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Abstract 
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Abstract 

Conducting polymer micro/nanostructures have recently received great attention because of 

their long conjugation length, high surface area and promising applications in a variety of 

fields. At the same time, fabrication of micro/nanostructures of conducting polymers with 

controlled morphology and size remains a challenge for Chemists and Materials Scientists. 

The focus of this thesis, therefore, is to develop novel conducting polymer 

micro/nanostructures with a well defined morphology and to consider their potential for 

applications as sensor and actuating elements. In each case, the structure, conductivity and 

electrochemical properties of the conducting polymer nanostructures have been characterized 

using FTIR, Raman, UV-vis, XPS and elemental analyses, conductivity measurements and 

cyclic voltammetry. 

Hollow nanospheres of substituted polyanilines (PANI) were fabricated chemically using 

ammonium persulfate as the oxidant in the presence of a polymeric acid poly(methyl vinyl 

ether-alt-maleic acid) (PMVEA). The effects of chemical reaction conditions, including the 

weight ratio of monomer to PMVEA, concentration of monomer, the molar ratio of monomer 

to oxidant, the reaction temperature and the type of the monomer, on the formation of hollow 

nanospheres were systematically studied. The weight fraction of PMVEA to monomer is 

particularly important for determining the size and uniform shape of the substituted PANI 

hollow spheres. The formation mechanism for the hollow nanospheres was studied in detail 

for the case of poly (o-methoxyaniline). The hollow nanospheres were used to construct a 

simple electrochemical oligonucleotide (ODN) sensor, where ODN probes were covalently 

grafted onto the residual carboxylic acid functionalities of the hollow nanospheres.  
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Poly(3,4-ethylenedioxythiophene) (PEDOT) hollow microspheres ranging from 0.5 to 10 µm 

in diameter were synthesized by chemical oxidative polymerisation of EDOT using 

ammonium persulfate in a catanionic surfactant solution, obtained by mixing 

cetyltrimethylammonium bromide (CTAB) and sodium dodecylbenzenesulfonate (SDBS). 

The effects of chemical reaction conditions, including the molar ratio of CTAB to SDBS, the 

concentration of total surfactants, the type of oxidant and magnetic stirring, on the formation 

of the PEDOT hollow microspheres were investigated systematically. The formation of 

PEDOT hollow spheres is presented as following a vesicle-templating mechanism, supported 

by Freeze Fracture TEM results. Moreover, the PEDOT hollow spheres showed a more 

effective electrocatalytic activity for the oxidation of ascorbic acid, compared to conventional 

PEDOT granular particles, which were also effective in lowering the ascorbic acid oxidation 

overpotential.  

By extending vesicle-template method into the electropolymerisation of polypyrrole (PPy) 

films with para-toluene sulfonate (pTS) as the main dopant, a novel micro ring structured 

surface morphology was prepared by using CTAB/SDBS vesicles as templates. 

Spectroscopic characterisations confirmed that the micro ring structured PPy/pTS films 

showed similar molecular structure and doping degree to conventional PPy/pTS films, while 

the incorporation of some DBS anions had a minor effect on lowering film conductivity. The 

actuation behaviour of micro ring structured PPy/pTS films was investigated under 

electrochemical stimulation. The micro ring structured PPy/pTS films showed superior 

actuation stability compared to conventional PPy/pTS films.  
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Chapter 1 Introduction 

1.1  Conducting polymers- An overview  

Conducting polymers (CPs) are polymers that inherently conduct electricity and have 

attracted a great deal of attention over the last thirty years. They have the physical and 

mechanical properties of a polymer, while their electrical, electronic, magnetic and optical 

properties are more similar to metals.
1
 

1.1.1 History of conducting polymers  

The first report about conducting polymers dates back to 1863, when Letheby reported the 

chemical oxidation products of aniline in acidic media such as the human stomach.
2
 In the 

early 1900s, German chemists named several compounds as "aniline black" or "pyrrole 

black" and used them on an industrial scale. Detailed research about chemically oxidized 

polyaniline was undertaken in 1962 by Moliner et.al.
3
 In 1963, Bolto and co-workers reported 

iodine-doped polypyrroles.
4
 However, the electrical properties of these materials, as well as 

the relationship of their chemical structures and conducting properties, remained unknown.
5
  

The development that focused attention on conducting polymers as potential novel materials 

with promising properties started with the discovery that polyacetylene exposed to iodine 

vapours develops very high conductivities, in a collaborative effort between the Shirakawa 

and Heeger/McDiarmid groups. In the early 1970s, the Japanese chemist Shirakawa 

synthesized polyacetylene free standing films by accident. Shirakawa and co-workers further 

optimized the synthesis conditions to produce dense and tough polyacetylene films.
6
 This 

http://en.wikipedia.org/wiki/Stomach
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discovery attracted the attention of MacDiarmid and Heeger. They invited Shirakawa to the 

University of Pennsylvania in Philadelphia for collaborative work. In 1977, they discovered  

 

Scheme 1.1 Structures of six common conducting polymers: (a) polyacetylene (PA); (b) 

polyparaphenylene (PPP); (c) polyparaphenylene vinylene (PPV); (d) polypyrrole (PPy);      

(e) polythiophene (PT); (f) polyaniline (PANI). 

that the conductivity of polyacetylene increased form 10 
-7

 S cm
-1

 to 10 
3
 S cm

-1
 when 

exposed to iodine vapour and other oxidizing agents.
7
 The high conductivity gained this form 

of polyacetylene the name “synthetic metal”. This revolutionary discovery attracted great 
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interest worldwide as polymers were considered to be mainly insulators before that time. 

Following this discovery, other types of conducting polymers including polyaniline (PANI)
8
, 

polypyrrole (PPy)
9
, polythiophene (PT) 

10
, polyphenylene (PP)

11
 and poly(phenylene-

vinylene) (PPV)
12

 were synthesized and studied (structures shown in Scheme 1.1), and a new 

branch of material science was opened up. Alan Heeger, Alan MacDiarmid and Hideki 

Shirakawa were awarded the Nobel Prize in Chemistry in the year 2000 for their 

extraordinary discovery.
13

 So far, conducting polymers have been extensively studied from 

both a fundamental and an applied point of view. More recently, micro/nano-structured 

conducting polymers have attracted great attention due to their high surface area, and their 

unique chemical and physical properties. 

1.1.2 Synthesis of conducting polymers  

Conducting polymers are generally prepared using either chemical or electrochemical 

oxidative polymerisation of the appropriate monomers.
14, 15

 Typically, chemical 

polymerisation uses a chemical oxidant such as FeCl3 or (NH4)2S2O8, which simultaneously 

oxidises the monomer and provides the dopant anion. Chemical oxidative polymerisation is 

the most useful method for preparing large amounts of conducting polymer powders and has 

been extensively used in industry. 

Electrochemical polymerisation involves the formation of low molecular weight oligomers 

that are further oxidised at lower potentials than the initial monomer to form a polymer film 

on the surface of the electrode. A three-electrode set up (shown in Figure 1.1) is normally 

employed for electrochemical polymerisation. The anode can be made of a variety of 

materials including platinum,
16

 gold,
17

 glassy carbon,
18

 stainless steel,
19

 and tin or indium-tin 

oxide (ITO) coated glass.
20

 Different electrochemical techniques can be used including 
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potentiostatic (constant potential),
21

 galvanostatic (constant current),
22

 and potentiodynamic 

(cyclic voltammetry).
23

  

 

 

 

 

 

Figure 1.1 Three-electrode set up for the electrochemical polymerisation of a conducting 

polymer  

A counter ion (A
-
) is incorporated during polymerisation to balance the positive charge 

created within the polymer. This process is called doping and the counter ion is called a 

dopant. The dopant can be provided by the oxidant employed during chemical polymerisation 

or can involve electrolyte ions used during the electrochemical polymerisation. The dopant 

incorporated into the conducting polymer during synthesis has a profound effect on the 

conductivity, chemical and physical properties of the conducting polymers. 

Besides chemical and electrochemical oxidative polymerisation, conducting polymers have 

also been synthesised by methods such as photochemical polymerisation,
24

 plasma 

polymerisation,
25

 enzyme-catalyzed polymerisation,
26

 organometallic cross-coupling 

reactions,
27

 etc. However, most of these techniques are time-consuming and involve the use 

of costly chemicals.  

Working Electrode 

(Anode) 

Reference Electrode 

Counter electrode 

(Cathode)  

                

Monomer                  

Counter ions              

Solvent 
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1.1.3 Electrical properties of conducting polymers  

    wide                         narrow                            no 

       band gap                     band gap                     band gap 

                                 

 

 

 

                                                          

 

 

                         insulator                 semiconductor      metal 

 

                                = energy levels in conduction band (CB)              

                                = energy levels in valence band (VB)     

 

Figure 1.2 Energy level diagrams of insulators, semiconductors and metals.
5
 

The electrical properties of a material are determined by its electronic structure. The theory 

that is used to explain the electronic structure of a material is known as the band theory, as 

shown in Figure 1.2. According to band theory, materials can generally be classified as 

conductors, semiconductors or insulators. For metals the VB and CB overlap and the intrinsic 

conductivity is attributed to the zero band gap. For semi-conductors, the narrow band gap 

energy enables electrons to jump to the CB by thermal excitation even at room temperature to 

render the material conductive. Materials where the energy separation is too large for thermal 

excitation to promote electrons to the CB are termed as insulators. A better idea of CPs 

among the three broad electrical properties of materials can be gained from a comparison of 

the conductivities involved, as shown in Figure 1.3  

increasing         

energy 
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                Figure1.3 Comparison of conductivities of various materials.
28

 

The doping processes are very important for the generation of high electrical conductivity 

within conducting polymers because the doping processes introduce mobile charge carriers 

(holes or electrons) on the backbone of the polymer chains. Via rearrangement of conjugated 

single and double bonds, these charge carries can move along enhancing the electrical 

conductivity. Generally, there are two types of doping in conducting polymers, known as 

oxidative/p-type doping and reductive/n-type doping. Representative p-type and n-type 

doping are depicted in Eqs. 1.1 and 1.2. In oxidative doping the conducting polymers form 

polymeric cations that are balanced electrically by anionic species, while in reductive doping 

the conducting polymers form polymeric anions that are balanced by cationic species. In 

practice, oxidative doping is more commonly encountered than reductive doping. 

p-type: 

  (Eq.1.1) 

n-type: 

  (Eq.1.2) 
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Polarons and bipolarons are the main charge-carriers in p-doped polymers. The concepts of 

polaron and bipolaron are from solid-state physics. Upon oxidative doping of the polymer, an 

electron is removed from the π-orbital of the backbone producing a free radical and a spinless 

positive charge. The combination of a charge site and a radical is called a polaron, which has 

a spin of ½. If a second electron is removed from this already oxidized polymer segment, a 

second polaron or a sinpless bipolaron is formed (Figure 1.4).
29

 

The formation of polarons and bipolarons creates new electronic states in the band gap as 

shown in Figure 1.5. When a polymer is highly oxidized, a large number of localized 

bipolaron energy levels are created; these energy levels overlap at the very high doping levels 

involved and thus generate continuous bipolaron bands. The presence of these bipolaron 

bands allows easy access for electrons into the conduction band, and therefore conductivities 

of conducting polymers highly depend on their doping level, i.e. charge-carrier density.
30

 

 

 

Figure 1.4 Formation of a polaron and a bipolaron for trans-polyacetylene.
29
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.  

