copolymer films can be easily degraded above 0.9 V like the homopolymers

114



Asuman UNAL — PhD Thesis Chapter Five

Pani and POT polymer films (ii) the percentage of 0-OT in the monomer solutions can
be held at some point while increasing the amount of aniline, which participated the
increasing the electroactivity. For these reasons, several compositions of the aniline and
0-OT monomers were prepared to 0.1 M or 0.2 M in monomer ratios of 80:20; 60:40;
170:30 and 150:50 as An:0-OT/mM composition. Figure 5.11 exhibits the CVs of the
depositions of the Pani-POT copolymer films from these ratios between -0.2 V and 0.90

V with various cycle numbers at 5 mV s™,

All the CVs give one anodic around 0.36 V and two cathodic peaks around 0.51 V and
0.80 V, indicating similar electrochemical behaviour. The current densities of the
electrochemical deposition of Pani-POT films are much greater for figure 5.11c-d than
figure 5.11b in the 20" scan, showing the influence of the amount of aniline in the

growth of the copolymer films.
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Figure 5.11. CV curves of the Pani-POT copolymer films from (a) 80 mM aniline and
20 mM 0-OT (b) 60 mM aniline and 40 mM 0-OT (c) 170 mM aniline and 30 mM OT
(d) 150 mM and 50 mM 0-OT in 1 M H2SO4, v =5 mV s

The surface coverage of the Pani-POT copolymer films for dimeric units, calculated
using equation 3.1, reveals that (in table 5.1) the electroactive sites are extremely large

for Pani-POT (80:20) film despite the lower amount of aniline involves than Pani-POT
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(170:30) film. This can arise from a large number of cycles from the increased
participation of both monomers in the copolymer chain rather than aniline monomer by
itself. The thickness of the Pani-POT films is an indication of an acoustically thin film
with a high electroactivity. The colour of Pani-POT (80:20) film is also different from
the other copolymer films synthesized in figure 5.12, implying different properties than
for pure Pani and POT films besides the peak potential. After the electrochemical
deposition of the Pani-POT copolymer films, green uniform films for the 80:20, 60:40,
and 150:50 ratios, and dark green film for the 170:70 ratio, were observed on the quartz

crystal, as presented in figure 5.12.

Table 5.1. Electrochemical data obtained from the voltammograms of the Pani-POT
copolymer films synthesised in figure 5.11 using various monomer ratios

Ratio of Pani-POT (An:o-OT)/mM I/nmolcm™ h/nm
80:20 198.2 393
60:40 109.5 144
170:30 192.9 260
150:50 119.8 152

o‘_‘p...’ 3 1 \ ‘.-

Figure 5.12. The images of the Pani-POT film deposited in figure 5.11 from (a) 170:30
(b) 60:40 (c) 80:20 (d) 150:50 as An:0-OT/mM ratio

o

The corresponding mass loading of the Pani-POT copolymer films during their
depositions is plotted in figure 5.13a, indicating a rapid increase in mass at the same
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time for the Pani-POT (170:30) and the Pani-POT (150:50) ratios because the amount of
aniline increases the growth rate. However, when the cycling is continued for the Pani-
POT (80:20), the growth of the copolymer film is increased due to an autocatalytic
effect of both aniline and 0-OT. On the other hand, the growth of the Pani-POT (60:40)
copolymer film is slightly lower than Pani-POT (80:20) film. This could originate from
the influence of the larger amount of 0-OT monomer on the growth of the Pani-POT

copolymer films, which results in the growth rate and surface coverage.

The apparent molar masses of the Pani-POT copolymer films are shown (calculated
using equation 3.4 for a monomer unit from figure 5.13b) in table 5.2, showing results
close to 93.13 g mol™? (aniline) or 107.2 g mol? (0-OT) except the Pani-POT (60:40)
film. This shows the efficiency of the copolymer films is mostly dependent on the small
amount of 0-OT to some degree. Also, the solvent content of the copolymer films, the
Pani-POT (80:40, 170:30, 150:50) films are smaller than the Pani-POT (60:40) film,
indicating the formation of a softer polymer film the existence of the higher ratios 0-OT
in the copolymer composition. As can be seen from this figure, the growth of Pani-POT
(80:20) film is extremely low but becomes faster after 10 cycles. The reason for this

increase must be due to the autocatalytic effect of both the aniline and 0-OT monomers.
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Figure 5.13. The mass loading of the Pani-POT films from figure 5.11 (&) as function
of time (b) as a function of charge passed
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Table 5.2. Apparent molar mass of the copolymer films obtained from the slope of the
mass-charge graphs in figure 5.13 and the mass density after the deposition (a is the
content of solvent in copolymer films determined by equation 3.5 in chapter 3)

Ratio of Pani-POT 1 . ,  o/per redox
AN-0-OT/mM Mapp/gmol Mass density/ug cm site
80:20 165.6 91.7 3.6
60:40 238.5 51.3 7.6
170:30 123.0 43.0 1.3
150:50 134.3 36.1 1.9

The admittance data for the electrochemical depositions of the Pani-POT film in various
ratios in figure 5.11 were plotted in figure 5.14, showing the formation of the
acoustically thin film while shifting the frequency of the quartz crystal. The admittance
of the quartz crystal for all the Pani-POT copolymer films is around 1.7 mS, with a 588
Q ohmic resistance of the Pani-POT copolymer films in the aqueous medium. This
means that the Pani-POT copolymer films have a low resistance, despite using a large
number of cycles for their deposition (the ohmic resistance values of the copolymer

films were determined by equation 3.6 in chapter 3).
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Figure 5.14. The admittance data of the electrochemical deposition of the Pani-POT
copolymer films from figure 5.11 (a) the Pani-POT (80:20) (b) the Pani-POT (60:40)
(c) the Pani-POT (170:30) (d) the Pani-POT (150:50)

5.2.2.4. Characterisation of the Pani-POT copolymer films

After the deposition of the Pani-POT copolymer films, the films were transferred in 1 M
H»SO4 at 5 mV s, showing a high electroactivity for Pani-POT (80:20) composition
compared with others (in figure 5.15). In spite of the high aniline composition of the
Pani-POT (170:30) and (150:50), the Pani-POT (80:20) copolymer films gave a high
electroactivity at close peak potentials. This shows that the copolymerization of the
Pani-POT films presents good electrochemical properties using many deposition cycles.
The surface coverage of the Pani-POT (80:20) and the Pani-POT (170:30) films are

139.7 nmol cm™ and 130.7 nmol cm, respectively.
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Figure 5.15. The CV curves of the Pani-POT films in 1 M H2SO4, v =5 mV s

When the mass changes of the Pani-POT copolymer films in 1 M H2SO4 were plotted as

a function of applied potential, as seen in figure 5.16, the Pani-POT (80:20) and
(170:30) films showed better reversibility compared to the Pani-POT (60:40) and
(150:50) films.
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Figure 5.16. The mass and charge change of the Pani-POT copolymer films in 1 M
H2SO4 (a) the Pani-POT (80:20) (b) the Pani-POT (60:40) (c) the Pani-POT (170:30)
(d) the Pani-POT (150:50), v =5 mV s
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5.2.3. The Removal of Fluoride lons

5.2.3.1. Using the POT polymer film

In this section, we will consider the ion-exchange properties of the POT (synthesized in
figure 5.2) for the removal of fluoride ions from water. Figure 5.17 shows the ionic-
activity of the POT in 0.1 M NaF at 5 mV s It indicates that the POT has a low ionic
activity at pH 6.6 and it behaves unstable because it was decreasing cycles.
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Figure 5.17. The CV of the POT film (deposited in figure 5.2) in 0.1 M NaF solutions,
the scan rate, v =5 mV s,

The corresponding mass change shows the mass of the POT increases upon oxidation
but it was extremely small during the first cycle. Furthermore, this increase is getting
smaller with each cycle. These results showed that the POT behaves as anion exchanger

in irreversible manner. However, it is not capable to remove the fluoride ions.

5.2.3.2. Using the Pani-POT copolymer film

The defluoridation performance of the Pani-POT copolymer films deposited in figure
5.11 was examined in 0.1 M NaF (pH 6.60) solution at a slow scan rate, 5 mV s, are

shown in figure 5.18.
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Figure 5.18. The CV curves of the Pani-POT copolymer films in 0.1 M NaF, v =5 mV
s1 (a) the Pani-POT (80:20) (b) the Pani-POT (60:40) (c) the Pani-POT (170:30) (d) the

Pani-POT (150:50)

The Pani-POT copolymer film shows ionic activity in monomer-free NaF solutions
despite the neutral medium. Between the copolymer films, only the Pani-POT (60:40)
film behaves in an unstable manner because its current density decreases with cycling.
In the fifth scan, the redox peaks almost disappear. This copolymer film consists of
much more of the 0-OT monomer, which can cause unstable behaviour in comparison
with other copolymer films, and it behaved in a highly stable manner with continued

cycling.

The other ratios of the Pani-POT copolymer films show an excellent ability to remove
fluoride ions. In ideal conditions, the Pani-POT copolymer film must 0.5 mol ion per
redox sites of the copolymer as mention earlier in chapter 4. Here, the Pani-POT
(80:20), the Pani-POT (170:30) and the Pani-POT (150:50) films take 0.35, 0.44 and 0.5
mol fluoride ion per redox sites of the copolymer films, respectively. This is a
significant outcome because the efficiency is getting much greater when comparing the
Pani film synthesized in chapter 4. The corresponding mass values of fluoride ions

taken by the Pani-POT copolymer film is presented in table 5.3. However, the reversible
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behaviour of the Pani-POT (80:20) copolymer film is better than the other
compositions, which make an opportunity to use an ion-exchange modified electrode
reversibly. This is evidence that the ions can be uptaken during oxidation and released
again in opposite direction, during the reduction of the Pani-POT (80:20) film.

Table 5.3: The amount of fluoride anions taken by the Pani, and the Pani-PAP films,
the scan rate, v =5 mV s
The amount of fluoride ions/ mg F g*

Film
Upon oxidation Upon reduction
Pani +51.6 -50.2
Pani-POT (80:20) +66.8 -64.4
Pani-POT (60:40) +53.4 -42.4
Pani-POT (170:30) +83.9 -94.0
Pani-POT (150:50) +102.4 -96.4

The apparent molar masses of the incorporated ions during the redox cycling of the
Pani-POT copolymer films are presented in table 5.4. A large number of ions uptaken
by the Pani-POT (80:20) film is extremely high with respect to other the Pani-POT
copolymer films. In addition, the reverse scans almost the same amount removed from

the film during reduction.

Table 5.4. Electrochemical data obtained from the voltammograms of the Pani-POT
copolymer films in 0.1 M NaF solutions, v = 5 mV s? (a is the solvent molecules
transferred during redox cycling)

Pani-POT Observed molar ~ Observed molar ~ a/per c_mion a/per c_znion
(An:0-OT)/mM oxig:t?Z#/%()n:]ol-l red:g?g#/zorgol‘l o%ﬁﬂgn rfd“uréﬂ?,n
80:10 3335 3135 17.4 16.3
170:30 265.7 236.8 13.7 12.1
150:50 165.1 160.2 8.1 7.8
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Figure 5.19. The mass change of the Pani-POT copolymer films in 0.1 M NaF, v = 5
mV st the mass-E curves of (a) the Pani-POT (80:20) (c) the Pani-POT (170:30) (e)
the Pani-POT (150:50) and the mass-charge curves of (b) the Pani-POT (80:20) (d) the

Pani-POT (170:30) (f) the Pani-POT (150:50)
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The effect of scan rate on the defluoridation of Pani-POT (80:20) copolymer film is
examined in figure 5.20, which behaves reversibly at 10 mV s™ but not at 3 mV s™. This
most likely originates from the saturation of the film at slow scan rates. Furthermore,
the redox peaks of the Pani-POT film appear at different potentials, and they disappear
at 3 mV st This indicates the non-reversible behaviour because the peak potentials
shift at different scan rates. It can be explained the slow charge transport between film
and electrolyte.
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Figure 5.20. The removal of fluoride ions by the Pani-POT (80:20) copolymer film in
0.1 M NaF, at different scan rates v = 10, 5 and 3 mV s%; (a) the CV curves (80:20) (b)
the mass-charge curve at 10 mV s (c) the mass-charge curve at 3 mV s

The ability of the Pani-POT (80:20) film for defluoridation was examined in the
presence of different fluoride concentrations, those of 0.1 M, 0.01 M and 0.0001 M
NaF. The results obtained are presented in figure 5.22, indicating the existence of
reversible behaviour of the Pani-POT copolymer films while taking fluoride ions even
from a 0.001 M NaF electrolyte solution. The apparent molar masses of the

incorporated ions from figure 5.20 and 5.21 are presented in table 5.5.
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Figure 5.21. The removal of fluoride ions by the Pani-POT (80:20) film in 0.1 M, 0.01
M and 0.001 M NaF, v =5 mV s*; (a) the CV curves of the Pani-POT (80:20) (b) the
mass-charge curve at 0.01 M NaF (c) the mass-charge curve in 0.001 M NaF

Table 5.5. Electrochemical data obtained from the voltammograms of the Pani-POT
(80:20) film in NaF solutions (a is the solvent molecules transferred during redox

cycling)

Scan Observed molar Observed molar ggi)g; gg’: g;
to/mVs NaF/M mass upon mass upon duri duri
rate/mvs oxidation/gmol™  reduction/g mol™ uring uring
oxidation reduction
3 0.1 256.6 297.0 13.2 15.4
0.1 3335 313.5 17.4 16.3
5 0.01 303.3 323.5 15.8 16.9
0.001 273.2 323.6 14.1 16.9
10 0.1 377.6 370.1 19.9 19.5