                                  neutral                polaron             bipolaron        bipolaron 

                                 polymer             bands 

 

                                = energy levels in conduction band (CB)              

                                = energy levels in valence band (VB)      

 

Figure 1.5 Formation of mid-gap states of polaron, bipolaron and bipolaron bands upon 

doping. 
30

 

1.2  Polyaniline  

Polyaniline (PANI) has been known for over a century since the synthesis of the so-called 

aniline blacks that enjoyed early use as cotton dyes around 1835.
31

 In the early part of the 20
th

 

century, systematic studies on this compound by Green and Woodhead 
32

 led to a proposed 

octamer structure and the discovery of several oxidation states. Only occasional studies of 

PANI were undertaken over the following 70 years. In the mid-1980s, MacDiarmid and co-

workers discovered that polyaniline can be made electrically conducting upon protonic 

doping, which led to an explosion of interest in this fascinating polymer.
33

 The polymeric 

structure of PANI is shown in Scheme 1.2. It has three oxidation states, the fully reduced 

increasing         

energy 
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leucoemeraldine form (y = 1), the fully oxidized pernigraniline form (y = 0), and the half 

oxidized emeraldine form (y = 0.5).
8
 

 

Scheme 1.2 Polymeric structure of polyaniline. 

1.2.1 Synthesis of PANI  

Chemical oxidative polymerisation is a commonly used method to prepare PANI powders. 

Scheme 1.3
34

 depicts a chemical polymerisation mechanism of aniline in acidic solution 

using an oxidizing agent. The first step involves formation of the radical cation of aniline. 

The next step is the coupling of N- and para-radical cations with consecutive rearomatization 

of the dication of p-amino-diphenylamine (PADPA). Although “head-to-tail” coupling is 

predominant, some coupling in the ortho-position also occurs, leading to conjugation defects 

in the final product. Chain propagation occurs in the third step. The diradical dication couples 

with the monomeric radical cation of aniline, which forms a trimer. This process is repeated 

consecutively to build up a polymer chain. The initial product of chemical polymerisation has 

been shown to be the fully oxidised pernigraniline salt (PS) form of PANI which is due to the 

high oxidising power of the oxidant employed, such as ammonium persulfate. When all of the 

oxidant is consumed, the unreacted aniline reduces pernigraniline to form the green 

emeraldine salt as the resultant polymer. 
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Scheme1.3 Chemical polymerisation mechanism for polyaniline 
34
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A variety of oxidants including ammonium persulfate ((NH4)2S2O8)(APS)
35

, ferric chloride 

(FeCl3)
36

, potassium dichromate (K2Cr2O7)
37

, potassium iodate (KIO3)
38

, hydrogen peroxide 

(H2O2)
39

 and ceric sulfate (Ce(SO4)2)
40

 have been employed to prepare PANI. APS is the 

most intensively used oxidant resulting in optimal conductivity for PANI. Armes etal. 
41

 

reported that the conductivity of polyaniline was independent on the APS /aniline ratio for 

APS/aniline molar ratios below 1. Adams et.al
42

 reported a maximum molecular weight was 

achieved at an APS/aniline ratio of 1.0-1.2 at low temperatures. Cao et.al
43

 found that the 

aniline/APS used had a minor effect on the conductivity of the polyaniline but a major effect 

on the yield produced. 

Acidic conditions are generally required for the polymerisation of aniline to form PANI with 

higher yield and conductivity.
44

 Protonic acids used in the polymerisation have been varied 

from strong inorganic acids, e.g. hydrochloric acid
45

, perchloric acid
46

, sulfuric acid
47

and 

nitric acid
48

, to large-anion organic acids such as camphorsulfonic acid (CSA)
49

 and p-

toluenesulfonic acid (p-TSA)
50

. Incorporation of a functionalized protonic acid such as 

camphor sulphonic acid (CSA) and dodecylbenzene sulphonic acid (DBSA) into PANI 

resulted in the doped form of polyaniline being soluble in common organic solvents.
51

  

A low temperature is generally required to prepare PANI with a high molecular weight. 

PANI obtained at room temperature was of relatively low molecular weight
52

 and contained 

significant defect sites such as undesirable branching due to ortho-coupling.
53

 The use of low 

temperatures down to -30 °C, or even -40 °C, could lead to the formation of PANI with high 

molecular weights (up to 400,000 g/mol). However , the reaction required more than 2 days 

to complete and the polydispersity was relative high (PD > 2.5).
54

 Therefore, the most widely 

employed temperature for the chemical polymerisation of aniline monomers has been 0-5 °C. 
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1.2.2 Properties of PANI 

The conductivity of PANI is dependent on the degree of oxidation and the degree of 

protonation. PANI only becomes conducting when the intermediate oxidation state, 

emeraldine base, is protonated and charge-carriers are generated.
55

 This process is generally 

called “ protonic acid doping”, which makes PANI unique as no electrons have to be added to 

or removed from the insulating material to make it conducting in this case.
56

 The maximum 

conductivity occurs when PANI is 50 % protonated.  

PANI exists in a variety of oxidation and protonation states, which are interchangeable via 

redox cycling or changes in pH
57

, as seen in Scheme 1.4. The changes in polymer states are 

accompanied by colour changes, with leucoemeraldine base being yellow, emeraldine base 

being blue, emeraldine salt green, pernigranline base violet and pernigraniline salt blue.
58

  

 

Scheme 1.4 Redox and pH switching of polyaniline between its various forms 
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UV-visible spectral changes are also observed when the various redox reactions occur for 

PANI.
59

 The emeraldine base (EB) form of PANI exhibits two strong bands in the UV-visible 

spectrum at 315-345 nm 
60

 and 610-650 nm [57], which are attributed to the π-π* band 

(benzenoid rings) and the exciton band transitions (involving quinoid rings) respectively. The 

green emeraldine salt  (ES) form of PANI exhibits three absorption bands at 325-360 nm, 

400-430 nm and 780-950 nm, assigned to π-π* band, π-polaron band and polaron-π* band 

transitions respectively.
61-64

 The reduced leucoemeraldine shows only one absorption band at 

320 nm, assigned to a π-π* transition.
65

 The pernigraniline form of PANI exhibits two strong 

absorption bands at ca. 340 nm and 530 nm, assigned to a π-π* band and a Peierls gap 

transition, respectively.
57

 

1.3 Polypyrrole  

Polypyrrole (PPy) was first chemically polymerised in 1916 by oxidation with H2O2 to give 

an amorphous black powder known as pyrrole black.
66, 67

 In 1960s, this material started to 

attract scientists‟ attention. For example, Bolto and co-workers reported highly conductive 

iodine-doped polypyrroles in 1963.
4 Five years later, Dall‟Olio et al prepared PPy 

electrochemically.
68

 Since then numerous studies have been performed on all aspects of this 

type of conductive polymer due to its high conductivity, good environmental stability, high 

mechanical strength and ease of synthesis.  

1.3.1 Synthesis of PPy 

Electrochemical polymerisation is widely used to prepare PPy films. The electrochemical 

polymerisation mechanism of pyrrole 
69

 is shown in scheme 1.5. The oxidation of a pyrrole 

monomer produces a radical cation, which can then couple with a second radical cation to 
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form a dication dimer. The cation dimer then loses two protons forming a bipyrrole. 

Alternatively the initial radical cation reacts with another pyrrole monomer to produce a 

radical cation dimer, which loses a second electron and two protons forming the bipyrrole.    

α -α coupling is predominant, however, some coupling in the β-position also occurs, which 

leads to conjugation defects in the final product. This process is repeated consecutively to 

build up the polymer chain. The extended conjugation in the polymer results in a lower 

oxidation potential compared to the monomer. Therefore, the synthesis and doping of the 

polymer are generally done simultaneously. Typically, one third of the pyrrole units on the 

polymer backbone are charged and these charges are counter-balanced by the incorporation 

of anions within the polymer structure.  

The electrochemical method chosen influences the rate of oxidation and therefore the 

properties of the resultant polymers. Oterro and Larreta 
70

 investigated the influence of the  

electrochemical methods employed on the morphology and appearance of PPy. They 

concluded that a non-adhesive dendrite type polymer was formed when a constant current or 

potential was used. Zhou and Heinze 
71

 found  PPy electrodeposited by constant potential or 

constant current showed differences in PPy structural form. Li and co-workers 
72

 compared 

PPy films deposited galvanostatically, potentiostatically and using cyclic voltammetry. The 

results demonstrated that the galvanostatic deposition method could provide high quality 

films. 
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Scheme 1.5 Polymerisation of PPy 
69

 

 

The counter ion is also an important parameter that affects PPy properties. Generally, the 

choice of a counterion is made by considering its solubility and nucleophilicity. Moreover, 

the counterion oxidation potential should be higher than that of the monomer.
20

 Numerous 

workers have studied the effect of the counterion on the electrochemical polymerisation 

process. Qian et.al 
73

 prepared PPy electrochemically from aqueous solutions that contained 
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different anions such as p-toluene sulfonate (pTS
-
), SO4

-
 and NO3

-
. They found that the 

conductivity, density and tensile strength of PPy varied with the counterion used. Cheung and 

Bloor
74

 have studied the chemical and physical properties of PPy containing toluene 

sulphonate (TS), pyrene sulphonate (PSA), pyrene-1,3,6,8-tetrasulphonate (PTSA), 

dodecylbenzenesulphonate (DBS), 1,2-bis(decyloxycarbonyl)ethane-1-sulphonate (DOCES), 

and tetraphenylborate (TPB) respectively. They found that the different counterions 

incorporated strongly affected the morphology of the resultant films, which varied from fully 

dense to more open structures. Their research also showed that the physical properties, 

conductivity and electrochemical behaviours also highly depended on the nature of the 

counterions. For a given counterion, the concentration employed is also important. PPy with a 

higher conductivity is produced when the concentration of the counterion is increased. For 

instance, the conductivity of the as-prepared nitrate doped PPy films was increased by 50-