The removal of the fluoride ions by the Pani-POT (80:20) film in the presence of
different ratios of chloride ions in 0.1 M electrolyte solutions of NaF and NaCl was
performed. Figure 5.22 shows the associated cyclic voltammograms and mass-charge
curves. In the cyclic voltammograms, the redox peaks are distinctive in their higher
amounts of chloride ions (10F: 90CI") while the number of ions taken by the copolymer

decreases in figure 5.22f. The apparent molar mass of the incorporated ions is presented
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in table 5.6 while considering the insertion of both ions (due to similar sizes) in terms of
their ratio in the electrolyte solution. For instance, a solution involved 90 mM F~ and 10
mM CI', the molar mass considered 20.65 g mol™.
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Figure 5.22. The removal of fluoride ions by the Pani-POT (80:20) copolymer film in
0.1 M of NaF and NaCl electrolyte solutions, v =5 mV s?, (a) the CV curves of them
(b) in 90 mM NaF and 10 mM NacCl (c¢) in 70 mM NaF and 30 mM NacCl (d) in 50 mM
NaF and 50 mM NaCl (e) in 30 mM NaF and 10 mM NacCl (f) in 10 mM NaF and 90
mM NaCl

Table 5.6 also shows the solvent molecules transferred during the redox cycling are
quietly similar, showing the assumption is reliable, which suggested the insertion of

both ions.
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Table 5.6. Electrochemical data obtained from the voltammograms of the Pani-POT
(80:20) copolymer film in the presence of different ratios of NaF: NaCl

NaF: Observed molar ~ Observed molar  a/per anion a/per anion
NaCUMM oyieiioniamol®  reductionlg mol’  oxidation  reduetion
90:10 268.6 268.6 13.7 13.7
70:30 277.6 275.2 14.1 13.9
50:50 296.6 290.1 14.9 14.6
30:70 272.0 270.3 13.4 13.3
90:10 219.0 218.6 10.2 10.2

5.2.4. Regeneration of the Pani-POT Copolymer Film

Figure 5.23 shows the electroactivity of Pani-POT (80:20) film in 1 M H2SO4 before

and after NaF treatment.
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Figure 5.23. The electroactivity of the Pani-POT (80:20) film in 1 M H,SQO4 (a) the CV
curves of the Pani-POT at different scan rates before treatment of NaF (b) in 1 M H2SO4
at 5 mV s* before treatment with NaF (c) the CV curves of Pani-POT at different scan
rates after treatment of NaF (d) in 1 M H;SO4 at 5 mV s after treatment with NaF (the
numbers indicate the scan rates in figure 5.23a-d, while representing cycle number in
figure 5.23b-c)
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After the NaF treatment at 5 mV st in 1 M H2SOs, the current density started to
increase with each cycle, showing the release of the ions taking place in the film.
Similarly, the log ip and log v curves of the Pani-POT copolymer films obtained from
figure 5.23a-d, indicating the reversibility of the Pani-POT film does not affect the

treatment of the NaF electrolyte solution, as shown in figure 5.24.
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Figure 5.24. log ip-log v curve of the Pani-POT (80:20) copolymer film in 1 M H2SO4
from figure 5.23a-d

5.2.5. The Surface Characterisation of the Polymer and the Copolymer
Films

5.2.5.1. Scanning electron microscopy

The SEM images of the polymer and copolymer films are shown in figure 5.25,
showing the significant difference between the homopolymers and their copolymer, the
Pani-POT. Both the Pani and the POT films have more porous surfaces than the Pani-
POT (80:20) copolymer film. It was structured a firm surface. This proved the
formation of a copolymer rather than a mixture of homopolymers in addition to

electrochemical experiments.
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Figure 5.25. SEM images of (a) the Pani (b) the POT (c-d) the Pani-POT (80:20) films
a different magnification

5.26.FTIR

The structural analysis of the POT and the Pani-POT films were performed with the
help of the FTIR spectra shown in Figure 5.26. Absorption peak positions are presented
in table 5.7 in order to compare peak positions of the homopolymers and the copolymer

films.

The spectrums of the POT and the Pani-POT films show a quiet similarity because the
peaks observed in the same region. The small peaks above 3440 cm™ and 3200 cm™
have attributed the vibration of primary amine, N-H and the —OH groups (can be from
water in the sample), respectively. The peaks taken place between 2337.4 cm™ and 2931
cm™ are assigned the C=C aromatic vibration and the vibration of C-H. These peaks
were observed for both spectra of POT and Pani-POT films, providing characteristic
vibrations of Pani film presented in chapter 4. The peak observed at 1617.7 cm™ in the

spectrum of POT can be assigned the N-H stretching vibration, which appeared
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characteristic peaks of aniline.” 8 The feature at 1436 cm™ and 1495 cm™ are attributed
the methylene group vibrations, which appeared in both spectra. This can a proof the
existence of 0-OT in copolymer film. In the meantime, the peaks also observed at 1166
cm™? and 1315.8 cm™, 1031 cm™ and 1153 cm?, and 873.9 cm™ and 869.0 cm™ are
assigned the vibrations of C-N aromatic amine, and =C-H groups, which also

characteristic peaks of Pani.” 8

Table 5.7. The absorption peaks of the POT and the Pani-POT films and corresponding
functional group

Absorption of _ Absorption of _
Functional group ) Functional group
POT/cmt Pani-POT/cm-!
3476.8 N-H, primary amine 3449 N-H, primary amine
3215.7 O-H (H-bonded) 3230.5 N-H, primary amine
2840.2 C=C,C-H 2931 C=C,C-H
2339.4 C=C, C-H 2337 C=C,C-H
1617.7 N-H 1535.8 C=C
1436 -C-H, methylene C-H,
1495
group methylene group
1166 C-N 1315.8 C-N, aromatic amine
1031 C-N 1153 C-N
873.9 =C-H 1033 C-N
869.0 =C-H
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Figure 5.26. FTIR spectra of the POT and the Pani-POT (80:20) films

5.2.7. Comparison of the Pani-PAP and the Pani-POT copolymer films

The electrochemical properties of Pani-PAP (90:10) and Pani-POT (80:20) films were
characterized in monomer-free 1 M H2SO4 solutions at 5 mV s (see figure 4.24 and
5.23). Their redox peaks appeared around 0.34/0.25 V, whilst the Pani-POT film
provided a high current density upon redox cycling. The surface coverage of the Pani-
PAP (90:10) and the Pani-POT (80:20) films were found in 266.8 nmol cm™ and 198.2

nmol cm, respectively, which are great much greater than for the Pani film (I, 78.4
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nmol cm?) synthesized in chapter 4. This supports the observation that the
copolymerization enhances the electroactivity of polyaniline. The thickness of the Pani-
PAP (90:10) and the Pani-POT (80:20) copolymer films for dimeric units were
determined as 523 nm and 393 nm, respectively. Furthermore, the copolymerisation of
aniline and o-aminophenol/o-toluidine decreased the possibility of overoxidation of the
resultant films because the redox peaks and irreversible peaks appeared at more
negative potentials. Therefore, it is possible to remove fluoride ions without concern

about possible degradation.

The defluoridation properties of the Pani-PAP (90:10) and the Pani-POT (80:20) films
was also investigated in chapter 4 and 5. Both show an excellent ability to remove
fluoride ions from 0.1 M NaF upon oxidation. Both copolymer films took 0.35 mol
fluoride ions per redox site of the copolymer films compared to 0.25 mol fluoride ions
per redox site of the polyaniline film obtained in chapter 4. This demonstrates that the
copolymerization of polyaniline with o-aminophenol/o-toluidine increased the
defluoridation ability of the polyaniline films at low potentials. The corresponding
amounts of fluoride ions taken up by the Pani-PAP and the Pani-POT were determined

as 65.0+ 0.6 mg F g! and 66.8 + 1.8 mg F~ g}, respectively.

5.3. Conclusion

The present study describes two significant aspects of Pani-POT copolymer films,
which are the preparation of a high-quality film with a high electroactivity via EQCM,

and the ion-exchange properties in monomer-free NaF solutions.

First, we studied the growth rate of POT polymer film, which was extremely slow
compared to the growth rate of the Pani film synthesised in chapter 4. The rate of
growth increased when using a large number of cycles due to the autocatalytic effect of
POT, though this results in overoxidation after a certain point. Besides, the resultant
POT film had a low electroactivity in monomer-free 1 M H»SOa, as reported in the
literature.? On the other hand, we also studied the ionic activity of the POT film in 0.1
M NaF monomer-free solution, which showed a low ionic activity and unstable
behaviour during its redox reactions; clearly, these are undesirable properties for ion

exchange modified electrodes. Thus, we can state that POT is not a good candidate for
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the development of an ion exchange electrode. However, the copolymers of o-toluidine
with aniline enhanced its electrochemical properties as reported in the literature.? This
leads us to the development of a novel ion exchange modified electrode based on a

Pani-POT copolymer film.

We employed EQCM to obtain both gravimetric and electrochemical information about
the copolymerization of the Pani-POT films. Electrochemical data obtained from the
growth voltammograms of the Pani-POT copolymer film reveal that the electroactivity
and growth of the copolymer films are largely dependent on the ratio of the o-toluidine
monomer in the monomer solution, which causes a decrease in both electroactivity and
growth rate on addition of a large amount o-toluidine (such as 60 mM aniline and 40
mM OT composition in 1 M H2SO4). On the other hand, the small ratio of o-toluidine in
the monomer solutions results in a similar voltammogram to that observed for pure Pani
growth. For this reason, the ratio of o-toluidine was kept in a specific range in the
monomer solutions. Pani-POT (80:20) and (170:30) films showed different peak
positions to those of their homopolymers, with high electroactivity. In the case of Pani-
POT (80:20) film, it is obvious that the participation of o-toluidine is slow, but increases
with the application of a large number of cycles at 5 mV s Furthermore, the
admittance data was evaluated that the decrease in admittance demonstrated the
formation of acoustically thick and rigid copolymer films. Also, the ohmic resistance of
each copolymer film synthesised was found to be 588 Q whilst the thickness was 393
nm, showing the formation of a thin electroactive film (", 198.2 nmol cm for dimeric

units).

The Pani-POT (80:20) film had a higher electroactivity when it was reversibly cycled in
monomer-free 1 M H2SO4 solution at different scan rates. This is a significant outcome,
because the reports in the literature mentioned the different characteristics of Pani-POT
copolymer films as compared to their homopolymers, but we were able to synthesise a
highly electroactive copolymer film with new properties. This showed that the ratios of
the monomers and the conditions are particularly important for the synthesis of the
copolymers. The overoxidation of the Pani-POT (80:20) film is negligible when
considering the POT and Pani films because the redox peaks appeared around 0.33/0.25

V, which allows the study of low potentials.
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Furthermore, the ionic activity of the Pani-POT (80:20) film was performed in
monomer-free NaF electrolyte solutions (pH 6.60), which gave redox peaks with high
current densities. The Pani-POT (80:20) film also shows excellent reversible behaviour
while taking up ions during its oxidation. A quantitative evaluation of the Pani-POT
(80:20) film was determined from cycling in 0.1 M NaF at 5 mV s*. The Pani-POT
(80:20) copolymer film takes 0.35 mol fluoride ion per redox site of the copolymer film,
which is much greater than the Pani film synthesised in chapter 4. However, there are a
number of similar electrochemical properties between the Pani-PAP (90:10) (discussed
in chapter 4) and the Pani-POT (80:20) films, showing copolymerization is an excellent
means by which to enhance the properties of polyaniline. Also, they showed different
colours and thicknesses, offering the possibility of some electrochromic device in
addition to their high electroactivities. The corresponding amount of fluoride ions taken
up by the Pani-PAP and the Pani-POT films were determined as 65.0 + 0.6 mg F g*
and 66.8 + 1.8 mg F g?, respectively. Both show higher capacitances than currently

available techniques (discussed in chapter 4) in the literature.1% 11

Similarly, the Pani-POT (80:20) film behaves in a reversible manner in 0.1 M NaF (pH
6.60) at different scan rates, while it allows for successive usage according to our

regeneration experiments.

The surface characterization of Pani-POT film and its homopolymers was also
investigated via SEM, showing a highly porous surface for the Pani film, and a firm
surface for the Pani-POT (80:20) film, supporting the formation of a copolymer rather

than a mixture of homopolymers.

This chapter has shown that co-polymers of aniline with substituted anilines produce
more even films. The issue with these materials is that despite their improved stability,
repeated cycling still leads to decomposition of the polymer. Other researchers have
studied composite materials with carbon-based and metal oxide-based dispersed phases,
and these have shown significantly improved stability. In the next chapter, the

applicability of composites with polymers will be investigated.
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Chapter VI:

The electrochemical deposition of Pani film in the
presence of MWCNTs and its redox switching in
Ethaline

6.1. Introduction

6.1.1. Overview

In recent times, there has been a growing interest in the combination of conducting
polymers (CPs), in particular, polyaniline (Pani) and polypyrrole (PPy), and carbon
nanotubes (CNTs), because of both their fundamental and potential applications in
energy storage devices. 2 The combination of these two unique materials results in a
material that displays the characteristics properties of each, such as the electroactivity,
reversibility and chemical stability of the polymer film® and the excellent mechanical,
electrical properties of CNTs.*" In addition, CNTs also provide a large surface area due
to their small dimensions,* & ° making these composites potentially useful to many
applications within the field of energy storage devices, such as pseudo-capacitors.* 10-13
Also, CNTs can behave as a dopant anion'* ** because of their negatively-charged walls

when they are functionalised® in concentrate HNOs, as shown in figure 6.1.

E
>
in acidic media

film
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There are a variety of methods, such as chemical and electrochemical polymerization,
that can be used to prepare the composites of polymer and CNTs mentioned in detail in
chapter 1. Amongst these, electrochemical polymerization is commonly used to monitor
the electrochemical properties of composites of CPs and CNTs.Y’ The literature studies
reported for Pani/CNTs> © and PPy/CNTs® in aqueous medium show the attendant
improvements in their electrical properties. On the other hand, the dispersion of CNTs
in aqueous solution show non-proper, causing the poor interaction between monomer
and CNTs.® On the other hand, deep eutectic solvents, discussed in detail in chapter 1,
are favourable solvents for the electrochemical polymerization of CPs such as
polyaniline,*® polypyrrole and PEDOT?® ! pecause they have high ionic strengths and
large electrochemical windows. They provide for the synthesis of high-quality
conducting polymers.?? In addition, they are excellent media for well-dispersion of
CNTs in monomers solution due to their high viscosity. Thus, we focused on Ethaline
as a DESs for the electrochemical deposition of the composite films in order to improve
the charge transport process of the Pani/CNTs and PPy/CNTs composite films.

There are two types of CNTs, which are known as multiwall carbon nanotubes
(MWCNT) and single wall carbon nanotubes (SWCNT),?* and which are again
discussed in detail in chapter 1. Here, our studies used MWCNTSs. Moreover, several
methods of preparation have been used to obtain the CP/CNTs composites mentioned in
detail in chapter 1. In the present study, we used EQCM via electrochemical deposition

to obtain a better understanding as to the dynamic growth of composite films.

6.1.2. Aims and Objectives

The objectives of this chapter are: (i) the electrochemical deposition of aniline in the
presence of different ratios of MWCNTSs in aqueous acidic medium of varying
concentrations; (ii) the investigation of the growth dynamics of Pani and Pani/MWCNT
composite films by means of EQCM,; (iii) the characterisation of the charge transport
process of the Pani and Pani/MWCNTSs films in 1 M H2SOs monomer-free electrolyte
solutions; (iv) to define the charge and discharge characteristics of the resultant
composite films; (v) the electrochemical deposition of aniline in the presence of
different ratios of MWCNTSs in Ethaline; (vi) the investigation of the growth dynamics
of Pani and Pani/MWCNT composite films by means of EQCM in Ethaline; (vii) the
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characterization of the charge transport process of the Pani and Pani/MWCNTSs films in
1 M H2SOs monomer-free background solutions; (viii) to define the charge and
discharge characteristics of the resultant composite films; (ix) identification of the
surface morphologies of the composite films resulting from Pani/MWCNT from
aqueous and non-aqueous media by means of SEM and 3D microscopy techniques; (X)

the structural analysis of the resulting polymer and composite film via FTIR.

6.2. Results and Discussions

6.2.1. Electrochemical Deposition of the Pani Film in the Presence of
MWCNTSs in Aqueous Solution

6.2.1.1. Cyclic voltammetry experiments

MWCNTSs are inert materials, and which allow only for a weak interaction with aniline
monomer molecules.’® To form a strong interaction between aniline monomers and
MWCNTs, the walls of the MWCNTS need to be functionalised® in concentrate HNO3
(as mentioned in more detail in chapter 3). In further experiments, we preferred the
MWCNT-COOH for the synthesis of Pani/MWCNTs composite films due to its

favourable contribution to the electroactivity, as mentioned above.

Initially, we studied the electrochemical deposition of Pani films via cyclic voltammetry
from 0.1 M aniline and 1 M H2SOs solutions between -0.2 V and 1.2 V at 50 mV s? in
the presence/absence of 20 wt% MWCNTSs. As mention earlier, CNTs behave as dopant
anions during the polymerisation of Pani, but the process still requires the addition of a
different dopant anion in an acidic medium such as SOs*. On the other hand, the
presence of CNTs in the monomer solution provides a means of stabilisation for the
electrochemical deposition of Pani because it acts a source of electrons, thus preventing

the overoxidation of polyaniline at higher potentials.

The charges passed during the electrochemical experiments on the Pani film growth in
the presence/absence of MWCNTSs are found as 0.21 mC and 78 mC, respectively. This
shows the enhancement of the charge transport characteristics of the Pani film. Figure
6.2 shows the SEM images of the Pani/MWCNTs composite film.
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l;igure 6.2. SEM images (at various magnificatins) of the Pani/MWCNTSs film

Later, several Pani and Pani/MWCNTSs films were synthesised using EQCM technique
under identical conditions at various acid concentrations in order to obtain the effects of
MWCNTs on the growth of Pani and Pani/MWCNTs films as well as the charge

transport properties of the final films.

6.2.1.2. EQCM experiments on the electrochemical deposition of the
Pani/MWCNTSs films

The electrochemical deposition of a Pani film requires a strongly acidic medium.
However, the strong acid medium reduces the solubility of MWCNTS in an aqueous
medium,® diminishing the interaction between the monomer and MWCNTSs. To obtain
detailed information regarding MWCNTSs on the electrochemical deposition of a Pani
film, various aniline and MWCNTSs solutions using different concentrations of H.SO4
were prepared and were subsequently deposited at 10 mV s. Figure 6.3 shows CVs of
Pani growth in the absence/presence of MWCNTs in 1 M and 0.1 M H2SOs,

respectively.
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Figure 6.3. The CV curves of the Pani film growth from 0.1 M aniline in the
absence/presence of MWCNTS in at various acidities, the scan rate, v = 10 mV s (a) in
1 M H2SO4 (b) in 1 M H2SO4 and 5 wt% MWCNTS (c) in 0.1 M H2SOs (d) in 0.1 M
H2SO4 and 5 wt% MWCNTSs

The results revealed that the addition of MWCNTSs to the monomer solution does not
influence the polymerization of aniline at higher acidities. This support our assumption
that the weak interaction between the monomer and MWCNTs is due to the
precipitation of MWCNTs at higher acidities. On the other hand, the effects of
MWCNTSs on the growth of the Pani film is remarkable at lower acidities, i.e., 0.1 M

H2SOa, because it increases the current density by more than a factor of four.

Additionally, the electrochemical properties of Pani film in the presence of MWCNTSs at
lower concentrations of H.SO4 (0.1 M) were significantly affected. We deduce this
from the broad anodic and broad cathodic peaks observed in the associated cyclic
voltammogram, rather than the three discrete redox peaks seen in figure 6.3c. This
could arise from the kinetic effects of MWCNTSs because of the small separation and
strong interaction between aniline and MWCNTSs. The redox peaks almost appeared at

the same potential for figure 6.3a-b whilst the charge passed for the Pani/MWCNTSs
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(figure 6.3b) film upon redox reactions is much more than the Pani film (figure 6.3a).
On the other hand, in the case of the lower acidity, the differences between redox peak
potentials of the Pani and the Pani/MWCNTSs films is getting increase by shifting to
more positive potential in the presence of MWCNTS. the irreversible peak of the Pani
film (figure 6.3c) appears at 0.86 V while it is 0.98 V for the Pani/MWCNTSs film
(figure 6.3d). Electrochemical data from the growth voltammograms are reported in
table 6.1. The peak positions in figure 6.3d are shifted to more positive potentials, while
the current density is considerably increased over that seen in figure 6.3c. Furthermore,
the cathodic peak appears as a single broad peak between 0.1 and 0.8 V, indicating
overlapped peaks otherwise identical to those seen in figure 6.3c. The charge passed is
also developed about 50 times greater than in the smaller acid concentrations.

Table 6.1. Electrochemical data obtained from the growth voltammograms of the Pani
film in absence/presence of 5 wt% MWCNTSs in different acid concentrations
E/V Q/mC

Film
on,l on,2 EIR Ered,l Ered,2 Ered,3 Qanodic Qcathodic
Pani
) 026 053 08 007 051 o0.60 3.39 10.6
(figure 6.3a)
Pani/MWCNTs
) 025 053 860 006 050 0.59 4.38 14.17
(figure 6.3b)
Pani
) 028 079 08 013 053 0.72 0.28 0.14
(figure 6.3c)
Pani/MWCNTs
) 045 070 0.98 0.23 - -- 459 321
(figure 6.3d)

The corresponding mass and charge of the Pani/MWCNTSs film (in figure 6.3d) as a
function of the applied potential are presented in figure 6.4, which shows a gradual
increase in the mass of the composite film. In the case of the charge, this increases
during anodic oxidation but is otherwise significantly decreased. This can be explained
by increased levels of MWCNTSs being encapsulated during anodic oxidation and then

released during reduction, rather than participating in the growth of the polymer film.
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Figure 6.4. (a) Mass and (b) charge change of the Pani film in the presence of 5 wt%

MWCNTSs (from figure 6.7d)

The mass-charge curves of the Pani (see figure 6.3c) and the Pani/MWCNTSs (see figure
6.3d) films are plotted in figure 6.5. The addition of MWCNTSs decreases the efficiency
of the deposition of the Pani film in otherwise identical conditions. The amount of
charge passed is higher for the Pani/MWCNTSs film contrary to the Pani film during
growth as seen in table 6.3, which supports the hypothesis of the presence of trapped
MWCNTSs during deposition rather than participating the polymer chain. The apparent
molar masses of the polymer and the composite films calculated using equation 3.4 (see
chapter 3) were presented in table 6.2. The molar mass of the Pani film is determined as
63.1 g mol™ for an aniline unit experimentally while it is 5.8 g mol™ for Pani/MWCNTSs
film (in figure 6.7d). This is the indication of low efficiency in the MWCNTSs.
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Figure 6.5. (a) mass-time (b) mass-charge curves of the Pani and the Pani/MWCNTSs
films (from figure 6.3c-d)

The surface coverage of the Pani/MWCNTSs film is 2068.3 nmol cm™, which is
considerably greater than that observed for pure Pani film synthesised under identical

conditions. However, this may not reflect the existence of electroactive sites in the case
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of the Pani/MWCNTSs film because of trapped MWCNTSs upon oxidation. These trapped
MWCNTs would release upon reduction, which contributes the charge passed but does
not reflect MWCNTSs taking place polymer chain. Therefore, the redox cycling in 1 M
H>SO4 monomer-free background solution was applied presented in the following

section.

Table 6.2. Gravimetric and electrochemical data for the growth of the Pani and the
Pani/MWCNTSs films (n = 1 for dimeric aniline units for surface coverage but n = 0.5
for per aniline unit for the apparent molar mass)

il Mapp/gmol? M/pg cm2 Q/mC cm? I'/nmol
ilm
(figure 6.5b)  (figure 6.4a) (figure 6.4) cm2
Pani 63.1 29.8 22.8 12.6
Pani/MWCNTSs 5.8 11.4 92.7 2068.3

The admittance data describing the Pani and the Pani/MWCNTSs films is shown in
figure 6.6. Both indicate rigid (acoustically thin) behaviour due to the narrow peak

observed when admittance decreases.
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Figure 6.6. Admittance decrease of (a) the Pani (b) the Pani/MWCNTSs films during
their growth from figure 6.3c-d (* indicates bare crystal frequency)

As can be seen in the results presented above, the presence of MWCNTSs enhances the

amount of charge while reducing the mass loading of Pani film in 0.1 M H>SOa.

The effects of MWCNTSs on the growth of Pani films were investigated in the presence

of various concentrations of MWCNTSs using the chronoamperometry technique. For
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this end, several Pani films were grown from 0.1 M aniline and 0.1 M H2SO; in the
presence of MWCNTSs (at 0, 1, 3, 6, 10, and 15 wt%, respectively) at 1.3 V. They were
then reduced at -0.2 V, as shown in figure 6.7a. During their growth, the amount of
charge passed was plotted against the concentration of MWCNTs in 0.1 M monomer
solution, as can be seen in figure 6.7c, which showed a rapid increase in larger amounts
of MWCNTSs.
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Figure 6.7. (a) Electrochemical deposition of Pani films from 0.1 M aniline and 0.1 M
H>SO4 in the presence of various concentrations of MWCNTs (0, 1, 3, 6, 10, and 15
wt% respectively) by chronoamperometry at 1.3 V and reduction of the deposited
composite films at -0.2 V (b) a detailed representation of the anodic oxidation of the
Pani films in the presence of MWCNTSs (c) the amount of charge passed during the
electrochemical deposition of the Pani films from figure 6.7b

6.2.1.3. Characterisation of the Pani/MWCNTSs composite films

The electrochemical activity of the Pani and the Pani/MWCNTSs films synthesised in
otherwise identical conditions were performed in 1 M H2SOsand 0.1 M NaF, monomer-
free solutions, respectively, at a slow scan rate of 5 mV s*. The voltammograms thus
acquired are displayed in figure 6.8. In H2SO4, both the Pani and the Pani/MWCNTSs

films show redox peaks at similar positions, but with a higher current density in
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Pani/MWCNTs film. In NaF, both show redox peaks around 0.4/0.2 V while the
Pani/MWCNTSs film again shows a higher current density.
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Figure 6.8. Electroactivity of the Pani (from figure 6.7c) and Pani/MWCNTs (5 wt%)
(from figure 6.7d) films in monomer-free solutions, the scan rate, v =5 mV s (a) in 1
M H2SO4 (b) 0.1 M NaF

The charge passed is still much greater for the Pani/MWCNTSs composite film in each
of these two electrolytes but smaller than that required for the growth voltammograms.
The surface coverage values for the Pani and the Pani/MWCNTSs films in 1 M H2SOg4
are 135.1 nmol cm? mC and 441.6 nmol cm, respectively. In this case, we can
eliminate the possibility trapped MWCNTSs because it is released to solution again
during growth. However, here there is no monomer and MWCNTs in 1 M H2SO4 and
the produced current density occurred from oxidation and reduction of the
Pani/MWCNTSs composite film. Therefore, the surface coverage is 441.6 nmol cm?,
which is considerably smaller than the 2068.3 nmol cm™ obtained from the growth
voltammogram of Pani/MWCNTSs film. Furthermore, the ionic activity of the Pani film
in the presence of MWCNTSs was developed according to figure 6.8b because the charge
passed (6.9 mC for the Pani/MWCNT) film is six times bigger than the Pani film (1.6
mC).