70% when the electrolyte concentration changed from 0.2 to 1 M.
75

 

The solvent used for the electropolymerisation of pyrrole should be capable of dissolving the 

monomer and counterion at appropriate concentrations, and it should not decompose at 

potentials required for polymerisation. The most commonly used organic solvents are 

acetonitrile 
76-78

 and propylene carbonate.
79-81

 PPy films doped with a variety of counterions 

have been prepared in these solvents. Aqueous solvents are also widely used for 

electropolymerisation and are preferred to organic solvents because of their low cost, ease of 

handling, being non-toxic and the wide range of counterions that can be used. The nature of 

the solvent also determines the properties of the resultant polymers. For example, Ko et al. 
82

 

have studied the morphology and properties of PPy films in aqueous solutions and in 

acetonitrile. They found that the films prepared in acetonitrile were more conductive and less 

porous than polymers prepared in aqueous solutions.  
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The temperature employed also has a substantial influence on the kinetics of polymerisation 

as well as on the properties of the resulting polymers.
83

 In general, higher conductivities are 

obtained at lower temperatures, both in aqueous
84

 and organic solvents
85

. For example, films 

prepared in propylene carbonate solution at -20 C are much more conducting (300 S cm
-1

) 

than those prepared at 20 C (97 Scm
-1

).
85

 Moreover, a decrease in redox properties is also 

observed as the temperature increases.
20

  

1.3.2 Properties of PPy  

Neutral PPy is a dielectric with a band gap of around 4 eV. Upon oxidation, π-electrons are 

removed from the upper level of the valence zone with a simultaneous shift of the boundary π 

-levels to lower energies and the band gap reduces to  ≤ 2.5 eV 
15

. Therefore, PPy exhibits 

good conductivity in its oxidized state. Conductivities up to a few 10
2
 S cm

-1
 have been 

reported by numerous groups.
86, 87

 PPy has also shown good environmental stability. 

Degradation of PPy occurs only above 150-300 C (depending upon the dopant anion).
88, 89

  

PPy is electroactive and capable of switching between oxidized and reduced states (Scheme 

1.6). 
90

 During the synthesis of polypyrrole, dopant anions (A
-
) are incorporated to counter 

balance the positive charges created on the polymer backbone. Upon reduction of polypyrrole, 

the positive charges are removed and hence the dopant anions are expelled from the polymer 

chains. Upon re-oxidation of the polymer, anions from the supporting electrolyte will be 

incorporated to balance the created positive charge.
91

 However, in the case of immobile bulky 

anions, such as docecyl benzene sulfonate (DBS)
92

, the charge compensation may be 

achieved by the incorporation of cations from the electrolyte. When the polymer is oxidized 

again, it is possible for charges to be balanced by either incorporating further anions or by the 

release newly incorporated cations. In some cases, there is a mixture of both cation and anion 
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movement during the redox process.
93

 Significant mass and volume changes also occur 

during the redox process.
94

 These volume changes form the basis of PPy actuators.  

 

Scheme 1.6 Redox cycling of polypyrrole with different ion exchange properties (where n is 

number of monomer units per positive charge, m determines molecular weight, A
-
 is a dopant 

anion, X
+
 is a cation).

90  

The UV-vis spectrum of PPy has been found to be highly dependent upon the doping level of 

the polymer. The black fully doped PPy, typically exhibits a π–π* band at ca. 350 nm and 

two bipolaron bands at ca. 475 nm and 1240 nm respectively. Moreover, the position and 

shape of the bipolaron bands have been shown to be dependent on the environment of the 

polymer. Neutral PPy only exhibits the π–π* band at ca. 350 nm.
90 

1.4 Poly(3,4-ethylenedioxythiophene) 

Poly(3,4-ethylenedioxythiophene) (PEDOT)) is a conducting polymer based on the 3,4-

ethylenedioxylthiophene (EDOT) monomer, having the backbone shown in Scheme 1.7. This 

derivative of polythiophene was first developed in late 1980s by scientists at the Bayer AG 

research laboratories in Germany.
95

 Since then the PEDOT polymer has attracted 

considerable attention in numerous research fields due to it is high conductivity and stability 

in the oxidized state. 

http://en.wikipedia.org/wiki/Conducting_polymer
http://en.wikipedia.org/wiki/3,4-ethylenedioxylthiophene
http://en.wikipedia.org/wiki/3,4-ethylenedioxylthiophene
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Scheme 1.7 Structure of PEDOT 

1.4.1 Synthesis of PEDOT  

PEDOT is generally prepared by chemical or electrochemical oxidative polymerisation. 

Chemical oxidative polymerisation of EDOT monomer has been carried out using several 

methods and oxidants. S. Armes and R. Corradi 
96

 have synthesized PEDOT by using FeCl3, 

Ce(SO4)2 and (NH4)2Ce(NO3)6 as oxidants. They found that greater than stoichiometric 

amounts of FeCl3 were required for reasonable yields and conductivity. PEDOT contained 

significant quantities of unidentified cerium compounds, and the conductivity was as high as 

20 S cm
-1 

using Ce(SO4)2 and (NH4)2Ce(NO3)6  as oxidants. De Leeuw et al. 
97

 utilized ferric 

toyslate at an elevated temperature (110 C) in combination with imidazole as a base, and 

formed a black, insoluble and infusible PEDOT film that exhibited conductivities of up to 

550 S cm
-1

. Jonas and Krafft 
98

 developed soluble PEDOT using Na2S2O8 as the oxidizing 

agent to polymerize the EDOT monomer in an aqueous solution of poly(styrenesulfonic acid) 

(PSS).  

Electrochemical polymerisation results in the formation of a highly transmissive sky-blue, 

doped PEDOT film at the anode.
99

 Many studies on the electrochemical polymerisation of 

EDOT have been carried out. Electrochemical polymerisation is normally undertaken in 

organic solution and also in aqueous micellar media. For example, PEDOT films have been 
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prepared easily from alkylammonium or lithium salts in acetonitrile or propylene carbonate. 

Sakmeche et al.
100

 have electrochemically polymerised PEDOT films using 0.1 M sodium 

dodecylsulfate (SDS) micellar aqueous solution. 

The generally accepted mechanism of polymerisation of PEDOT is analogous to polypyrrole, 

which has been in shown above in Scheme 1.5. However unlike pyrrole, only the α-α 

coupling of the 3, 4-ethylenedioxythiophene is expected due to the blocked structure of the 

monomer. Therefore, PEDOT is expected to have fewer defects than PPy.  

1.4.2 Properties of PEDOT 

Neutral PEDOT has a low band gap of 1.5-1.7 eV 
101

, which is thought to originate from the 

influence of the electron-donor ethylene dioxy groups on the energies of the frontier levels of 

the π system.
102

 Upon oxidation, the band gap of PEDOT is lowered to below 1 eV in the 

metallic state.
103

 Thus PEDOT shows high electrical conductivity (up to 550 S cm
-1

) in the 

doped state.  

PEDOT has good stability in its doped state. Heywang and Jonas 
103

 reported that films cast 

from an aqueous (PEDT/PSS) solution can be treated for up to 1000 h at 100 C in air with no 

change in conductivity. Thermal studies have shown that a continuous degradation of 

PEDOT occurs above 150 C and that complete decomposition results above 390 C.
104

 The 

high stability of PEDOT has been attributed to ring geometry and the electron-donating effect 

of oxygen atoms at the 3,4-positions, which stabilize the positive charge in the polymer 

backbone.
105

  

Like most conducting polymers, PEDOT is electroactive and reversibly switched between its 

oxidized and reduced states. However, PEDOT has a low redox potential compared to other 
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conducting polymers. Studies by cyclic voltammetry show that PEDOT exhibits redox peaks 

at approximately 0 V (oxidation) and -0.5 V (reduction) vs SCE. 
106

 PEDOT varies in colour 

from a transparent light blue in the oxidized sate to opaque dark blue in the reduced state. The 

transparency in the oxidized state makes PEDOT suitable for electrochromic devices.  

1.5 Micro/nano-structured conducting polymers  

With recent developments in nanoscience and nanotechnology, micro/nano-structured 

conducting polymers and their applications have become relatively new research interests. 

Micro/nano-structured conducting polymers generally refer to nanofibers (or nanowires), 

nanotubes, micro/nano hollow spheres, and micro-structured films. Compared with their 

bulky counterpart materials, micro/nano-structured conducting polymers have several 

advantages, such as a high effective surface area, low density, along with special chemical 

and physical properties. 

1.5.1 Fabrication of micro/nano-structured conducting polymers  

The preparation of micro/nano-structured conducting polymers with given shapes and sizes 

requires a controllable and well-confined space for the material growth. The methods used for 

preparing micro/nano-structured conducting polymers can be widely divided into hard-

template methods and soft-template methods. 
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1.5.1.1 Hard-template methods 

A typical hard-template method is using solid materials as templates to confine the growth of 

the target material. A post treatment is required to remove the template resulting in the 

desired micro and nanostructures. By using this method, various micro/nanostructures of 

conducting polymers have been prepared.  

 

Figure 1.6 Hard-template methods to prepare conducting polymer micro/nanotubes
107

 

1-D micro/nanostructures of conducting polymers such as micro/nano-tubes or wires have 

been fabricated using porous membranes as templates. The commonly used templates are 

anodic aluminum oxide (AAO) membrane 
108, 109

 and track-etched polycarbonate membrane 

79, 110, 111
. Figure 1.6 shows the procedure of the hard-template methods used to prepare 

conducting polymer tubes. When a porous membrane is used as the template, oxidation of the 

monomer leads to the formation of conducting polymer micro/nanotubes within the pores of 

the membrane. The polymers preferentially nucleate on the pore walls of the membrane, and 

thus polymer tubes are formed initially and they may be changed into wires depending on the 
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polymerisation time. After polymerisation, the separation of the polymer from the porous 

membrane can be realized by dissolving the membrane in an appropriate solvent.  

Martin et.al 
112

 synthesized polypyrrole and poly(N-methylpyrrole) microtubes by using 

polycarbonate membranes as templates for the first time. Marc et.al 
113

 prepared both 

polyaniline micro- and nanotubes by polymerizing aniline in the pores of particle track-

etched polycarbonate membranes. Kim etl.al 
114

 synthesized both doped and de-doped PPy, 

PANI, and PEDOT nanowires and nanotubes by the electrochemical polymerisation methods, 

using Al2O3 nanoporous templates. The resultant nanotubes had diameter in the range of 100 

to 200 nm and with 10-30 nm wall thicknesses.  