The corresponding mass and charge change of the Pani and Pani/MWCNTSs films in
monomer-free solutions is shown in figure 6.9, showing the anion-exchange feature (in
figure 6.9¢) because the mass of the composite film increases upon oxidation. However,
this increase is much smaller in the Pani/MWCNTSs film, which is thinner than the Pani
film. The thickness is a significant feature for the ion-exchange properties of polymer
and composite films reported in the literature.® In the meantime, the charging and
discharging of the Pani and the Pani/MWCNTSs film were compared in figure 6.9b-d,
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showing a superior result for the Pani/MWCNTSs film despite the thinner film contrary
to the Pani film. At this point, the Pani/MWCNTSs film requires a numerous of cycles to
achieve a compose film with desirable properties. Additionally, the Pani/MWCNTSs film
give a certain redox couple peak at 0.45/0.22 V, indicating a development not only
charging-discharging of the Pani film but also its ion-exchange behaviour at pH 6.6
with the addition of MWCNTSs. This can be explained the enlarged surface of the films
due to MWCNTS.
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Figure 6.9. The mass change of the Pani and the Pani/MWCNTSs films in monomer-free
solutions (a) in 1 M H2SOg, (c) in 0.1 M NaF; charging and discharging of the Pani and
the Pani/MWCNTSs films at identical conditions (b) in 1 M H2SQOg, (d) in 0.1 M NaF

6.2.1.4. Surface characterisation of the Pani and the Pani/MWCNTSs films

The morphologies of the dried Pani polymer and Pani/MWCNTs films from the
agueous medium were investigated using SEM. The acquired SEM images of the Pani

film was revealed in figure 6.10, showing a high porous but uniform surface.
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um
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Figure 6.10. A SEM iage of the Pn| film obtained over 7 cycles at 10 mVs™*

The SEM images of the Pani film synthesised with MWCNTSs from aqueous medium
were taken at various magnifications, as shown in figure 6.11. It shows a highly porous
surface with a degree of roughness. It appears like the growth is taking place on the wall

of the MWCNTSs because the film was not coated properly on the quartz crystal. The

building is like happening around of MWCNTS.
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The surface of the Pani and Pani/MWCNTs films synthesised from aqueous medium
also were investigated via a 3D profiler. Figure 6.12 reveals that there is a significant
difference between them. The Pani film was deposited as a green film whilst the

Pani/MWCNTSs film grew as a blue film with a rough surface.

Figure 6.12. 3D images of (a) the Pani and (b) the Pani/MWCNTSs films from the
aqueous medium

6.2.2. Electrochemical Deposition of the Pani/MWCNTSs in Ethaline

By this time, the electrochemical deposition of Pani films in the absence/presence of
MWCNTs had been performed in aqueous medium. The results showed an
improvement in the electroactivity of the Pani film, but the resultant films show non-
homogenous formation on the quartz crystal, at a lower efficiency than the loading
polymer film. This can be overcome by polymerization of aniline from Ethaline, which
is one of the DESs discussed in detail in chapter 1. DESs can provide for the uniform
dispersion of MWCNTSs in the solvent during electrochemical experiments, and so can
increase the participation of MWCNTSs in composite films. Abbott et al. report that
when the species are suspended, such as MWCNTSs, they remain stable over a long
period of time, the results of which is that this can increase the participation of the
particulates in the deposition of the composites.?® In our case, MWCNTs were
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suspended for a long time (about a week), which might result in an increase in the

participation of MWCNTSs in the polymer films.

Initially, the electrochemical deposition of Pani films from 1 M aniline and 1 M H2SO4
was performed in the absence/presence of 10 wi% MWCNTSs in ETH200 between 0.0
and 1.3 V at 100 mV s. The CV curves of the Pani and the Pani/MWCNTs films thus

acquired are displayed in figure 6.13.
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Figure 6.13. The CV curves of the electrochemical deposition of (a) a Pani film from 1
M aniline and 1 M H2SO4 (b) a Pani/MWCNTSs film from 1 M aniline and 1 M H2SO4
in 10 wt% MWCNTS, the scan rate, v = 100 mV s

The growth of the Pani film gives two anodic peaks at 0.60 V and 1.00 V, and two
cathodic peaks at 0.27 V and 0.60 V in ETH200. These shifts towards more positive
potentials with cycling, and disappear altogether when a large number of cycles has
been applied. A black film was observed after the deposition of the Pani film. Similar
behaviour was observed in the presence of 10 wt% MWCNTs with higher current
densities. This is an indication of the enhancement of the charge transport process in the
Pani film with MWCNTSs. On the other hand, ETH200 is somewhat inconvenient in this
instance, because it is frozen in this solvent at room temperature (as shown in figure
6.14a) after preparation, which makes the processability of the aniline monomer
solution for its electrochemical deposition impossible. Therefore, we used ETH400
instead, which is constituted of a 1:4 mixture of choline chloride and ethylene glycol. It
provides for the solubility of the aniline monomer at room temperature, as shown in
figure 6.14b.
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Figure 6.14. 1 M aniline and 1M H2SO4 (a) in ETH200, (b) in ETH400

In order to understand the effects of the ratios of MWCNTSs on the growth of the Pani
films, we studied the electrochemical deposition of the Pani films from a solution
consisting of 1 M aniline and 0.5 M H2SO4 (acid concentration reduced to 0.5 M to
allow for a strong interaction between the aniline monomer and MWCNTS) using
various concentrations of MWCNTSs was performed at 1.3 V over 600 s and reduced at -

0.3 V using the chronoamperometry technique.
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Figure 6.15. (a) Electrochemical deposition of Pani films from 1 M aniline and 0.5 M
H2SO;4 in the presence of various concentrations of MWCNTSs (0, 4, 12 wt%) at 1.3 V,
and the reduction of the deposited film at -0.3 V (b) a detailed representation of the
anodic deposition of the Pani film from figure 6.15a (c) the amount of charge passed
during the electrochemical deposition of Pani film against the concentration of
MWCNTSs in monomer solution at 1.3 V
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The results indicate the presence of MWCNTS increases the amount of charge passed
during the electrochemical deposition of the Pani film in ETH400 like in aqueous
medium. Thus, we applied the electrochemical deposition of the Pani film from 1 M
aniline and 0.5 M H>SO4 was applied via EQCM between -0.2 and 0.9 V at a slow scan
rate of 5 mV s in ETH400 to obtain a detailed information about electrochemical and

gravimetric information about the Pani/MWCNT film growth.

In figure 6.16a, Pani film gave an anodic peak at 0.10 V and a cathodic peak -0.05 V,
which are shifted to more positive potentials with continued cycling. In the meantime,
the irreversible peak at 0.73 V in the first scan, corresponding to the oxidation of the
aniline monomer, is shifted to a more negative potential with continued cycling. This
indicates that the oxidation of aniline monomer requires a lower potential when
increasing redox sites on quartz crystal due to the autocatalytic effect of the Pani film as

mentioned earlier.

The mass and charge change in the Pani film during its growth was also analysed, as
shown in figure 6.16b. The mass of the Pani film began to increase at the
polymerization potential (around 0.73 V), while positively charged in the first anodic
oxidation. In the reversible scan, the charge of the film decreases, which turns into its
insulating form. With sufficient cycles, the mass increase is accelerated, which is an
indication of the autocatalytic effect of the Pani film deposited on the quartz crystal as
mentioned above. The surface coverage and the thickness of unsolvated Pani film were
determined by equation 3.1 and equation 3.2 mentioned in chapter 3 (n = 1 for the
dimeric aniline unit). The surface coverage is 333.4 nmol cm whilst the thickness is
609 nm for the Pani film. Both value rapidly increases, indicating the electroactivity of

the Pani film while it is getting an enlarger.
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Figure 6.16. Electrochemical deposition of the Pani film from 1 M aniline and 0.5 M
H2SO4, the scan rate, v = 5 mV s (a) the CV curve of the Pani film (b) the
corresponding mass-charge change as a function of applied potential (7, 333.4 nmol cm’
2 for dimeric units)

A homogenous green film was observed at the end of deposition, as shown in figure
6.17.
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Figure 6.17. An image of the Pani film on Pt quartz crystal from figure 6.16

The mass-charge curves for the electrochemical deposition of the Pani film from figure
6.16 are plotted in figure 6.18, which show an almost linear increase in cycling. This
indicates happening the electrochemical deposition of the Pani film in ETH400 with a
high efficiency. The apparent molar mass, Mapp, Of the Pani film at the end of each scan
is presented in table 6.3 (the apparent molar mass of the film was determined by

equation 3.4 in chapter 3).
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Figure 6.18. The mass-charge curve of the Pani film synthesised in ETH400 in figure
6.16 (the number indicates the cycle number)

The apparent molar mass values indicate a decrease with cycling while the mass density
increases considerably. This is thought to arise due to the insertion of solvent molecules.

As it can be seen in table 6.3, the content of the solvent in the Pani film decreases with
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cycling. This can be explained that the formation of the Pani film is getting firm with

cycling.

Table 6.3. Gravimetric data (obtained figure 6.18) for the Pani film growth in ETH400
(o is the solvent molecules taking place per redox sites of Pani film)

Pani growth Mapp/gmol-t a M/ug cm- Q/mC cm?
scan 1 89.9 0.5 1.9 1.02
scan 2 146.4 0.6 7.06 2.72
scan 3 83.8 0.5 15.9 7.81
scan 4 83.8 0.5 21.7 14.6
scan 5 65.6 0.4 394 23.2
scan 6 64.5 0.4 49.7 31.9
scan 7 45.7 04 58.7 414
scan 8 434 0.4 67.7 51.4

Furthermore, the acoustic data obtained for the Pani film deposition via EQCM were
analysed. The admittance data for the growth of the Pani film in Ethaline is shown in
figure 6.19, which suggests an approximate 44 % decrease in admittance after eight
scans. A further 30% decrease results in the formation of a non-rigid film as we
mentioned in chapter 4. At the same time, the ohmic resistance calculated by equation
3.6 mentioned chapter 3 was determined as 2100 Q in the 8" scan, indicating high

resistance behaviour with increasing cycling.
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Figure 6.19. (a) Admittance data of the Pani film during growth (from figure 6.16) (b)
the ohmic resiatnace of quartz crystal during the growth of the Pani film in ETH400
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In further experiments, the electrochemical deposition of Pani film was performed with
the addition of various concentrations of MWCNTs (0, 0.1, 0.2, 0.3, and 0.6 wt%)
between -0.20 and 0.85 V at 5 mV s?. The acquired cyclic voltammograms are
presented in figure 6.20 together with the corresponding mass-charge curves. Although
the presence of MWCNTSs enhances the current density of Pani film, the growth of Pani
film occurs with lower efficiency in higher concentrations of MWCNTSs (e.g., 0.6 wt%),
as for the aqueous medium mentioned in the first part of this chapter. However, the
addition of a small amount of MWCNTSs not only improved the electroactivity but also
provided for higher efficiency in the growth of Pani film compared to Pani/MWCNTSs
(0.1 wt%) and Pani/MWCNTSs (0.2 wt%) films. The electrochemical and gravimetric
data for Pani and Pani/MWCNTSs films are presented in tables 6.4 and 6.5.
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Figure 6.20. (a) CV curves of Pani film growth in the presence of various
concentrations of MWCNTSs, the scan rate, v = 5 mV s? (b) the corresponding mass-
charge curves for the Pani films from figure 6.20a

Table 6.4. Electrochemical data obtained from 4™ scans of Pani and Pani/MWCNTSs
films from figure 6.20

MWCNTSs ENV Q/mC I/nmol

. , h/nm
wi% on Ered EIR Qanodic Qcathodic cm
0.0 0.16 -0.01 0.49 0.81 0.99 162.2 296
0.1 0.18 -0.01 0.51 3.68 4.80 337.9 617
0.2 0.17 -0.01 0.53 3.76 4.32 332.5 607
0.3 0.17 0 0.53 2.07 3.32 266.6 488
0.6 0.15 -0.03 0.51 4.26 5.36 239.7 438
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Table 6.5. Gravimetric data obtained from curves of the Pani and the Pani/MWCNTSs
films from figure 6.20 (a is the solvent molecules taking place per redox sites of Pani)

MWCNTSs wt% Mapp/gmol* a M/pg cm? Q/mC cm™
0.0 86.3 0.5 17.7 9.9
0.1 51.5 0.4 21.9 20.5
0.2 62.3 0.4 24.4 18.9
0.3 51.2 0.4 15.7 14.8
0.6 36.7 0.4 15.9 20.9

The surface coverage of Pani/MWCNTs composite films is much greater than pure Pani
film synthesised under identical conditions in figure 6.20. This can arise from the
dopant effect of MWCNT besides their electrical properties. The lower content of
MWOCNTSs in the polymer film (0.1 wt%) provides both much more electroactive sites
with an efficient deposition. However, the increasing level of MWCNTSs (0.6 wt%) in
the Pani film resulted in the low mass gaining but higher electroactive sites, implying
lower efficiency than the Pani/MWCNTSs film (0.1 wt%) but still much greater pure
Pani synthesized under identical conditions. In the meantime, the apparent molar mass
presented in table 6.5 decreased with the increasing level of MWCNTs whilst the
content of solvent remained in the composited film, which is 0.4. The insertion of
solvent decreases with the addition of MWCNTSs, implying the change of structure of

Pani film with MWCNTS such as porosity.

The detailed electrochemical data for the growth of the Pani/MWCNTSs (0.2 wt%) film
is shown in figure 6.21, showed a gradual increase in mass and charge of the
Pani/MWCNTs composite film while the mass-charge curve is a linear change,
implying an efficient coating of the compote film.
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Figure 6.21. EQCM data of the Pani/MWCNTSs (0.2 wt%) film growth (a) The CV
curve of the Pani film from 1 M aniline and 0.5 M H2SO4 with 0.2 wt% MWCNTS, v =
5 mV st (b) mass (c) charge change as a function of applied potential (d) the mass-
charge curve

Admittance data for the growth of the Pani/MWCNTs (0.2 wt%) composite film is
shown in figure 6.22, indicating the formation of a rigid composite film on the quartz
crystal with a decrease of 28.1% in admittance. After the electrochemical deposition of
Pani/MWCNTSs (0.2 wt%) film, the admittance and ohmic resistance were measured as
0.69 mS and 1450 Q, respectively in Ethaline.
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Figure 6.22. Admittance change against the quartz crystal frequency during the
electrochemical deposition of the Pani/MWCNTSs (0.2 wt%) film from figure 6.21

6.2.2.1. Charge and discharge characterisation of Pani/MWCNTSs films

After deposition, the Pani and Pani/MWCNTSs films were transferred to monomer-free 1
M H2SO4 in ETH200 and monomer-free ETH200 solutions in order to identify their
electrochemical properties. Figure 6.23 shows the CV curves of the Pani film in 1 M
H2SO4-ETH200. Over 19 cycles, there is a shift in the redox peaks (0.37/0.11V) to more
positive potentials. This shift is greater for the first six cycles but reduces with
continued cycling. On the other hand, when looking at the charge passed values (in
table 6.10), there is a reversible change between the redox reactions. In the case of
ETH200 without acid, cyclic voltammetry shows two distinctive peaks around at
0.1/0.4V that do not shift over 12 cycles. It behaves in a stable manner whilst showing

electroactivity.
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Figure 6.23. The electroactivity of the Pani film (a) in 1M H>SOs-ETH200 (b) in

ETH200, the scan rate, v =5 mV st

The corresponding mass change as a function of the applied potential is plotted in figure
6.24a, indicating a sudden increase over the first few cycles that subsequently reduces.
This can be explained the insertion of a large number of anions but releases the small of
them upon reduction. With continued cycling, they accumulated causing the saturation
of the film sites. In the meantime, the chance in charge over time was plotted, showing
the charging, and discharging of the Pani film. The charging of the Pani film is reduced

with continued cycles.

8
104 <5 . 4 L
) ; 1
8 -,&;::ﬁ‘j_,;«.\‘f\ X
o 0 T
T 61 £
[&] =
: ¢
E <]
2 #1
ol -124
(b)
- 16+
0.2 0.0 02 04 06 0 20 40 60 80 100
ENV time/min

Figure 6.24. (a) the mass-E curves of the Pani film in 1M H>SO4-ETH200 (b) charge-
discharge curve of the Pani film in 1M H2SO4-ETH200 (from figure 6.23a)

The electroactivity of the Pani and the Pani/MWCNTs (0.2 wt%) films synthesised
between -0.2 to -0.85 V in figure 6.24 was represented in figure 6.25 for comparison.
Although they are deposited under identical conditions, the Pani/MWCNTS film exhibit
a stable electroactivity with higher current density. This gives supporting evidence as to
the improvement of electroactivity and stability of the Pani film with the addition of

MWCNTSs. In addition, their redox peaks appear at different potentials. The Pani film
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gives 0.38/0.35 V, while Pani/MWCNTSs film gives 0.45/0.38 V. Electrochemical data
obtained from figure 6.25 is presented in table 6.6. The surface coverage of
Pani/MWCNTSs film synthesised with 4 cycles in the presence of 0.2 wt% MWCNTS is
smaller than Pani film synthesised with 8 cycles in figure 6.16 but much greater than
Pani film synthesized under identical conditions. Plus, mass specific capacitance (MSC)
determined by equation 3.7 mentioned in chapter 3 exhibits the improvement the
capability of the Pani film with the addition of MWCNTSs even than the Pani film

synthesised with much more cycles (8 cycles in figure 6.16).
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Figure 6.25. The electroactivity of the Pani and the Pani/MWCNTs (0.2 wt%) films
synthesised under identical conditions (a) in 1 M H2SOs-ETH400 (b) in ETH400

Table 6.6. Electrochemical data obtained from voltammograms of the Pani and the
Pani/MWCNTSs films

_ E/V Q/mC I'/nmol MSCI/F
Electrolyte Film
on Ered Qanodic Qcathodic Cm_z g-l
Pani
o 0.37 0.11 8.98 8.12 401.9 805.9
(in figure 6.28)
In 1M Pani

o 041 033 1.18 1.11 50.0 792.8
H2SO4- (in figure 6.30)

ETH200  Pani/MWCNTs
Film 046 037 2.26 2.06 92.8 1170.1

(in figure 6.30)

The corresponding gravimetric data was presented in figure 6.26. The interesting point
is here the behaviour of the Pani film because the mass decreases with cycling. On the
other hand, the mass of the Pani/MWCNTSs film increases with cycling. This increase is

considerably greater over the first cycles but reduces with a large number of applied
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cycles. This is an evidence of the influence of the MWCNTSs on the electrochemical

properties of the final films.
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Figure 6.26. (a) the mass-E curves of the Pani and the Pani/MWCNTSs (0.2 wt%) films
in 1M H2SO4-ETH200 (b) charge-discharge curve of Pani and Pani/MWCNTs (0.2
wit%) films in 1 M H>SO4-ETH200 (c) mass-E curves of Pani and Pani/MWCNTSs (0.2
wt%) films in ETH200 (d) charge-discharge curve of the Pani and the Pani/MWCNTSs
(0.2 wt%) films in ETH200

The ion activity of the Pani and the Pani/MWCNTSs films were also investigated in
monomer-free ETH200 without acid. Figure 6.27 shows the EQCM data for both films,
indicating the Pani/MWCNTSs film not only behaves in a stable manner but is also more
ionic activity in comparison with pure Pani film. Furthermore, the reversible behaviour

between charging and discharging of the Pani/MWCNTSs film is quite remarkable. Here,
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Chapter Six

the Pani film exhibits higher current density but there are no obvious redox peaks. On
the other hand, the Pani/MWCNTSs film provides both certain redox peaks at 0.3/0.25 V
and reversible change charging and discharging between redox reactions.
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Figure 6.27. EQCM data for the Pani and the Pani/MWCNTs (0.2 wt%) films in
monomer-free ETH200, the scan rate, v = 5 mV s (a) the CV curves (b) mass change
of the films as a function of applied potential (c) charging and discharging of the films
under identical contiditions

6.2.3.2. Surface characterisation of the Pani and the Pani/MWCNTSs films

The surfaces of the Pani and Pani/MWCNTSs films synthesised from Ethaline were also

explored using SEM, as shown in figures 6.32 and 6.33. The Pani film gives an image

that shows the existence of ‘starfish-like’ growths at various points on the quartz

crystal.
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; : ; |+| 50 pm
Figure 6.28. SEM images of the Pani film at different magnifications

The addition of MWCNTSs to the aniline monomer solution affects the surface of the
resultant composite film as shown in figure 6.29. The composite film gives a uniform
surface with a high porosity. This is an indication of the strong interaction between the
monomer and MWCNTS, resulting in a different distribution of polymer film through

the quartz crystal.

¢ Del ! P 100 ym . » - ;—| 50 urﬁ’
Figure 6.29. SEM images of the Pani/MWCNTSs film at different magnifications
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Figure 6.30 shows 3D images of the Pani and the Pani/MWCNTSs films grown in
Ethaline. There is a clear difference between them in terms of their colour and surface.

Figure 6.30. 3D images of (a) the Pani énd (b) the Pa"hi/MWCNTs films grown in
Ethaline

6.2.3. FTIR

Since the discovery of CNTSs, several studies have been devoted to the investigation of
the vibrational properties via infrared techniques. However, both SWCNT and
MWCNT do not have permanent dipole moments, with the infrared activity instead

related to the dynamic dipole moments arising from non-symmetric vibrations.

Figure 6.31 shows the FTIR spectrum of the Pani and Pani/MWCNT films. In the case
of the Pani film, the absorptions at 1583.5 and 1500.3 cm™ are attributed to C-C
aromatic stretching vibrations, which are common to all films. The absorption at 1310.3
cm? is assigned to the vibrational modes of C-N aromatic amines while the absorption
at 1156.0 cm™ is attributed to C-H in alkyl halides and C-C aliphatic amines. The final
absorption band appears at 820.0 cm™ and is attributed to aromatic C-H vibrations, and
are also common to all films. In the case of the Pani/MWCNTSs film, the absorptions at
1369.3 cm™ and at 1275.0 cm are attributed to alkene C-H vibrations and the C-O in
carboxylic acid, respectively. The latter vibrational modes at 1082.7 cm™ and 924.7 cm
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! are associated with the C-N vibration of aliphatic amines and O-H of a carboxylic
acids, respectively. This shows the content of the MWCNTSs, providing by the

appearance of vibrational features specific to C-O (carboxylic acid).
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Figure 6.31. The FTIR spectra of the Pani and the Pani/MWCNTSs films from aqueous
medium

Figure 6.32 shows the FTIR spectra of the Pani and the Pani/MWCNTSs films generated
in Ethaline. The absorptions at 1800-1700 cm™, at 1300-1200 cm™ and 1100-1000 cm*
are attributed to C=0, C-H, and C-N, respectively which are commonly observed in the

other films vibrational modes. There is no significant difference between the spectra for
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the Pani and the Pani/MWCNT films, reflecting MWCNTSs does not show any IR
activity.
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Figure 6.32. The FTIR spectra of the Pani and the Pani/MWCNTSs films formed from
Ethaline

6.3. Conclusion

In this chapter, the effects of MWCNTs on the electrochemical polymerization of
aniline and the electrochemical properties of the resultant composite films in aqueous
and non-aqueous (Ethaline) media were investigated. Initially, we functionalized the
walls of the MWCNTSs in concentrated HNO3z to provide a strong interaction with

aniline monomers.

We first studied the electrochemical polymerization of aniline in an agueous medium to
gain information on the growth dynamics of Pani/MWCNTs composite films. The
results show good agreement with the literature,> ® which implied a considerable
improvement in electroactivity compared to the pure Pani film. However, we found
significant evidence of the decreasing mass loading of polyaniline in the presence of
MWCNTSs. Additionally, the concentration of H>SOs plays a significant role in
increasing the effects of MWCNTSs. At higher concentrations of H.SO4 (1 M), the
interaction between the aniline monomer and MWCNTSs is extremely weak. Lower
concentrations of H.SO4 provide for an increase in this interaction, resulting in an

increase in the amount of charge passed. Both the Pani and the Pani/MWCNTSs films
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were deposited on a quartz crystal via EQCM under optimal conditions. The Pani and
the Pani/MWCNTSs films generated in aqueous medium show lower efficiency because
the apparent molar masses of the Pani and the Pani/MWCNTs films are 63.1 g mol™

and 5.8 g mol?, respectively.

In further experiments, the electrochemical deposition of Pani and Pani/MWCNTSs films
was studied in Ethaline via cyclic voltammetry, chronoamperometry and EQCM. The
results of these studies show the electrochemical behaviour of Pani film in the presence
of MWCNTSs was influenced in a similar manner. The apparent molar masses of the
Pani and the Pani/MWCNTSs (0.2 wt%) film generated from Ethaline with 4 (figure
6.20) were determined to be 86.3 g mol? and 51.5 g mol™?, respectively. Also, the
addition of the sulphuric acid (99.9 %) also adds a small amount water to the Ethaline,
decreasing its viscosity.?” The percentage of water in the monomer solution in ETH400

was determined as 11.2%.

The characterisation of the electrochemical properties of the Pani and the
Pani/MWCNTs (0.2 wt%) films generated from Ethaline were explored in their
background solutions. The Pani/MWCNTs (0.2 wt%) film in a monomer-free acidic
medium (figure 6.25) showed more stable behaviour and high electroactivity with
respect to the Pani film generated from Ethaline. Additionally, the electroactivity of the
Pani/MWCNTs (0.2 wt%) film in ETH200 was examined, suggesting a superior
electroactivity with obvious redox peaks. The surface coverage of Pani was enlarged
from 162.2 nmol cm to 332.5 nmol cm™2 with the addition of 0.2 wt% MWCNTSs under
identical conditions, while they show reversible behaviour between their redox
reactions. The mass-specific capacitance (MSC) values of the Pani and the
Pani/MWCNTSs (0.2 wt%) films synthesised from Ethaline were determined to be 792.8
+10.5 F gt and 1170.1 + 44.7 F g%, respectively. The reports in the literature suggest
that the theoretical specific capacitance of polyaniline is 750 F g, but was actually
found to be 240 F g* when synthesized from an aqueous medium.?® Similarly, the mass-
specific capacitance of the Pani/MWCNTs composite film synthesised from aqueous
medium is reported as being 670 F g2 Additionally, the maximum specific
capacitance of graphene materials such as supercapacitors was reported to be 205 F g

in the literature.3® All the above cases demonstrate that the addition of MWCNTS to
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polyaniline film in Ethaline enhanced the mass-specific capacitance, which is promising

for future energy storage devices.