Hard-template methods have also been widely used to fabricate 3-D micro/nano hollow 

spheres of conducting polymers. Conducting polymer micro/nano hollow spheres can be 

fabricated through two routes by using hard templates, as shown in Figure 1.7. One involves 

adsorbing monomers on the surface of the templates and then the monomers are polymerised 

by oxidation. The other is to adsorb soluble conducting polymers onto the surface of the 

templates and then dissolve the template to achieve hollow spheres. 

Hollow spheres and capsules of conducting polymers have already been synthesized through 

the above routes using several kinds of templates. Yang et al. 
115

 prepared hollow PANI and 

PPy spheres with diameters of 2 to 3 μm using monodispersed micro-sized sulfonated PS 

spheres as templates. Sung et al 
116

 described the preparation of hollow PANI nanocapsules 

with inner and outer diameters of 100 and 200 nm respectively by using non-sulfonated PS 

nanoparticles as templates. Moon et.al 
117

 had successfully produced nanometre-sized 

PEDOT-silica core-shell particles and PEDOT hollow particles using colloidal silica (with a 

diameter of 130 nm) as the template. Marinakos et al 
118

 used gold nanoparticles as templates 
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to synthesize polypyrrole/gold composite nanoparticles, and the corresponding hollow PPy 

nanocapsules were generated by dissolving the gold core with a K4[Fe(CN)]/KCN mixed 

solution. Zhang et.al 
119

  used a number of metal oxide nanoparticles, including copper oxide, 

hematite, indium oxide and c/s-Fe2O3/SiO2 as templates to fabricate metal oxide-polyaniline 

nanocomposites and hollow polyaniline capsules. On the other hand, Zhang et al. 
120

 prepared 

hollow octahedral PANI using octahedral Cu2O as the template in the presence of H3PO4 and 

ammonium persulfate (APS) as dopant and oxidant, respectively.  

. 

 

Figure 1.7 Hard-template methods for preparing conducting polymer micro/nano hollow 

spheres.
121

  

Although the hard-template method is an effective approach for the fabrication of 

micro/nano-structured conducting polymeric materials with uniform morphologies, it requires 

a post-treatment to remove the templates, which not only results in a complex preparation 

process, but can also destroy the micro/nanostructures of the resultant polymers.
122
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1.5.1.2 Soft-template methods 

The soft template method is also known as a self-assembly technique.
121

 Micro/ nano-

structured conducting polymers with the desired morphology and size develop in the original 

micro/nano-structured host material, formed by non-valent interactions such as hydrogen 

bonding, ionic bonding, coordination bonding or intermolecular forces. The typical soft 

templates are the micelles formed in solution and the assembled microspheres of block 

copolymers. The advantage of using these soft-template materials is that they are easy to 

remove after the synthesis, and the micro/nanostructures of the resulting polymers remain. 

Zhang et.al 
123

 synthesized wire-, ribbon-, and sphere-like polypyrrole nanostructures in the 

presence of various surfactant micelles (anionic, cationic, or non-ionic surfactant) with 

various oxidizing agents (APS or FeCl3). They found that the surfactants and oxidizing agents 

used played a key role in tailoring the resultant conducting polypyrrole nanostructures. The 

morphology of the resultant polypyrrole is greatly dependent on the monomer concentration, 

surfactant concentration, and surfactant chain length. 

Zhou et al. 
124

 described a one-step route to fabricate poly (aniline-co-pyrrole) hollow 

nanospheres by oxidative polymerisation in the presence of polyoxyethylene 

isooctylcyclohexyl ether (TX-100). They investigated the effects of synthetic conditions on 

the morphology and size of the copolymer hollow spheres in detail, and proposed a possible 

formation mechanism involving the TX-100 as templates.  

Wan et al. 
125-129

 developed a dopant-surfactant route to synthesize conducting polymers with 

micro/nano structures. Polyaniline nanotubes were chemically synthesized in an aqueous 

solution of β-naphthalenesulfonic acid (β-NSA), salicylic acid (SA), camphor sulfonic acid 

(CSA) and dodecylbenzene sulfonic acid (DBSA) using ammonium persulfate (APS) or 
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ferric chloride (FeCl3) as the oxidant. In these cases, an amphiphilic organic acid serves as 

the micelluar template and dopant at the same time. Amazingly, the morphology of SA-doped 

PANI could be changed from nanotubes (∼109 to 150 nm in diameter) to micro hollow 

spheres (∼1.5 to 3.1 μm in diameter) by simply changing the molar ratio of the dopant to 

monomer (Figure 1.8). 

  

  

Figure 1.8 Dopant-surfactant synthesis of polyaniline nanotubes and hollow microspheres
126

 

Reverse microemulsion can serve as the template for fabricating micro/ nanostructures of 

conducting polymers as well. Jang et al. 
130

 fabricated PPy nanotubes in a sodium bis (2-

ethyhexyl) sulfosuccinate (AOT)/hexane reverse emulsion by using an aqueous solution of 

FeCl3 as oxidant. The diameter of the PPy nanotubes was ca. 95 nm and the length was more 

than 5 µm.  By using the same method, they also prepared PEDOT nanorods with diameters 

of ca. 40 nm and a length ca. 200 nm.
131

  

Besides the above mentioned soft-templates, cyclodextrin, “soup bubbles”, and lipids have 

been employed as soft-templates to prepare conducting polymer micro/nanostructures. Li 
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et.al 
132

 synthesized polyaniline nanofibers with diameters of 80-100 nm by the oxidative 

polymerisation of aniline in the presence of β-cyclodextrin. Shi et.al
133

 have prepared 

conducting polymer microcontainers with bowl-, cup-, or bottle-like morphologies 

electrochemically by using so-called “soap bubbles” as soft templates. Goren et.al 
134

 

described the polymerisation of pyrrole in the presence of diacetylenic phospholipid tubules. 

They found that the growth PPy was templated specifically on the edges of phospholipid 

tubules and not on their walls, and that the resultant polymer had an unusual long strand 

morphology with a diameter of 10-100 nm and a length of several micrometers. 

1.5.2 Applications of Micro/nano-structured conducting polymers 

The motivation for developing conducting polymers with micro and nanostructures is the 

wide range of applications that are opening up for theses special materials. These applications 

include sensors, actuators, controlled drug/chemical release systems, electrochromic devices 

and so on. More interestingly, conducting polymer micro/nanostructures have exhibited 

several advantages in these applications compared to conventional conducting polymers.  

In the following sections, conducting polymer micro/nanostructures as sensors and actuators 

are briefly reviewed. Comprehensive review articles related to applications of conducting 

polymers are also available.
122, 135-137

 

1.5.2.1 Sensors  

Conducting polymers posses fascinating chemical and physical properties derived from their 

conjugated π- electron system. The oxidation level of conducting polymers can be easily 

influenced by their inherent reversible doping-dedoping (oxidation-reduction) mechanisms, 

causing variations in conductivity and capacitance, and in optical and electrical properties. 

Thus, conducting polymers are capable of exhibiting sensitive responses to specific analytes. 
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Most conducting polymer sensors are electrochemical sensors, which rely on electrochemical 

detection techniques using amperometric,
138

 potentiometric,
139

 conductometric,
140

 

voltametric,
141

 or impedimetric 
142

 methods.  

 

 

Figure 1.9 General DNA sensor design based on CPs 
143

 

The electrochemical DNA sensor is one of most widely investigated sensing applications of 

conducting polymers.
144-147

 The unique electronic structure of CPs makes them highly 

suitable materials for electrochemical label-free DNA detection. During the past ten years, 

numerous CPs have been developed and used in the preparation of electrochemical DNA 

sensors with considerable sensitivity and selectivity. A typical configuration for DNA sensors 

based on CPs is shown in Figure 1.9. Single-stranded DNA probes are attached to the 

conducting polymer via covalent binding at a base site or via other types of interactions. The 

target DNA is captured by base-pairing to generate a recognition signal, which can be 

recorded through an electrode.
143
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Electrochemical ascorbic acid sensors based on conducting polymers have also attracted great 

attention. Determination of ascorbic acid has been a major target of electroanalytical research, 

however, it is difficult to determine this compound electrochemically by direct oxidation on a 

conventional electrode because of the large overpotential involved, and fouling by oxidation 

products.  Conducting polymers have proved to be effective mediators for the catalysis of the 

electro-oxidation of ascorbic acid. For example, the anodic peak for electro-oxidation of 

ascorbic acid in a neutral pH solution on a polyaniline modified platinum electrode has been 

found to shift 270 mV to more negative potentials compared to bare platinum.
148

 A microdisk 

gold electrode modified with an electropolymerised layer of a copolymer of aniline with 3,4-

dihydroxybenzonic acid showed a substantial decrease in the overpotential for ascorbic acid 

oxidation of 0.2 V.
149

 In another study, a 200 mV negative shift in elelctro-oxidation potential 

of ascorbic acid was also observed on PEDOT modified glassy carbon electrode compared to 

unmodified electrodes.
150

 

Except for DNA and ascorbic acid sensing, conducting polymers have been widely used in 

sensing a variety of biomoleculars (glucose, urea, cholesterol and antibodies,
151, 152

 gases 

(HCl, NH3, N2H4, CHCl3 and CH3OH),
153

 and ions (H
+
, K

+
, Ca

2+
 and S

2-
).

154
  

Novel conducting polymer micro/nanostructures for use in sensor applications represent a 

rapidly advancing field, as conducting polymer micro/nanostructures with large specific 

surface area and a porous structure are predicted to be excellent sensing materials 
148

 and can 

offer new opportunities as sensing platforms. Various micro/nano-structured conducting 

polymer-based sensors have been demonstrated.  Zhang et.al 
155

 described the application of 

self-assembled PANI nanotubes as an amperometric ODN sensor. Feng et.al 
156

 reported a 

DNA sensor based on gold nanoparticles and a polyaniline nanotube membrane. Adriano 
157

 

and Wang 
158

 described polyaniline nanoparticles and PPy nanowire modified electrodes 
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respectively for ascorbic acid sensing. Tian et al.
159

 described the electrochemical behaviour 

of electrodes modified with PPy nanowires as a nitrite ion sensor. Virji et.al 
160-162

 described 

the use of polyaniline nanofibres as sensing materials for various gases, e.g. hydrochloric acid 

(HCl), ammonia (NH3), hydrazine (N2H4), chloroform (CHCl3), and methanol (CH3OH).  

1.5.2.2 Actuators  

An interesting property of conducting polymers is that they undergo a volume change when 

the redox state is changed. This volume change is due to alterations in the conformation of 

the polymer backbone as well as the volume occupied by the charge balancing counter ions 

and the amount of solvent molecules present in the polymer matrix. The redox state can be 

changed reversibly by electrochemical means, and consequently CPs can be used as soft 

actuators driven by a small potential difference. Conducting polymer actuators have some 

advantages over conventional electric motors such as their large electrically induced stress 

(about 10 MPa), light weight, small and simple mechanisms of actuation, and low driving 

voltage (~1.0 V). 
163, 164

  

 

Figure 1.10 Schematic of conducting polymer linear, bilayer and out-of-plane actuators 
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There are different modes for conducting polymer actuators: bending
165

, linear
166

 and out of 

plane (Figure 1.10).
167

 Bending actuators normally have a bilayer or a trilayer configuration. 

In bilayer actuators, a single conducting polymer film is fixed to a second, electrochemically 

inert layer. The trilayer actuators usually consist of two conducting polymer films attached to 

either side of a passive film. In the bending actuator, angular movement over 90 has been 

reported. The linear actuator is made by fixing one end of a free-standing film or fibre, which 

allows direct measurements of the strain,
166, 168, 169

 force generated,
170

 elastic modulus,
171

 and 

work-per-cycle 
172

. Conducting polymer linear actuators have shown volume change from 

several percent to more than 26 %.
173

 The out-of-plane actuator is made by attaching a 

conducting polymer film to an electrode substrate. Some out-of-plane actuators can display 

larger volume change than linear actuators, and up to 35 % volume change has been reported 

for PPy out-of-plane actuators.
164 

The micro/nano-structured aspects of conducting polymer films have been considered as one 

of major factors which could influence their electrochemical actuation behaviour. A number 

of recent studies have shown improved actuation performance induced by the 

micro/nanostructures of the films.  For example, Bay et al.
174

 prepared PPy/DBS films with 

micro-nodules on the solution side of the film and large voids on the side in contact with the 

stainless electrode for electropolymerisation using pentanol as co-surfactant. They found that 

these films showed an increased linear strain from 2.5 % to 5.6 % compared to the 

conventional smooth PPy/DBS films. Shi‟s group synthesized PPy films with nanosized 

inverse opal structures by using polystyrene microspheres as templates. They found actuators 

with an inverse opal structure exhibited higher movement rates than actuators made of PPy 

flat films at a given driving potential, while they consumed nearly the same charge and 

energy to reach a certain bending angle.
175
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1.6 Thesis outline  

As a subclass of conducting polymers, micro/nano-structured conducting polymers have 

attracted great attention. Developing novel micro/nano-structured conducting polymers with 

promising applications is highly desirable.  In this thesis, three kinds of novel conducting 

polymer micro/nanostructures were developed for the first time.  The thesis is organized into 

6 chapters.  

The first chapter gives a general introduction to the related topics, while chapter 2 provides 

details of the experimental setups and instrumental techniques used in the thesis 

Chapter 3 describes the fabrication of substituted PANI hollow nanospheres in a polymeric 

acid solution. Details of synthesis conditions and characterisation are given. The formation 

mechanism of these substituted PANI hollow nanospheres is proposed and investigated. The 

application of substituted PANI hollow nanospheres as DNA sensing materials is also 

demonstrated. 

Chapter 4 describes the preparation of PEDOT hollow microspheres through a vesicle-

templating method for the first time. Synthesis, characterisation and a formation mechanism 

for PEDOT hollow spheres are outlined. The obtained PEDOT hollow spheres are further 

used as redox mediators for ascorbic acid sensing. 

Chapter 5 extends vesicle-templating to electrochemical polymerisation of PPy/pTS films 

with a micro-ring structured surface morphology, reported here for the first time. The 

actuation behaviour of this novel PPy/pTS film is studied and compared with conventional 

PPy/pTS films.  
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Finally, a brief conclusion summarises the work and points to directions that future work may 

take. 
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Chapter 2 Experimental  

Set-up and Instrumental Techniques 

2.1 Introduction 

In this chapter, details of the experimental set-ups will be presented. In addition, the 

instrumentation and characterisation methods used throughout this work are provided.  

2.2 Experimental set-up  

2.2.1 Monomer distillation  

All of monomers used in this thesis were distilled before polymerisation. The experimental 

set-up for monomer distillation is given in Figure 2.1 

 

Figure 2.2 Schematic diagram of the apparatus set-up for distillation of monomers. 
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2.2.2 Sample filtration 

In this thesis, samples obtained by chemically polymerisation were filtered. The relevant 

experimental set-up is presented in Figure 2.2.  

 

Figure 2.2 Schematic diagram of the apparatus set-up for sample filtration 

2.2.3 Electrochemical polymerisation cell set-up  

In Chapter 6, PPy free standing films have been polymerised electrochemically. The 

synthesis of PPy films was performed using a CHI instruments electrochemical workstation 

(Model 440) 
176

 linked to a computer equipped with electrochemistry software. A three-

electrode cell set-up was employed for the electropolymerisation, as shown in Figure 2.3. 

The working electrode used in a polymerisation should be conductive and stable at the 

polymerisation potential employed, to avoid oxidation of the working electrode itself. In this 

thesis, stainless steel was employed as the working electrode.  A large platinum mesh was 

used as the counter electrode, which had a larger surface area than the working electrode, to 

ensure that the current passed through the counter electrode did not lead to excessively large 
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potentials while supporting the current flow at the working electrode. An Ag/AgCl (3M KCl) 

(BASi RE-5B) (+207 mV versus SCE) reference electrode was used as the reference 

electrode in the aqueous solutions. 

 

 

Figure 2.3 Experimental set-up for electropolymerisation of polypyrrole film. 

2.2.4 Electrochemical characterisation cell set-up  

2.2.4.1 PoMOA and PEDOT hollow spheres  

The preparation of PoMOA and PEDOT hollow spheres in Chapters 3 and 4 were conducted 

in a three-electrode electrochemical cell, as shown in Figure 2.4. PoMOA hollow spheres 

modified glass carbon electrode (3mm dia.) (BASi MF-2012) or PEDOT modified carbon 

paste electrode (1mm dia.) (prepared in house), were then employed as working electrodes, 

along with a platinum wire counter electrode (BASi MW-1032) and an Ag/AgCl (3M KCl) 

(BASi RE-5B ) reference electrode.  

Platinum 

counter electrode 

Ag/AgCl 

reference electrode 

Stainless steel 

working electrode 
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Figure 2.4 Electrochemical cell set-ups for PoMOA (A) and PEDOT (B) hollow spheres  
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2.2.4.2 PPy films 

In chapter 5, the actuation behaviour of PPy films has been measured, and the 

electrochemical cell set-up is shown in Figure 2.5. 

The PPy freestanding film was cut into strips 10 mm in length and 2 mm in width. One end of 

the PPy strip was clamped between two PEEK plates. The other end of the strip (bottom-end) 

was clamped onto a Pt electrical contact. The top part of the clamp was hung to a wire 

attached to a lever arm. The strip was immersed in the cell containing an electrolyte, a Pt 

sheet as the counter electrode and an Ag/AgCl (3M KCl) (BASi RE-5B) reference electrode.  

 

 

Figure 2.5 The electrochemical cell set-up for actuation measurements of PPy films 

 

PPy free-standing  

film working electrode  Platinum counter 

electrode 

Ag/AgCl 

reference electrode 
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2.3 Instrumental techniques  

2.3.1 Spectroscopy  

2.3.1.1 Fourier transform infrared (FTIR) spectroscopy  

Fourier transform infrared (FTIR) spectroscopy is one of most intensively used methods to 

characterize the structural properties of conducting polymers 
177, 178

. In this thesis, the FTIR 

spectra of PoMOA and PEDOT hollow spheres were measured in the range 400-4000 cm
−1

 

on polymer pellets made with KBr at a Perkin Elmer 1600 FTIR spectrophotometer, taking 

20 scans at a resolution of 4 cm
−1

. The FITR spectra of PPy films were measured directly on 

the films at a Nicolet 8700 FTIR spectrometer using taking 32 scans at a resolution of 4 cm
-1

. 

2.3.1.2 UV-visible spectroscopy 

UV-visible spectroscopy is a very useful technique for probing the molecular and 

conformational structures of conducting polymers. The particular absorption bands indicate 

the different forms of the polymer such as oxidation state, the extent of doping as well as the 

conjugation length of the polymer backbone.  In this thesis the UV-visible spectra of PoMOA 

samples (in m-cresol) and PEDOT samples (in dimethyl sulfoxide) were characterized using a 

Shimadzu Pharmaspec UV-1700 spectrophotometer from 300 nm to 1100 nm.  

2.3.1.3 X-ray photoelectron spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that 

measures the elemental composition, chemical state and electronic state of the elements in a 

material. XPS spectra are obtained by irradiating a material with a beam of X-rays while 

http://en.wikipedia.org/wiki/Fourier_transform
http://www.google.com/url?sa=t&source=web&ct=res&cd=1&ved=0CA0QFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FDimethyl_sulfoxide&ei=sQdyS_SfJJLiswOku9msCA&usg=AFQjCNGm-OQ8rHRVV_lS0sxOF0V8Gaw-IA
http://en.wikipedia.org/wiki/Photoelectron
http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Chemical_state
http://en.wikipedia.org/wiki/Electronic_state
http://en.wikipedia.org/wiki/Spectrum
http://en.wikipedia.org/wiki/X-ray
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simultaneously measuring the kinetic energy (KE) and number of electrons that escape from 

the surface of the material being analyzed.  

In this thesis, X-ray photoelectron spectroscopy (XPS)  measurements were made on a Kratos 

Axis Ultra spectrometer with monochromic Al Kα source at 1486.6 eV and resolution of ~0.1 

eV with a voltage of 15 KV and emission current of 10 mA. The pressure in the analysis 

chamber was maintained at 10
-9

 torr throughout the measurements. The spectra were 

collected with the charge neutraliser employed. For wide scan measurements, spectra were 

recorded using a 160 eV pass energy from 0 to 600 eV. To obtain high resolution spectra, 

individual peaks were recorded using a pass energy of 20 eV.  

2.3.1.4 Raman Spectroscopy  

Raman spectroscopy is a spectroscopic technique used to study vibrational, rotational and 

other low-frequency modes in a system. Typically, a sample is illuminated with a laser beam 

at a certain frequency. The scattered light from the illuminated spot, which consists of 

Rayleigh and Raman scattering, is collected with a lens and sent through a monochromator. 