The morphologies of the resultant Pani/MWCNTs films produced from aqueous
medium were also different to that of pure Pani film, showing a non-homogenous
coating over the quartz crystal with a rough surface. The existence of this roughness at
certain regions of the quartz crystal and the SEM images may indicate that
electrochemical polymerization had taken place on the walls of the MWCNTSs. The
lower efficiency of the mass loading and the poor quality of the resultant films were
enhanced by the Ethaline solvent; Ethaline provides a high-quality Pani/MWCNTSs
composite film coating with higher electroactivity (figure 6.29 and 6.30)

Finally, we investigated the effects of MWCNTSs on the structure of polyaniline via
FTIR. FTIR revealed that the existence of MWCNTs in polymer films can be
demonstrated by the vibrational features at 1082.7 cm™ and 924.7 cm™, which are
attributed to the carboxylic acid group on the Pani/MWCNTs film generated in an
aqueous medium. However, the spectra of the Pani and Pani/MWCNTs films
synthesized in Ethaline were highly similar, and there is no specific vibration by which
to determine the presence of MWCNTSs. This could mean that the MWCNTSs might not
show IR activity in this medium.
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Chapter VII:

The enhancement of electrochemical stability of PPy
with MWCNTS in agueous and non-aqueous media

7.1. Introduction

7.1.1. Overview

The previous study is related the electrochemical deposition of aniline in MWCNTS in
chapter 6. Here, we utilized another conducting polymer, polypyrrole (PPy), obtained
from the pyrrole monomer shown in figure 7.1, which shows excellent reversibility
between redox reactions, and chemical stability. In contrast to Pani, an acidic medium is
not required for the deposition of PPy to proceed.! 2 Therefore, the MWCNTSs are well
dispersed through the solution, allowing for a stronger interaction between the monomer
and CNTs.

As mentioned in chapter 7, MWCNTs were functionalised® in concentrated HNO3
before conduction the electrochemical experiments for PPy/MWCNTs (the
functionalisation of the wall of MWCNT was mentioned in detail in chapter 3).
Therefore, MWCNTs can behave as a dopant anion during the electrochemical

polymerization of pyrrole,* as illustrated in figure 7.1.

pyrrole

polypyrrole
Figure 7.1. An illustration of MWCNTSs as a dopant anion during the electrochemical
deposition
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7.1.2. Aims and Objectives

The objectives of this chapter are: (i) the electrochemical deposition of pyrrole in the
presence of different ratios of MWCNTSs in aqueous medium; (ii) investigation of the
growth dynamics of PPy and PPy/MWCNT films by means of EQCM; (iii) the
characterisation of the charge transport process of the PPy and PPy/MWCNTSs films in
monomer-free electrolyte solutions; (iv) defining the charge and discharge
characteristics of the resultant composite films; (v) the electrochemical deposition of
pyrrole in the presence of different ratios of MWCNTS in Ethaline; (vi) investigation of
the growth dynamics of PPy and PPy/MWCNT films by means of EQCM in Ethaline;
(vii) characterisation of the charge transport process of the PPy and PPy/MWCNTSs
films in monomer-free Ethaline; (viii) defining the charge and discharge characteristics
of the resultant composite films; (ix) identifying of the surface morphologies of the
resulting composite films of PPy/MWCNT from aqueous and non-aqueous media by
means of SEM and 3D microscopy techniques; (x) structural analysis of the resulting
polymer and composite film via FTIR.

7.2. Results and Discussions

7.2.1. Electrochemical deposition of PPy films in the presence of
MWCNTSs in aqueous medium

The electrochemical deposition of PPy films can proceed in the presence of counterions,
and NaCl without acid, differently from Pani. Figure 7.2 shows the CV curves of the
growth of PPy film in the absence/presence of MWCNTSs from a solution consisting of
0.1 M pyrrole and 0.2 M NaCl without/with 5 wt% MWCNTSs between -0.6 and 0.7 V
over 13 cycles at 10 mV s. Both display a broad anodic and a broad cathodic peak
between -0.4 V and 0.4 V in their respective voltammograms, whilst showing
irreversible peaks at 0.62 V and 0.56 V, respectively. These potentials are attributed to
the oxidation of the pyrrole monomer on the surface of the working electrode. As can be
seen, the oxidation of the pyrrole monomer occurs at a more positive potential in the
presence of MWCNTS but at a higher current density. The charge passed is calculated
from the voltammograms of PPy and PPy/MWCNTSs films are 2.46 mC and 18.3 mC,

respectively, upon oxidation (A is 0.23 cm? and n = 0.33 for pyrrole). This indicates the
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huge influence of MWCNTSs on the amount of charge passed during PPy film growth.

These results show good agreement with the literature.*
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Figure 7.2. Electrochemical deposition of PPy film from (a) 0.1 M PPy and 0.1 M
NaCl; (b) 0.1 M PPy and 0.2 M NaCl in presence of 5 wt% MWCNTSs; v =10 mV s

To obtain a deeper understanding of the effects of MWCNTS on the growth of PPy film,
the electrochemical deposition of PPy films was studied via chronoamperometry in the
presence of the different ratios of MWCNTSs (0, 1, 3, 6, 10 and 15 wt%, respectively).

Figure 7.3 shows the results of the chronoamperometry experiments.
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Figure 7.3. (a) Electrochemical deposition of PPy films from 0.1 M pyrrole and 0.1 M
NaCl in presence of various concentrations of MWCNTSs at 1.0 V and reduction of the
coated films at -0.5 V (b) a detailed representation of anodic deposition of PPy film at
1.0 V (c) the charge passed during the electrochemical deposition of PPy films against
the concentration of MWCNTS in monomer solution from figure 7.3a
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Regarding the results, the charge passed rapidly increases with the amount of MWCNTSs
until some critical point, after which it begins to reduce. This suggests that the amount
of MWCNTSs should fix at some point to increase its contribution to electrochemical
properties. On the other hand, the reason for this decrease after a certain concentration
of MWCNTSs is present can be explained through the prevention of the migration of

monomers to the surface of the working electrode.

As can be seen from the results obtained by each of these two different techniques —
cyclic voltammetry and chronoamperometry — the electrochemical polymerization of
pyrrole was affected by the presence of MWCNTS. The addition of MWCNTSs enhances
the amount of charge passed during the growth of PPy film. However, the mass loading
of the PPy/MWCNTSs film still remains uncertain. In order to gain information on the
mass loading and charge change of the growth of PPy/MWCNTSs, film the EQCM

technique was employed.

Figure 7.5 shows the EQCM data for the electrochemical deposition of PPy films from a
solution consisting 0.1 M pyrrole and 0.1 M NaCl in the absence/presence of 5 wt%
MWCNTSs from between -0.5 V and 1.0 V at 10 mV s. There is a significant outcome
to this experiment in that the lower concentrations of NaCl cause the polymerization
potential and the peak potentials to shift more positive potential. Meanwhile, the effects
of MWCNTSs exhibit certain similarities in terms of the mass and charge change of the
polymer and composite film during their growth. After the deposition of the PPy film, a
homogenous black film was observed on the quartz crystal, as shown in figure 7.5. The
surface coverage of the PPy film was determined as 539.4 nmol cm while it is 2396.4
nmol cm™ for the PPy/MWCNTSs film using equation 3.1.

The corresponding mass and charge change also revealed certain characteristics of the
PPy and the PPy/MWCNTSs film growth. The mass density of the PPy film is about 330
g cm?, while it is around 20 pg cm? for the PPy/MWCNTSs film under same
experimental conditions. This means the addition of MWCNTs (5 wt%) reduces the
efficiency of PPy film deposition while increasing the charge passed by around a factor
of two.
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Figure 7.4. (a) electrochemical deposition of PPy film from 0.1 M pyrrole and 0.1 M
NaCl (b) mass and (c) charge change of PPy film during its deposition from figure 7.5a,
the scan rate, v = 10 mV s; (d) electrochemical deposition PPy/MWCNTSs (5 wt%)

film from 0.1 M pyrrole, 0.1 M NaCl and (e) mass and (f) charge change of
PPY/MWCNTSs composite film during its deposition from figure 7.6d, the scan rate, v =
10mVs

1

Figure 7.5. An image of the PPy without MWCNTSs

176



Asuman UNAL — PhD Thesis Chapter Seven

The mass-charge curves of the PPy and the PPy/MWCNTSs (5 wt%) films were plotted
to understand the relationship between mass and charge change during the associated
electrochemical experiments. Both show a linear increase, but the gradient for the PPy
film is much larger, indicating a higher efficiency for the deposition of PPy film. On the
other hand, it also means that the continued cycling provides a much more electroactive
and allows for the synthesis of an acoustically thick PPy/MWCNTSs film. The molar
masses calculated by equation 3.4 for the PPy and the PPy/MWCNTSs films. The
theoretical molar mass of pyrrole is 67.09 g mol?, which is a highly different the
experiment finding, 98.9 g mol™. This difference, 31.8 g mol™?, can be originated the
content of the solvent in polymer film attributed 1.8 solvent molecules. In the case of
PPY/MWCNTs film, 47.6 g mol? is lower than 67.06 g mol™?, showing the lower

efficiency for its deposition.
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Figure 7.6. The mass-charge curves of the electrochemical deposition of the PPy
(black) and the PPy/MWCNTSs (blue) films, respectively from figure 7.5

The admittance data for the PPy and the PPy/MWCNTSs film growth is presented in
figure 7.7, showing the formation of rigid films. On the other hand, the coating of PPy
film causes a shift in frequency of the quartz crystal, indicating the viscoelastic property
of the polymer film. The admittance of the PPy film was 2.08 mS whilst it was 1.50 mS
for the PPy/MWCNTs film. This shows the formation of an acoustically thick
PPY/MWCNTSs film with comparing the PPy film. The ohmic resistance (determined by
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equation 3.6 mentioned in chapter 3) of the PPy/MWCNTs (666.6 Q) composite films is
much greater than the PPy (480.7 Q) film synthesised under identical conditions.
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Figure 7.7. Admittance data for (a) the PPy and (b) the PPy/MWCNTSs film growth
from figure 7.4

7.2.1.1. Characterisation of the PPy/MWCNTs composite films

The PPy and PPy/MWCNTs (5 wt%) films were transferred to monomer-free 0.1 M
NaF to obtain information regarding their electroactivity. The CV curves of such are

shown in figure 7.8.
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Figure 7.8. Electroactivity of (a) the PPy and (b) the PPy/MWCNTSs films in monomer
free 0.1 M NaF solutions, the scan rate, v = 5 mV s? (the numbers indicate the cycle
number)

The existence of MWCNTSs in the PPy film enhances the electroactivity significantly, as
it allows for an increase in current density by a factor of four, as can be seen in figure
7.8. The corresponding EQCM data for PPy and PPy/MWCNT films in monomer-free
NaF solution are also shown in figure 7.9, showing increases in their mass during the
oxidation of the films, but in different amounts. This can arise due to the different

thicknesses of the film, which play an important role in the ion-exchange properties of
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the polymer and composite films.> On the other hand, charging and discharging
characteristics of the film under identical conditions are compared in figure 7.9d, which
illustrate an important development in the charging and discharging characteristics for
PPY/MWCNTSs film. This is a valuable outcome in terms of the development of energy
storage devices. Electrochemical and gravimetric data obtained from the curves are

presented in table 7.1.
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Figure 7.9. EQCM data of PPy and PPy/MWCNTSs film in monomer free 0.1 M NaF,
the scan rate, v = 5 mV s? (a) mass change of PPy film (b) mass change of
PPY/MWCNTSs (c) mass-charge curves for PPy and PPy/MWCNTSs (d) comparison of
charging and discharging characteristics of PPy and PPy/MWCNTs films under
identical conditions

Table 7.1. Electrochemical data obtained from the voltammograms of the PPy and the
PPY/MWCNTSs films in monomer-free 0.1 M NaF (figure 7.8 and 7.9)

Q/mC Mapp/g mol?
) : . I/nmol
Film during during )
Qanodic Qcathodic L . cm-
oxidation  reduction
PPy 13.7 11.2 72.3 125.5 764.6
PPYy/MWCNTSs 56.4 53.0 1.2 34 3618.6
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7.2.1.2. Surface characterisation of the PPy and the PPy/MWCNTSs films

The surface properties of the resultant polymer and composite films were investigated
using two different techniques, scanning electron microscopy (SEM) and a 3D profiler

(see detailed descriptions in chapters 2 and 3).

Figures 7.10 and 7.11 display the SEM images recorded for the PPy and the
PPY/MWCNTSs films synthesised from an aqueous medium. There is a clear difference
between them, reflecting the significance of the effect of MWCNTSs on the growth of
the PPy film. In the case of the PPy film, in figure 7.10 a homogenous coating with a
highly porous surface was observed. Conversely, the PPy/MWCNTSs film has a surface
roughness and a non-homogenous coating. The growth seems to occur around the walls
of the MWCNTSs.

D

Fgur?.ll. depo ited aqueous medium

M image of the PPy/MWCN
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3D images of the PPy and the PPy/MWCNTSs films were also obtained. Figure 7.12
shows the surfaces of the PPy and the PPy/MWCNTSs films obtained from an aqueous
medium. While the PPy film shows a homogenous but non-uniform green surface, the

PPY/MWCNTSs film has a non-homogenous surface.

Figure 7.12. 3D images of the PPy and the PPy/MWCNTSs films from aqueous medium

The findings from the electrochemical deposition of the PPy/MWCNTSs film show the
development of the electroactivity of the PPy film but it resulted in the lower efficiency
and a poor-quality coating. This implies a novel medium, such as Ethaline, can enhance
the electrochemical and physical properties of the PPy/MWCNTSs film. Therefore, we
focus on majorly the electrochemical deposition of the PPy/MWCNTSs film in ETH200
in the second part of this chapter.