Rayleigh scattering has the same frequency as the laser light and is filtered out, while Raman 

scattering is dispersed onto a detector. The difference in frequency of the laser light and the 

observed Raman scattering corresponds to the vibrational frequencies of the sample. The 

Raman spectrum is the plot of an optical intensity of Raman scattering versus vibrational 

frequency. Raman spectroscopy has been widely used to characterize conducting polymers 
179, 

180
. The Raman frequency shifts have been used to investigate oxidation states 

181, 182
, 

conductivity 
183

 and degradation products from thermal treatments 
184

 or electrochemical 

oxidation 
185

 of conducting polymers.  

http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Lens_%28optics%29
http://en.wikipedia.org/wiki/Monochromator
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In this thesis, a Renishaw 1000 Raman spectrophotometer employing a 785 nm laser beam 

was used to characterize the samples. In a typical experiment, 20 spectra were recorded with 

20 cm
-1

 resolution and the power was always kept very low to avoid destruction of the 

samples.  

2.3.2 Microscopy 

2.3.2.1 Scanning electron microscopy (SEM) 

The scanning electron microscope (SEM) is a type of electron microscope that images the 

sample surface by scanning it with a high-energy beam of electrons in a raster scan pattern. 

SEM has been the most commonly used tool to characterize the morphology and topology of 

different samples. In this thesis, the morphology of all of the samples was characterized using 

a Philip ML30S FEG scanning electron microscope. Samples were mounted on aluminum 

studs using adhesive graphite tape and sputter-coated with platinum (300 s) before analysis.  

2.3.2.2 Transmission electron microscopy (TEM)  

Transmission electron microscopy (TEM) is a microscopy technique whereby a beam of 

electrons is transmitted through an ultra thin specimen, interacting with the specimen as it 

passes through. An image is formed from the interaction of the electrons transmitted through 

the specimen. This technique provides a means to examine the inner structure of a material. 

This information can be very useful for materials that have certain inherent orientation or 

have cavities inside. In this thesis, a JEOL TEM-2010 transmission electron microscope 

(TEM) was employed to characterize PoMOA and PEDOT. The samples were dispersed in 

methanol and dropped on micro grids copper coated on a carbon support film, then dried 

under air and characterized by TEM. 

http://en.wikipedia.org/wiki/Electron_microscope
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Raster_scan
http://en.wikipedia.org/wiki/Microscope
http://en.wikipedia.org/wiki/Electron
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2.3.2.3 Freeze fracture transmission electron microscopy (FFTEM)  

Freeze-fracture transmission electron microscopy is a technique for examining the micro-

structure of rapidly frozen samples by transmission electron microscopy. 

This technique has been widely used for observing diverse systems such as surfactant 

aggregates, polymer and polymer surfactant solutions, and micro emulsions, as well as 

biological and biomedical systems. It provides the ability to preserve microstructures by rapid 

freezing of the solution containing the aggregates. 
186

  

In this thesis, the FFTEM technique was used to investigate the formation mechanism of 

PoMOA and PEDOT hollow microspheres. The experimental procedure was as follows: the 

sample was added drop-wise onto a copper holder and rapidly frozen in liquid nitrogen. A 

liquid nitrogen cooled knife in a Blazers 301 freeze-etching unit was used to fracture the 

frozen sample (about 2 nm in thickness). The replication step was undertaken by shadow 

casting the surface with platinum at an angle of 45. After shadow casting, a carbon black 

layer was evaporated at an angle of 90
 
onto the surface. During these processes, the 

temperature was kept at -115 C. The replica was then washed with distilled water and finally 

transferred to a 300 mesh copper grid for TEM measurements. 

2.3.3 Electrochemical Techniques  

2.3.3.1 Cyclic voltammetry (CV) 

Cyclic voltammetry is the most widely used technique in electrochemistry to elucidate 

qualitative information about electrochemical processes. It involves measurement of the 

current at the working electrode as a function of the applied potential.  The resulting current-
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potential plot is called a cyclic voltammogram. CV can provide a rapid determination of the 

chemical/electrochemical transitions, including the potential at which they occur and the rate 

of these transitions. It is the most effective and versatile electrochemical technique available 

for the study of redox reactions.  

 

                             

Figure 2.6 A typical cyclic voltammogram with an oxidation peak at Epa with a maximum 

anodic current (ipa) in the forward scan, and a corresponding reduction peak at Epc with a 

maximum cathodic current (ipc) on the reverse scan. 
187

  

A typical cyclic voltammogram for a reversible redox process is given in Figure 2.6. The 

voltammogram is characterized by the anodic peak potential (Epa) and cathodic peak potential 

(Epc), at which the current reaches a maximum value ipa (anodic current peak) and ipc 

(cathodic current peak). 

The anodic and cathodic potential peaks do not appear at the same potential. The difference 

between these peaks depends on the actual electrode process and the charge transfer rate. For 

a reversible system, the potential difference is estimated as: 
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ΔEp = Epa- Epc = 59 mV/n (at 25C) 

Where n is the number of electrons transferred in the redox process. The values of ipa and ipc 

are similar in magnitude for a reversible system. For a quasi-reversible system, the peak 

separation is larger than 59 mV/n, indicating a slow charge transfer rate. For an irreversible 

system, peaks are widely separated indicating that the electron transfer rate is even slower.
188

  

In this thesis, cyclic voltammetry has been used to investigate the redox properties of 

conducting polymers. It has also been used to investigate the electrocatalytic activity of 

PEDOT towards the oxidation of ascorbic acid. Cyclic voltammetry experiments were 

performed in a three electrode cell (shown in 2.2.4.1) by using a BAS 100B/W (Bioanalytical 

Systems, Inc. West Lafeyette, IN, USA) equipped with BAS 100W software.  

The specific experimental parameters are discussed separately in the subsequent sections. 

2.3.3.2 Electrochemical impedance spectroscopy  

Electrochemical Impedance Spectroscopy (EIS) or AC impedance is a very versatile 

electrochemical tool to characterize the intrinsic electrical properties of a material and its 

surfaces. This technique involves the application of a small amplitude sinusoidal AC 

potential excitation on top of a constant DC potential. The resulting impedance response (the 

resistance to AC current) is monitored. This analysis provides quantitative information about 

the conductance, the electric coefficient, properties of the interfaces of a system, and the 

dynamic change due to absorption or charge-transfer phenomena.
189

 Data obtained by EIS is 

usually expressed graphically in a Nyquist plot or a Bode plot, as shown in Figure 2.7. 
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B 

 

 

 

 

 

                                    A                                                                           B 

Figure 2.7 Impedance data present in: (A) a Nyquist plot, and (B) a Bode plot.
190

 

Electrochemical Impedance Spectroscopy has been shown to provide useful information 

about barrier properties and is sensitive to the interfacial electron transfer processes, as 

revealed in the characterisation of bimolecular-functionalized electrodes and biocatalytic 

transformations at electrode surfaces. Therefore it has been widely used in detection of DNA 

hybridization. 
191-194

 Both Faradic and non-Faradic impedance spectroscopy has been applied 

for the study of DNA hybridization, either by studying the diffusion of redox probes in buffer 

solutions,
195, 196

 or by recording the impedance changes of DNA layers directly.
197, 198

  

Faradic impedance spectroscopy reveals an increase in the electron transfer resistance upon 

hybridization due to an increase of negative charge density associated with phosphate groups 

of DNA.
199

 Otherwise, non-Faradic impedance analysis is an attractive approach revealing 

conformational changes and relaxation process upon DNA hybridization without redox 

couple labelling. In this later sensing approach, conducting polymers offer a promising 

platform for the label free detection of DNA hybridization.
200

 In Chapter 3 of this thesis, non-

Faradic EIS has been employed to analyze changes in interfacial properties of electrodes 
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modified with PoMOA hollow spheres with the inclusion of DNA binding on the surface. 

The detailed experimental parameters have been given in Chapter 3. 

2.3.3.3 Chronopotentiometry (CP) 

Chronopotentiometry is a galvanostatic method, which involves the application of a 

controlled current at the working electrode to drive the electroacitve species to exchange 

electrons with the electrode at a constant rate.  The working electrode potential is recorded as 

a function of time.  A typical chronopotentiogram is shown in Figure 2.8. 

                                      

Figure 2.8 A typical chronopotentiogram 
201

 

In this thesis, chronopotentiomety is employed for the electrochemical synthesis of PPy films. 

Under an applied current, monomers are oxidized at the anode and eventually form a polymer 

film. The thickness of the deposited film can be controlled by varying the current density and 

deposition time. The amount of total charge passed (Q), can be easily calculated according to  
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Q = i × t 

where i is the current and t is the deposition time.  

The chronopotentiomety experiments in this thesis were performed in a three electrode cell 

(displayed in Figure 2.3) using a CH Instruments Electrochemical Workstation (Model 440). 

The detailed experimental parameters are given in Chapter 6. 

2.3.3.4 Chronoamperometry (CA) 

Chronoamperometry is an electrochemical technique in which the potential of the working 

electrode is stepped from one potential (Ei) to another potential (Ef), and the resulting current 

at the electrode (caused by the potential step) is monitored as a function of time. A typical 

chronoamperogram is given in Figure 2.9. 

                                        

Figure 2.9 A typical double potential-step chronoamperogram 
202

 

Chronoamperometry has been widely used to characterize conducting polymer actuators. The 

strain at each potential for a time t in a CA experiment can be used to determine the 

corresponding strain rate of an actuator. Moreover, CA is also widely used to test the long-

term stability of conducting polymer actuators. In Chapter 5, the actuation behaviour of PPy 

http://en.wikipedia.org/wiki/Working_electrode
http://en.wikipedia.org/wiki/Working_electrode
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films has been characterized by CA measurements using a CH Instruments Model 650C 

Electrochemical Workstation.  

2.4 Conductivity measurement  

Electrical conductivity is a fundamental property of conducting polymers; many applications 

of conducting polymers are based on their remarkable ability to conduct electric current. The 

accurate measurement of conductivity is an important step to understand particular 

conducting polymers and their properties. 

In this thesis, the room temperature conductivities of as prepared conducting polymers were 

measured using a Jandel four point probe conductivity meter (model RM2) 
203

. For PoMOA 

and PEDOT hollow spheres, the samples were first pressed into pellets using a vacuum press 

at 10 MPa for 5 min and the conductivities of the conducting polymer pellets were then 

measured. For PPy films, the conductivities were measured directly on the surface of the 

films (measured on the side that faced the electrolyte during electropolymerisation).  

A Schematic diagram of the four point probe is shown in Figure 2.10. The conducting 

polymer samples were placed on the base and the probe head was fully lowered. The probe 

tips made contact with the samples by pressing the probe head into the sample surface.  