7.2.2. Electrochemical deposition of PPy film in the presence of
MWCNTs in Ethaline

In the electrochemical deposition of PPy film in an aqueous medium with MWCNTSs,
the participation of MWCNTSs in the growth of PPy film provides for the enhancement
of the electrochemical properties of the PPy film but also results in lower formation

efficiency and the formation of non-uniform composite films. To overcome these
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difficulties, and to synthesise high-quality PPy/MWCNTSs composite films, the use of

Ethaline as a DES was evaluated because of the unique properties of such medium.®

The electrochemical deposition of PPy and PPy/MWCNTSs films were applied first in
0.7 M pyrrole in ETH200 and 0.7 M pyrrole with 5 wt% MWCNTSs in ETH200 between
-0.4 and 1.1 V at a high scan rate of 100 mV s. The acquired cyclic voltammograms of
the PPy and the PPy/MWCNTSs film growth are displayed in figure 7.13. As can be
seen, the addition of MWCNTSs effects the size and shape of the redox peaks of the PPy
film as occurred for the PPy film deposited from an aqueous medium. The calculated
cathodic charge values from the voltammograms are 0.24 mC and 0.55 mC for PPy and
PPY/MWCNTSs films, respectively. This means that the charge passed improves with the
addition of MWCNTSs in Ethaline.
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Figure 7.13. The CV curves of growth (a) the PPy film from 0.7 M pyrrole in ETH200
and (b) the PPy/MWCNTSs film from 0.7 M pyrrole and 5 wt% MWCNTSs in ETH200 v
=100 mV s (the numbers indicate the number of cycles)

The effect of MWCNTSs on the growth of PPy films in Ethaline was also investigated in
the presence of a variety of concentrations of MWCNTSs using the chronoamperometry

technique. Figure 7.14 shows the results obtained from these experiments.
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Figure 7.14. (a) Electrochemical deposition of PPy films in the presence of various
concentrations of MWCNTSs at 1.3 V, and the reduction of the coated films at -0.3 V (b)
the charge passed during the electrochemical deposition of the PPy film versus the
concentration of MWCNTSs in pyrrole monomer solution in ETH200 from figure 7.14a

Initially, the charge passed decreased with the addition of MWCNTs (4 wt%) but
subsequently began to increase with increasing MWCNTSs until the concentration of
MWCNTSs was relatively high (16 wt%), at which point it suddenly decreased again. It

may be noted that this is a similar outcome to that observed for aqueous medium.

Indeed, generally speaking, similar results were obtained in the Ethaline medium as had
been found in the aqueous medium. The electrochemical deposition of PPy film was
performed in conjunction with the EQCM technique to find the effects of mass loading
with charge change. The EQCM data of the PPy/MWCNTSs (5 wt%) film synthesised at
the slow scan rate of 5 mV s is shown in figure 7.15. The resultant the PPy and the
PPY/MWCNTSs films were observed as homogenous black films on the quartz crystal, as
shown in figure 7.16. PPy/MWCNTSs film was observed as non-homogeneous from an

aqueous medium.
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Figure 7.15. EQCM data for the electrochemical deposition of the PPy and the
PPY/MWCNTSs films, the scan rate, v = 5 mV s! (a) 10" scan of PPy and
PPY/MWCNTSs (5 wt%) film growth under identical conditions (10 cycles were applied
to induce growth) (b) the mass change and (c) the charge change of PPy/MWCNTSs film
growth and (d) mass-charge curves of the PPy and the PPy/MWCNTSs films,

PPy PPy-MWCNT
Figure 7.16. Images of the PPy and the PPy/MWCNTSs films synthesised in Ethaline

Both the PPy and the PPy/MWCNTSs films were obtained over 10 cycles in figure 7.15.
Figure 7.15a shows the 10" scan of their growth to compare their current densities. As
can be seen, the current density is much greater for the PPy/MWCNTSs film without
shifting the peak positions to any great degree. The important outcomes of these
experiments, the mass-charge curves of the PPy and the PPy/MWCNTSs films in figure
7.15d, showing a high efficiency for them with compare to in aqueous medium. This is

an evidence that Ethaline medium is superior to aqueous medium regarding mass
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loading. The electrochemical and gravimetric data for the PPy and the PPy/MWCNTSs
films is reported presented in table 7.2, as are obtained from the curves shown in figure
7.15. The solvent content (o) of the PPy and the PPy/MWCNTSs films determined by
equation 3.5 is 0.8 per redox site of the films. This means the addition of the MWCNTSs

does not affect the insertion of solvent molecules into a PPy film.

Table 7.2. Electrochemical data obtained from the voltammograms of the PPy and the
PPY/MWCNTs films from figure 7.15

) Q/mC
Film Mapp/g mol*  I/nmol cm™?  h/nm
Qanodic Qcathodic
PPy 5.17 5.22 106.0 356.4 531
PPYy/MWCNTSs 7.02 7.54 110.8 514.8 767

The admittance data for the electrochemical deposition of the PPy and the
PPY/MWNCT-COOH films was also analysed in figure 7.17. The formation of both
films results in a shift in frequency of the quartz crystal, with the formation of the
PPY/MWCNTSs film resulting in a much greater decrease in admittance. The admittance
of the PPy and the PPy/MWCNTSs films at the end of the respective deposition
experiments were found as 0.64 (decrease from 0.69) and 0.44 (decrease from 0.80),

respectively.
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Figure 7.17. Admittance data for (a) the PPy and (b) the PPy/MWCNTSs (5 wt%) films
from figure 7.15

As it can be seen, the presence of 5 wt% MWCNTS raises the mass loading of the PPy
film, in contrast to Pani which lowers it (see chapter 6). At this point, it is important to
know the effect of the ratios of MWCNTSs on the growth of PPy film in Ethaline.
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Consequently, we deposited various PPYy/MWCNTs composite films, namely
PPy/MWCNTSs (0.5 wt%), PPy/MWCNTSs (1 wt%) and PPy/MWCNTSs (16 wt%), as
shown by the associated voltammograms in figure 7.18. They were each deposited over
4 cycles under identical conditions, the only difference in each case being the different
ratio of MWCNTs in the 0.7 M pyrrole in ETHH200 medium. The cyclic
voltammograms (only the 4" growth scan is shown for each) did not display any
significant differences, despite the use of a wide range of the concentrations of
MWCNTSs (ranging from 1 to 16 wt%). On the other hand, larger amounts of MWCNTSs
caused a decrease in the mass loading of a PPy film, as can be seen in figure 7.18d,
while a small amount increased the amount of a PPy film, as can be seen in figure
7.18c.
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Figure 7.18. EQCM data for PPy growth in the presence of different ratios MWCNTS,
v=5mV st (a) CV curves of the PPy and the PPy/MWCNTs growth (4" scan showed
as their last growth cycle) (b) mass-charge change for the PPy/MWCNTs (1 wt%)
composite film (c) comparison of mass-charge curves of the PPy and the
PPY/MWCNTSs synthesised under identical conditions (d) comparison of mass-charge
curves of the PPy and the PPy/MWCNTSs (16 wt%) film

Table 7.3 presents the gravimetric data obtained the curves shown in figures 7.18c-d.
The molar masses of the PPy/MWCNTs composite films reduce with larger amounts of

MWCNTSs as it provides higher surface coverage at the electrode.
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Table 7.3. Electrochemical and gravimetric data for the PPy and the PPy/MWCNTSs
films from figure 7.18 (a is the content of the solvent molecules in the films)

wt % MWCNTS in

| Mapp/ g mol a/per redox site I'/ nmol cm™
pyrrole
0.0 100.5 0.8 344.5
0.5 100.3 0.8 520.1
1.0 107.1 0.8 664.2
16.0 77.97 0.7 676.9

7.2.2.1. Characterisation of the PPy and the PPy/MWCNTSs films

The PPy and the PPY/MWCNTSs films were transferred to a monomer-free ETH200
solution in order to characterise their electroactivity under identical conditions. The
acquired EQCM data are presented in figure 7.19.
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Figure 7.19. Electroactivity of the PPy and the PPy/MWCNTs (5 wt%) films in
monomer-free ETH200, v = 5 mV s (a) CV curves of the PPy and the PPy/MWCNTs
films in ETH200 (b) mass and (c) charge changes in the PPy and the PPy/MWCNTS
films as a function of applied potential (d) mass-charge curves for the PPy and the
PPY/MWCNTSs films
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The current density of the PPy/MWCNTSs (5 wt%) film is larger than that of the PPy
film, though both species otherwise present essentially similar redox peak potentials
between -0.2 and 0.5 V. However, neither film shows a reversible change for their mass
and charge values between their redox reactions. The electrochemical and gravimetric
data obtained from these curves is presented in table 7.4. The ionic-activity of the
PPY/MWCNTSs film is much greater than the PPy film under identical conditions. The
solvent molecules transferred during redox cycling of the PPy and the PPy/MWCNTSs
film was determined as 1.1 and 1.3 upon oxidation and 0.5 and 0.4 upon reduction,
respectively. The mass specific capacitance (MSC) of the PPy and the PPy/MWCNTSs
film were evaluated, which showed the higher capacity for the PPy/MWCNTSs film
compared with the PPy film.

Table 7.4. Electrochemical and gravimetric data obtained from the voltammograms of
the PPy and the PPy/MWCNTSs film from figure 7.15

Q/mC Mapp/g mol?
) : . I'/nmol  MSC/
Film During During ) .
Qanodic Qcathodic A . . cm- F g
oxidation  reduction
PPy 5.27 4.56 197.1 27.9 311.3 100.1
PPY/MWCNTSs
5.74 246.9 13.6 3919 1205
(5 wt%)

The charging and discharging characteristics of the PPy and the PPy/MWCNTSs (5 wt%)
films were compared in figure 7.20. They display quasi-reversibility but considerably
increased charging for the PPy/MWCNTS film.
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Figure 7.20. Charging and discharging properties of the PPy and the PPy/MWCNTSs (5
wt%) films under identical conditions
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The characterisation of the other PPy/MWCNTs composite films can be seen in figure
7.21. As it can be seen, the PPy/MWCNTs (1 wt%) film shows an improvement in
current density without causing any attendant shifts in peak positions. Also, it provides
a reversibility between charging and discharging for the PPy/MWCNTSs film; the PPy
film is not reversible, despite being synthesised under the same conditions as the
PPy/MWCNTSs (1 wt%) film.
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Figure 7.21. Electroactivity of the PPy/MWCNTSs film synthesised with various
concentrations of MWCNTSs in monomer-free ETH200, v = 5 mV s* (a) CV curves of
the PPy and the PPy/MWCNTSs film (b) charging and discharging of the PPy and the
PPY/MWCNTSs films

7.2.2.2. Surface Characterisation of the PPy and the PPy/MWCNTSs Films

Figures 7.22 and 7.23 reveal the surfaces of the PPy and the PPy/MWCNTSs films
synthesised from the non-aqueous medium, Ethaline. The PPy film has a different
surface than the PPy film synthesised from an aqueous medium. It is still homogeneous,
but its roughness is lower with high adherence to the quartz crystal. Similarly, the effect
of MWCNTSs on the surface of pyrroles is obvious, which provides the formation of

firm composite films but that is still homogenous.

189



Asuman UNAL — PhD Thesis Chapter Seven

L.TIF

|gr 7.22. EM images of the PPy film from EH2

AP P Lt s Lol o R " '
gn P 20 um Def ] 20 pm
LTIF SIS XL TIF

Figur 7.23. EM images of the PPy/MWCNTSs film from ETH200

In figure 7.24, the PPy film synthesised from Ethaline exhibits a uniform and
homogenous surface. Conversely, the PPy/MWCNTSs film formed from Ethaline shows

a more ‘compact’ surface than the PPy film.
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Figure 7.24. 3D images of the PPy and the PPy/MWCNTSs filr9r"1 from Ethaline
7.23.FTIR

Figure 7.25 shows the FTIR spectra of the PPy and the PPy/MWCNT films from an
aqueous medium. In the case of the PPy film, the features observed at 1711, 1555, and
1315 cm are attributed to a carboxylate C=0, aromatic (in-ring) C-C, and nitro N-O
functional group stretching modes, respectively. The features at 1156, 1039, and 907.56
cm are attributed to aliphatic amines C-N, aliphatic amine C-N, and a carboxylic O-H
motion, respectively. In the case of the PPy/MWCNT film, absorption was mostly
observed for the same vibrational modes, with the exception the feature at 1309.3 cm™,
which has been assigned to a carboxylic C-O vibration in accord with the presence of
MWCNTs in the film.
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Figure 7.25. The FTIR spectra acquired for the PPy and the PPy/MWCNT films from
aqueous medium

The latter examination of the FTIR was applied to the PPy film and the PPy/MWCNT
composite films generated in Ethaline, as shown in figure 7.26. The feature at 1800-
1700 cm is assigned to a C=0 stretching mode and the feature at 1650-1600 cm™ to an
amine N-H mode. The features at 1482, 1250 and 1176.4 cm™ are assigned to aromatic
C-C, C-H, and C-N vibrational modes, respectively. The vibrational modes give almost
same region; however, the peak at 1250 cm for the PPy film appears quite flat, which

can be explained by delocalisation being much improved in the presence of MWCNTS.
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Figure 7.26. The FTIR spectrum of the PPy and the PPy/MWCNTSs film from Ethaline

7.3. Conclusion

In this study, the electrochemical deposition of PPy film in different solvents, both
aqueous and Ethaline media, in the absence and presence of MWCNTS, was studied. In
doing so, the effects of MWCNTs on the growth of PPy film in both media was
explored using the EQCM technique. During the experimental studies, several
electrochemical techniques, chronoamperometry, cyclic voltammetry and EQCM, were
employed. All experimental conditions were otherwise kept constant, with only the
amount of MWCNTS being varied.

Initially, we performed the deposition of PPy film in the absence/presence of MWCNTS
in an aqueous medium. The results showed that the presence of MWCNTSs enhanced the
charge transport between the film and solution during the electrodeposition of PPy film,
as previously reported in the literature.”® However, it also decreases the amount of film
loaded on the quartz crystal. At this point, Ethaline, as a non-aqueous medium, was
used for the electrochemical deposition of PPy/MWCNTs film to enhance the
electrochemical properties and the efficiency of PPy film loading on the quartz crystal.
This showed the development of the mass loading and electrochemical properties of
PPY/MWCNTs film with good physical properties, as subsequently determined via
SEM and 3D microscopy. This outcome also supported the work of Abbott et al., who
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reported the species suspended in the solvent increases the participation of the
particulates in the deposition.® In the case of PPy, the suspended MWCNTS can stay in
the monomer solution for a long time (about a week) and contribute to increasing of the
ratio of MWCNTSs in the composite film.