Measurements were performed by sourcing a constant current (0.1 to 100 μA), dependent on 

the resistivity of the material) between the outer electrodes, and the potential drop across the 

two inner electrodes was measured. The resistivity was calculated from the following 

equation 
204

:  
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where d = thickness of samples in cm, I = applied current in amperes, and V = potential 

measured in volts. The conductivity (in S cm
-1

) was calculated from the bulk resistivity value 

as follows:           

 

 

Figure 2.10 Schematic top view configuration of a four point probe for electrical conductivity 

measurements. 

2.5 Elemental analysis  

Elemental analysis provides the amount (typically a weight percent) of an element in a 

compound. Just as there are many different elements, so there are many different 

experimental methods for determining elemental composition. The most common type of 

elemental analysis is for carbon, hydrogen, and nitrogen (CHN analysis). This type of 

analysis is especially useful for organic compounds (compounds containing carbon-carbon 

bonds). Elemental analysis provides an effective way to determine the relative amount of a 

I
dV 532.4


 
1



Chapter 2 

50 

 

dopant in conducting polymers. In this thesis, elemental analyses of the obtained conducting 

polymers were carried out at the University of Otago, Dunedin, New Zealand. 

2.6 Actuation test  

A dual-mode lever arm system (Model 300B, Aurora Scientific Inc), as shown in Figure 2.11, 

was used for the actuation tests. Each PPy film was stretched and made slightly taut and a 

small constant force (60 mN) was applied to the film at the beginning of the measurement.  

The sample extension/contraction was measured by the movement of the arm on which the 

sample was attached. The extension/contraction was then recorded by a computer. The 

deformation magnitude was defined by Δl/l0 (strain) in %, where l0 and Δl are original length 

and the change in the film length, respectively. The original length l0 was measured using a 

Mutitoyo IP 66 micrometer  

                                       

Figure 2.11 The Dual-mode lever arm system (ASI) used for measuring the displacement of 

PPy actuator films. 
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2.7 pH measurement  

All pH measurements in this thesis were undertaken using a Sartφrius PB-11 pH meter. 

Before each measurement, the pH meter was calibrated using standard buffer solutions at pH 

4, 7 and 10.  
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Chapter 3 Synthesis, Characterisation and Application of 

Substituted PANI Hollow Nanospheres  

3.1 Introduction  

Polyaniline (PANI) has become one of the most extensively studied conducting polymers 

over the past decade due to its unique chemical and electrochemical properties, ease of 

synthesis and wide range of potential applications. In recent years, various PANI 

micro/nanostructures have been investigated in an effort to differentiate their chemical and 

physical properties from the corresponding bulk forms 
205-207

. Motivated by successful 

research into the micro and nanostructure of the parent PANI, the research focus has been 

extended to substituted polyanilines. Several groups have begun to examine the 

micro/nanostructure of substituted PANIs since these materials have the potential to improve 

upon several properties that limit the application of the parent polyaniline, with substituted 

PANIs offering higher dispersibility in various solvents and increased chemical 

functionalization. For example micro-meter sized poly(o-methoxyaniline) and poly(o-

methylaniline) hollow spheres, with holes on their surface,were fabricated by Guo‟s group by 

means of the droplet template formed by the monomer itself, and in which the substituted 

aniline was reacted simply with ammonium persulfate at 10 
o
C 

208
. Tan et al. 

209
 synthesized 

both hollow and solid colloid spheres of poly(o-methoxyaniline) about 300 nm in diameter 

using a hydrothermal method at 180 
o
C, in which cupric acetate or basic cupric bromide was 

used as an initiator. More recently, our group produced micro meter sized hollow spheres of 

the substituted poly(o-methoxyaniline) (PoMOA) through a self-assembly process in the 

presence of p-TSA 
210

. These PoMOA hollow microspheres displayed superior electro-
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catalytic activity towards the oxidation of ascorbic acid in comparison with polyaniline 

nanotubes.  

Poly(methyl vinyl ether-alt-maleic acid) (PMVEA), a polymeric acid, has been shown to be 

easily incorporated as a dopant within conducting polymers 
205

. PMVEA bears closely spaced 

diacid functionalites and therefore can provide sites for covalent tethering to amino-modified 

biomolecules. The incorporation of PMVEA into the PANI can provide an alternative for 

PANI to serve as substrate for electrochemical DNA detection 
155

. Therefore we sought to 

develop substituted PANI hollow spheres with incorporated PMVEA for biosensing 

applications. In this chapter, poly(o-methoxyanilne) hollow spheres doped by PMVEA were 

synthesised. A range of synthesis parameters were examined, including weight fraction of 

PMVEA to o-methoxyaniline, concentration of o-methoxyaniline, molar ratio of o-

methoxyaniline to oxidant (ammonium persulfate) and reaction temperature, to optimize the 

formation conditions of the PoMOA hollow spheres. A formation mechanism for the hollow 

spheres is proposed and discussed based on previous reports and our own experimental 

results. The structural features of the obtained PoMOA hollow spheres were characterized by 

FTIR, UV-vis, XPS, elemental analysis and conductivity measurements. Other types of 

substituted aniline monomers, including m-methoxyaniline, o-methylaniline and m-

methylaniline were polymerised using the same method and the effect of substituent on the 

morphology of resultant polymers were discussed. Lastly, the application of PoMOA hollow 

spheres towards an oligonucleotide (ODN) sensor was demonstrated.  
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3.2 Experimental  

3.2.1 Chemicals  

o/m-Methoxyaniline, o/m-methylaniline, ammonium persulfate ((NH4)2S2O8, APS), 

poly(methyl vinyl ether-alt-maleic acid) (PMVEA) (Cat No.25153406, Mn = 80,000 g mol
−1

, 

Mw = 216,000 g mol
−1

), 1-ethyl-3-(3-dimethylaminpropyl)carbodiimide (EDAC) were 

obtained from Aldrich Chem. Co. Substituted aniline monomers were distilled under reduced 

pressure prior to use and stored under N2. 

Custom oligonucleotides were obtained from Invitrogen Life Technologies. The ODN probes 

were amino modified at their 5‟ end with the sequence NH2-GATGAGTATTGA TGC CGA-

3‟. The sequences of complementary and non-complementary sample oligonucleotides used 

in hybridization experiments were 5‟-TCG GCA TCA ATA CTC ATC-3‟ and 5‟-TAT GCT 

GGTGCG TCG CAC-3‟, respectively. Stock solutions of complementary and non-

complementary ODNs were prepared in a pH 7.4 phosphate buffer (PBS) solution and stored 

in a freezer until used. All solutions were prepared using Milli-Q water. 

 

Scheme 3.1 Chemical structures of some of key compounds used in Chapter 3 
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3.2.2 Methods 

3.2.2.1 Polymerisation  

A 10 mL aqueous solution of a certain concentration of o-methoxyaniline and PMVEA were 

prepared by dissolving them in deionized water. Then the solution was cooled in a 

refrigerator at 3 C for 30 min followed by the addition of 10 mL of a pre-cooled (3 C) 

solution of the required amount of APS. The reaction continued for 24 h. The obtained 

products were filtered using a Duran
®
 sintered disc filter funnel with 10-16 μm nominal 

maximum pore size and washed with water and methanol several times. The final product 

was dried in vacuum (7.5 mTorr) at room temperature for 24 h. Several variables including 

weight fraction of PMVEA to monomer, concentration of o-methoxyaniline, molar ratio of o-

methoxyaniline to oxidant and temperature were investigated. 

3.2.2.2 Structural Characterisation 

The morphology of the resultant polymers were characterized by SEM (Philips XL30S) and 

TEM (JEOL TEM-2010). The structural properties of the polymers were characterized by 

FTIR (Perkin Elmer 1600), UV-vis (Shimadzu Pharmaspec UV-1700), XPS spectra and 

elemental analysis. The room temperature conductivity of samples was measured by a four-

probe method using a Jandel Model RM2 instrument. To understand the formation 

mechanism of the hollow spheres, the freeze-fracture technology was used to investigate the 

morphology of solutions of o-methoxyaniline combined with PMVEA without adding APS.  
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3.2.2.3 Preparation of the PoMOA hollow nanospheres-modified glassy carbon electrode.  

The PoMOA hollow nanospheres were used to create a modified glassy carbon electrode 

according to a previously described procedure. 
211

.The glassy carbon electrodes (GCE, 3 mm 

in diameter) was polished carefully with 0.05 µm alumina slurry on a soft polishing cloth 

(Buehler) and then sonicated in milli-Q water for 15 min and dried at room temperature. 

PoMOA hollow spheres were dispersed in CHCl3 to form a 5 mg mL
-1

 solution and treated in 

an ultrasonic bath for 10 min. The obtained dispersion (5 µL) was then drop-cast onto the 

pretreated GCE surface and allowed to dry under ambient conditions.  The prepared electrode 

was washed with PBS solution thoroughly prior to further characterisation and other 

experiments. 

3.2.2.4 Electrochemical characterisation  

The electrochemical characteristics of a PoMOA hollow nanospheres film were examined 

using cyclic voltammetry. The GCE, modified with PoMOA hollow nanospheres prepared as 

described in section 3.2.2.3, was used as the working electrode in conjunction with an 

Ag/AgCl (in 3 M KCl; +207 mV S.H.E.) reference electrode and a Pt wire counter electrode. 

The cell was filled with 0.1 M HCl and purged with N2 for approximately 10 min  prior to the 

measurements, during which time N2 was allowed to flow over the solution to prevent O2 re-

entering the cell for the remainder of the experiment. Cyclic voltammograms were recorded 

in the potential range from -300 to +800 mV at scan rates from 20 mV s
-1

 to 140 mV s
-1
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3.2.2.5. Immobilization of oligonucleotide (ODN) probes and hybridization 

The grafting of ODN probes onto the PoOMA modified film was performed according to a 

previously described procedure.
155, 212

 To covalently attach the ODN probe, 40 nM ODN 

probes and 25 mg EDAC in 100 µL of phosphate buffer (pH 5.2) were dripped on to the 

electrode and kept at 28 C for 1 h. Finally, the modified electrode was thoroughly washed 

using PBS solution (pH 7.4) in order to remove any remaining unattached ODN probes. 

Hybridization was carried out by incubating the ODN probe-modified films in PBS solution 

(pH 7.4) containing ODN samples for 1 h at 37 C. After hybridization, the electrode was 

washed three times using PBS solution to remove any non-hybridized ODNs. 

3.2.2.6 Electrochemical detection  

Electrochemical impedance spectra were recorded in PBS solution (pH 7.4) before and after 

hybridization using an EG&G potentiostat/galvanostat (Model 280, Princeton Applied 

Research) coupled to an EG&G 1025 Frequency Response Analyzer. A conventional three-

electrode cell containing a modified glassy carbon working electrode, platinum wire counter 

electrode and Ag/AgCl (in 3 M KCl) reference electrode was used. The impedance 

experiments were run with 5 mV sinusoidal excitation amplitude at an applied bias potential 

of 600 mV. The impedance data were measured and collected at harmonic frequencies from 

10 Hz to 1 MHz. 
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3.3 Results and Discussions  

3.3.1 Synthesis of PoMOA/PMVEA hollow nanospheres  

In order to find the optimal formation conditions for PoMOA hollow nanospheres in the 

presence of PMVEA, the following factors have been investigated. 