The electrochemical characterisation of the final PPy/MWCNTs composite film was
applied in its background solutions. The surface coverage of the PPy and the
PPY/MWCNTSs (5 wt%) film synthesised in Ethaline were determined to be 311.3 nmol
cm and 391.6 nmol cm?, while their mass-specific capacitance was found to be 100.1
+ 3.9 F gt and 1205 + 5.4 F g%, respectively. In the literature, the mass-specific
capacitances of PPy and PPy/MWCNTSs (20 wt%) film synthesised in aqueous medium
were reported to be 530 g F* and 506 g F1, respectively.’®! This indicates that Ethaline
is not a suitable medium for the deposition, which is probably due to decreased charge

transport.

Additionally, the spectral analysis of the composite films via FTIR showed the
existence of the MWCNTS is obvious due to the spectral feature at 1309 cm™ which can
be assigned to a carboxylic C-O vibration in aqueous medium. On the other hand,
PPY/MWCNTSs films generated in Ethaline gave a similar spectrum to PPy, except for
the peak shape at 1250 cm™ which showed a narrower peak in MWCNTSs. This can arise

due to the participation of MWCNTS in the polymer chain.
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Chapter VIII:

Conclusions and Future Work

8.1. Conclusions

In this thesis, comprehensive information regarding electroactive polymers, particularly
Pani and PPy, and their applications were presented in chapter one, while the methods
used in this research were described in chapter two.

The research motivations considered the growth dynamics and properties of the
electroactive polymers Pani and PPy and their redox cycling. Two significantly
different studies were undertaken to these ends, which demonstrated: i) the
copolymerization of aniline with its derivatives, o-aminophenol, and o-toluidine, and
the defluoridation properties of the resultant copolymer films, and ii) the polymerization
of aniline and pyrrole in the presence of various concentrations of MWCNTSs at
optimum conditions in both aqueous and non-aqueous (Ethaline) media, and the
enhancement of the charge transport of the final films.

In the first part of this research, i) the growth dynamics of Pani, PAP, and POT, and the
investigation of the electrochemical properties of the final polymer films, ii) the growth
dynamics of the Pani-PAP and the Pani-POT copolymer films using various ratios of
monomers whilst maintaining total concentrations of either 0.1 M and 0.2 M, depending
on experiment, iii) the removal of fluoride ions by the Pani-PAP and the Pani-POT film

in monomer-free 0.1 M NaF electrolyte solutions (pH 6.60), were investigated.

Initially, the polymerizations of the Pani, PAP and POT films was carried out under
otherwise identical conditions. The growth rate of the Pani film was much greater than
those of the PAP and POT films, whilst they give different redox peaks to each other in
their respective voltammograms. In particular, the peak positions of the PAP film are
distinct in comparison to both the Pani and the POT film when characterized in
monomer-free 1 M H2SO4 solutions under identical conditions. The redox peaks of the
PAP film appeared around 0.25/0.24 V, while the Pani and the POT film redox peaks
appeared around 0.4/0.2 V in monomer-free 1 M H.SO4 at 50 mV s (figure 4.10 in
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chapter 4 and figure 5.7 in chapter 5). The growth rate of the PAP film was also lower
than that found for POT. This can be explained as being due to the presence of -OH
groups in the polymer backbone of o-aminophenol, which is more negative than the -

CHs group in the polymer backbone of o-toluidine.

In the later stages, the copolymerization of the Pani-PAP and the Pani-POT films were
carried out under optimal conditions. The results of this show that the o-aminophenol/o-
toluidine ratio plays a significant role in the copolymerization of the Pani-PAP and the
Pani-POT films because their small ratios, such as 5 mM AP in 100 mM monomer
solution and 10 mM OT in 100 mM monomer solution, produced novel voltammograms
that are entirely different to the voltammograms of their respective monomers. Surface
coverage was increased with a decreasing amount of o-aminophenol/o-toluidine.
However, applying a large number of cycles during the growth of the copolymerization
experiments increased the surface coverage and the mass of the films, indicating the
effect of the autocatalytic effect of Pani film.> 2 In light of these results, we studied the
copolymerization of the Pani-PAP and the Pani-POT films in 0.1 and 0.2 M total
monomer concentrations via EQCM, keeping the ratios of o-aminophenol and o-
toluidine with a certain range, such as 80-90% o-aminophenol/o-toluidine total
monomer concentrations. The best copolymer composition for the Pani-PAP film was
found to be (90:10) as An:o-AP/mM, and (80:20) as An:0-OT/mM for the Pani-POT
film. Furthermore, in the case of the Pani-POT film, overoxidation is a negligible
because the electrochemical performance of the Pani-POT film does not require a high
potential because of its redox peaks positions (0.4/0.2 V) after it is synthesised at 0.90
V. This was a significant problem for POT film during the deposition and redox cycling

experiments due to its high polymerization potential .2

EQCM studies were conducted for the Pani-PAP (90:10) and the Pani-POT (80:20)
films at a slow scan rate of 5 mV s under optimal conditions to obtain high quality,
electroactive and acoustically thick copolymer films. Here, the thickness is the key
feature regarding the ion-exchange of the conducting polymers during their redox
cycling because it increases the capacity for the removal of ions, such as fluoride, from
solution.* In doing so, the surface coverage values of the Pani-PAP (90:10) and the
Pani-POT (80:20) films synthesised were determined to be 266.8 nmol cm™ and 198.2

nmol cm?, respectively, while their thicknesses were determined as 523 nm and 393
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nm, respectively. Both copolymer films show higher electroactivity than the Pani film
(I, 78.4 nmol cm). Additionally, acoustic data obtained via EQCM (see chapter 4-5)
shows that continuous cycling causes a rise in the resistance of the Pani, the Pani-PAP
(90:10) and the Pani-POT (80:20) films, besides which the admittance also decreases.
However, the ohmic resistance of the Pani-PAP (90:10) (444.4 Q) film is lower than
that of polyaniline film (575 Q). This showed that the copolymerization not only
changes the electrochemical properties of Pani film, but also decreases the ohmic

resistance through the formation of a rigid copolymer film.

The polymer and copolymer films were transferred to 1 M H>SOs4 monomer-free
background solutions in order to identify their electrochemical properties. The results
show that the redox peaks of the Pani-PAP (90:10) and the Pani-POT (80:20) films
appeared in different potential regions than those of polyaniline, indicating the

formation of copolymer films rather than a mixture.

In a further step, the defluoridation properties of the Pani, POT, Pani-PAP (90:10) and
Pani-POT (80:20) films were explored in 0.1 M NaF monomer-free solutions at pH
6.60. The defluoridation characteristics of these polymer and copolymer films are based
on the ion-exchange principle related to the doping/dedoping process in the polymer
matrix.> This exchange occurs during the transformation of the fully reduced state
(leucoemeraldine) to the half-oxidised state (emeraldine).® The defluoridation properties
of the PAP film were not studied because there was no a visible film on the quartz
crystal after deposition, even when conducting over 100 cycles. Moreover, the POT film
showed unstable behaviour with low ionic activity in monomer-free 0.1 M NaF (figure
5.17 in chapter 5). Consequently, the defluoridation experiments were mostly employed
for the Pani, Pani-PAP (90:10) and Pani-POT (80:20) films in various concentrations of
NaF in the absence/presence of NaCl at slow scan rates of 3, 5, and 10 mV s,

Upon oxidation, the mass of all the films increased, which was due to the insertion of
anions. Between the redox reactions, the mass changes of the films as a function of
applied potential were found to be reversible. The significant ionic activity of the films
in 0.1 M NaF at pH 6.60 represents a promising outcome for the development of a novel
technique to remove fluoride anions from water and waste eaters without chemical

contaminants. Additionally, the effect of scan rate on the defluoridation of the
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copolymer film was measured in 0.1 M NaF solutions at 3, 5 and 10 mV s, revealing a

reversible change between oxidation and reduction.

The quantitative evaluation of this transfer between the copolymer and the electrolyte
solution can be achieved by determining the number of electrons transferred during the
redox cycling in 0.1 M NaF at 5 mV s™. In theory, a Pani film and its copolymers, the
Pani-PAP and the Pani-POT films, must take 0.5 mol ion per redox site of the polymer
film, attributing 91.2 mg F~ g*. The Pani, Pani-PAP (90:10), and Pani-POT (80:20)
films synthesised in this study took 0.25, 0.35 and 0.35 mol fluoride ion per redox site,
respectively. The copolymer films take the same amount, but much more than the Pani
film. This proves that the copolymerization of aniline with o-aminophenol/o-toluidine
enhances the ion exchange capability of polyaniline. The corresponding mass values of
fluoride ions taken up by the Pani, Pani-PAP and Pani-POT films were determined to be
51.6 1.0 mg g?, 65.0 + 0.6 mg g* and 66.8 + 1.8 mg g%, of fluoride ions, respectively,
in 0.1 M NaF. In all cases, however, the amount of fluoride removed is much greater
than the capacities of the available techniques reported in the literature”  to date, which
are 0.78 mg g* and 20 mg g at 1.5 V for pure Pani. Additionally, Karthikeyan et al.
reported the removal of fluoride ions by polyaniline/alumina and polypyrrole/alumina
as being 6.6 mg/g and 8 mg/g in acidic media, respectively.® Both techniques take up a
smaller amount of fluoride despite utilizing a high potential and acidic media. Also,
films reported in the literature are severely hampered by being one-time usage only,
while the copolymer films synthesised in this research can be used repeatedly.
Regeneration experiments showed the copolymer films can be used successively

without chemical contamination.

In the last stage of this section, the morphologies of the acquired copolymer films and
their corresponding homopolymers were explored using SEM, as described in chapter 2.
The Pani film exhibits a uniform and highly porous surface, whilst the Pani-PAP
(90:10) film was formed of interwoven fibres (with spherical particulates). The different
morphology of the copolymer compared to the morphologies of the homopolymers
strongly support the assumption of the formation of a true copolymer instead of a mix of

homopolymers.
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The next study considered the development of the charge transport process of Pani and
PPy film with the addition of MWCNTSs in Ethaline medium, rather than in an aqueous
medium. For this purpose, the walls of the MWCNTSs were functionalised in concentrate
HNOs, providing a strong interaction between monomers and MWCNTS (see chapter
3).

The effects of MWCNTSs on the growth of Pani and PPy films in an agueous medium by
cyclic voltammetry and chronoamperometry were considered. A higher concentration of
MWCNTSs in the monomer solutions caused an increase in the current densities of the
redox peaks, resulting in shifts to more positive potentials. In a similar manner, EQCM
experiments revealed the enhancement of the current densities of the redox peaks with
an increasing amount of MWCNTSs in the monomer solutions, but a decrease in the
mass loading of the polymer films, while they gave non-homogenous films with high
roughness. Considering the above, Ethaline was used instead of the aqueous medium
due to its high ionic strength, which made it possible to have large amounts of the
dopant anions in solution, as well as its low volatility, low toxicity, wide potential

window, and cost-effectiveness.

In the case of Ethaline, similar results were acquired as for the aqueous medium,
showing a larger amount of MWCNTSs resulted in a lower efficiency for both polymer
films, though this was increased with lower amounts of MWCNTS; when the level of
MWCNTSs was decreased in the monomer solutions, this resulted in a much more
efficient coating. This probably occurred due to the high viscosity of Ethaline,
providing an increase in the participation of MWCNTSs in the polymer films. This
assumption was also supported by the work of Abbott et al., who reported the

suspended species increases the composition of composite materials.°

The characterisation of the electroactivity of the composite films synthesised in Ethaline
was carried out in 1 M H»SO4-ETH200 and ETH200 monomer-free solutions,
respectively. The results indicated the development of a charge transport process in
monomer-free solutions. Furthermore, the PPy/MWCNTSs showed a reversible change
between the oxidation and reduction reactions that also demonstrated high

electroactivity.
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The mass-specific capacitance of the composite films synthesised in Ethaline was
determined by cyclic voltammetry, which were 1170.1 + 44.7 F g for Pani/MWCNTSs,
792.8 + 10.5 F g? for Pani under identical conditions, and 120.5 + 5.4 F g* for
PPY/MWCNTSs, and 100.1 + 3.9 F g’* for PPy under identical conditions. The reports in
the literature show that the theoretical specific capacitance of pure Pani and PPy films
are 750 F g and 620 F g, whilst their measured mass specific capacitance has been
determined to be 240 F g and 530 F g%, respectively.!! Additionally, the mass-specific
capacitance of Pani/MWCNTs and PPy/MWCNTSs films obtained in aqueous medium
were found to be 670 F g and 530 F g7, respectively.? Also, the maximum specific
capacitance of graphene materials was reported to be 205 F g? in the literature.!3
Consequently, we can conclude the mass-specific capacitance of Pani/MWCNTs film
was significantly improved in Ethaline but it resulted in a decrease in the mass-specific
capacitance of PPy/MWCNTSs film.

The findings showed that the enhancement in the capacitances of both Pani and
Pani/MWCNTSs films was considerable in Ethaline, which offers a promising technique

for the development of the capacitance of energy storage devices.

8.2. Future Work

The results presented above regarding Pani-PAP and Pani-POT copolymer films are
promising in the sense of the removal of fluoride ions from drinking water and
wastewater because they represent a cost-effective, easy to use solution that does not
result in chemical contamination. This gives an excellent opportunity for the future
design of water purification systems, and so on.

In the meantime, the results presented regarding the studies of the Pani/MWCNT and
PPY/MWCNT in an Ethaline medium indicate interesting behaviour in terms of their
surface and electrochemical characteristics. This could be further investigated in the
presence of various DESs in order to obtain an in-depth understanding of the
mechanisms of formation and charge transport processes. Also, this could lead to the

emergence of novel pseudo-capacitors based on polymer composite films.
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