1. Weight fraction of PMVEA to o-methoxyaniline  

2. Concentration of o-methoxyaniline  

3. Molar ratio of APS to o-methoxyaniline
 

4. Temperature  

3.3.1.1 Weight fraction of PMVEA to o-MOA  

It has been reported that the ratio of dopant to monomer plays an important role in formation 

of conducting polymer micro/nanostrucutres.
213, 214

 Hence, PoMOA/PMVEA were 

polymerised using different weight fractions of PMVEA to o-MOA in the range of 1–7 % 

under the following conditions, [APS]/ [o-MOA]/ =1.5:1, [o-MOA] = 0.1 M, T = 3 C. The 

SEM pictures of the resulting polymers are given in Figure 3.1. 

As can be seen clearly from Figure 3.1, when the weight fraction of PMVEA to o-MOA was 

in the range of 1% to 5%, the obtained polymers were mainly spherical in shape although a 

very small portion of granular particles was observed. Over 90% of the material seen in the 

SEM images was in the form of nanospheres. Moreover an opening or hole in the spheres 

was visible in many cases which showed that these spheres were hollow inside.  



Chapter 3 

59 

 

 

Figure 3.1 SEM images of PoMOA obtained from a solution of 0.1 M o-methoxyaniline, 0.15 

M APS at 3 C using different weight fractions of PMVEA: (A) 1 %; (B) 2 %; (C) 3 %; (D) 

4 %; (E) 5 %; (F) 7 %. 

A B 

D C 

E F 
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Figure 3.2 TEM images of PoMOA obtained from a solution of 0.1 M o-methoxaniline, 0.15 

M APS at 3 C using different weight fractions of PMVEA: (A) 1 %; (B) 2 %; (C) 3 %; (D) 

4 %; (E) 5 %. 

A 

D C 

E 

B 
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However, when the weight fraction of PMVEA to o-MOA was 7 %, the polymer mainly 

showed an aggregated granular morphology (Figure 3.1F).  

In order to further prove the hollow spherical morphology of the PoMOA obtained using a 

weight fraction of PMVEA to o-MOA from 1 % to 5 %, these products were characterized by 

TEM and the results are given in Figure 3.2. In each case, a very sharp contrast between the 

dark edge and the pale centre was observed, which confirms the hollow structure of the 

PoMOA nanospheres. 
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Figure 3.3 Outer diameter of PoMOA hollow nanospheres obtained from a solution of 0.1 M 

o-methoxyaniline, 0.15 M APS at 3 C by using different weight fractions of PMVEA to o-

MOA (n = 20). The Error bars represent the standard deviations in each case. 
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The outer diameter of the obtained PoMOA hollow nanospheres was measured from the SEM 

images and the average values are given in Figure 3.3. It can be clearly seen that the outer 

diameter of the PoMOA hollow spheres decreased with a higher weight fraction of PMVEA. 

The average outer diameters were as follows: 440 ± 30 nm, 322 ± 25 nm, 301 ± 21 nm, 225 

±10 nm and 210 ± 20 nm (n = 20) when 1, 2, 3, 4 and 5 wt/wt % of PMVEA/o-MOA were 

used. These values were much smaller than the 1.3 µm sized PoMOA microspheres obtained 

using p-toluene sulfonic acid as the dopant.
210

 On the other hand, the weight fraction of 

PMVEA to o-MOA had little effect on the thickness of wall, which was between 30 nm to 40 

nm for all samples based on the measurements from TEM images. 

From the above results we can conclude that the weight fraction of PMVEA to o-MOA, over 

a certain moderate range, played an important role in determining how the PoMOA hollow 

nanospheres were formed. Moreover, the size of obtained hollow spheres can be tailored by 

the amount of PMVEA used during polymerisation. 5 % of PMVEA produced the smallest 

PoMOA hollow nanospheres. Therefore, this value was used to investigate the effects of 

other conditions on the formation of PoMOA hollow nanospheres.  

3.3.1.2 Concentration of o-MOA  

Figure 3.4 shows SEM images of PoMOA obtained using different concentrations of o-MOA 

under the following conditions, [APS]/[o-MOA] = 1.5:1, PMVEA/ o-MOA (wt/wt%) = 5 %, 

T = 3 C. As can be seen from these images, when the concentration of o-MOA was between 

0.05 M (Figure 3.4B) and 0.1 M (Figure 3.4C), evenly shaped hollow microspheres of 

PoMOA with a uniform size could be obtained. However, when the concentration of o-MOA 

was beyond this range, as seen Figure 3.4A and D, the obtained products were irregular 

aggregated particles and only a few hollow microspheres were observed.  
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Figure 3.4 SEM images of PoMOA obtained under different concentrations of o-MOA: (A) 

0.025 M; (B) 0.05 M; (C) 0.1 M; (D) 0.2 M. Other conditions: PMVEA/ o-MOA (wt/wt) = 

5%, [o-MOA]/[APS] =1:1.5, T = 3 C. 

3.3.1.3 Molar ratio of APS to o-MOA 

Figure 3.5 presents SEM images of PoMOA obtained using different molar ratios of APS to 

o-MOA. It can be clearly seen that the molar ratio of APS to o-MOA has a significant effect 

on the morphology of the resultant polymers. It shows that evenly shaped hollow nanospheres 

(with holes at some point of the spheres) were obtained when the molar ratio of APS to o-

MOA was 1.5:1 (Figure 3.5C). When the molar ratio of APS to o-MOA was decreased to 1:1 

(Figure 3.5B), the proportion of well shaped hollow spheres decreased and some depressed 

round shaped particles appeared. These round shaped particles became dominant when the 

B A 

D C 
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molar ratio of APS to o-MOA was further decreased to 0.8:1. Moreover, concavities could be 

clearly observed on the surface of these particles. These particles were further characterized 

by TEM and the result is given in Figure 3.6, which showed the hollow interior structure with 

a wall thickness of around 34 nm. On the other hand, mainly irregular particles over 500 nm 

in size were obtained when the molar ratio of APS to o-MOA was increased to 3:1 (Figure 

3.5D).  

 

Figure 3.5 SEM images of PoMOA obtained under different molar ratio of APS to o-MOA 

(A) 0.8:1; (B) 1:1; (C) 1.5:1; (D) 3:1; Other conditions: PMVEA/o-MOA (wt/wt) = 5%, [o-

MOA] = 0.1 M, T = 3 C 

A B 

D C 
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Figure 3.6 TEM image of PoMOA obtained at a molar ratio of APS to o-MOA of 0.8:1 

3. 3.1.4 Temperature 

 

Figure 3.7 SEM images of PoMOA obtained at 3 C (A) and room temperature (B). Other 

conditions: PMVEA/ o-MOA (wt/wt) = 5 %, [APS]/ [o-MOA] = 1.5:1, [o-MOA] = 0.1 M. 

In order to investigate the effect of temperature on the morphology of the obtained products, 

PoMOA were polymerised at both a low temperature (3 C) and at room temperature. As 

shown in Figure 3.7, temperature had little effect on the morphology of the obtained products. 

In both cases, a large number of hollow spheres with a uniform size were obtained. The 

B A 
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average diameter of the hollow spheres obtained at room temperature (measured from SEM) 

was 228 ± 20 nm (n = 20), which is only slight larger than that obtained at 3 C (210 ± 20 

nm). 

3.3.2 Formation mechanism of PoMOA/PMVEA hollow nanospheres  

The formation conditions for the PoMOA hollow nanospheres have been investigated. 

However the mechanism behind the formation of these hollow spheres is still unclear. In this 

section, a possible formation mechanism is proposed based on both previous reports and our 

own experimental results.  

The process of formation of PoMOA hollow nanospheres in the presence of PMVEA is 

depicted in the schematic shown in the Figure 3.8. PMVEA, as a polymeric acid, has been 

known to stabilize PANI dispersions and act as a polymeric surfactant in the preparation of 

polyurea microcapsules.
215

 Given the PMVEA surfactant property, PMVEA micelles may 

form in the reaction system. o-MOA is a weak acid with a pKa value of 9.2, while the 

measured pH value of the reaction solution increased from around 3.1 to 6.3 after adding o-

MOA into the PMVEA solution. This result indicates o-MOA exists in the reaction solution 

in the form of both free o-MOA and o-MOA cations, which are formed as a result of acid-

base equilibrium processes as shown in Scheme 3.2.  
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Figure 3.8 Schematic illustration of the formation of PMVEA/PoMOA hollow nanospheres 

 

 

Scheme 3.2 Acid-base reaction between o-MOA and PMVEA 

 

Positively charged o-MOA cations can be attracted by anionic carboxylate groups of PMVEA 

on the exterior of the micelles, while free o-MOA can accumulate in the micelle hydrophobic 
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interior, and cause the original micelles to swell 
207, 216

. These micelles composed of both 

PMVEA and o-MOA are proposed as soft templates for the formation of the PoMOA hollow 

nanospheres. When the APS is added, the polymerisation mostly takes place at the 

water/micelle interface because of the hydrophilicity of APS,
217

 followed by aggregation and 

fusion processes to form larger sized spheres as the nanospheres coalesce. With the progress 

of polymerisation, o-MOA monomer contained in the interior of micelles would diffuse to the 

surface resulting in the formation of hollow spheres.
208

 The flux of water and water-soluble 

components into the interior to the growing hollow spheres probably leads to the formation of 

the openings or holes on the surfaces, visible with many of the hollow spheres.
208

 

To establish the existence of micelles in the reaction solution, the morphologies of 1, 5 and 7 

w/w % PMVEA/o-MOA solutions were characterized using the freeze-fracture TEM 

technique (FFTEM). As shown in Figure 3.9 A-C, the PMVEA/ o-MOA solutions formed 

objects with a spherical morphology. On the other hand, a control FFTEM run on pure 

deionised water did not show any spherical features (Figure 3.9D). This result indicates that 

the spherical micelles of PMVEA/ o-MOA may serve as templates for the formation of 

hollow spheres. The diameters of these PMVEA/ o-MOA micelles were measured from 

FFTEM images and the average values are given in Figure 3.10. It can be clearly seen that 

the diameter of the PMVEA/ o-MOA micelles decreased with an increase of the weight 

fraction of PMVEA. The average diameter of the micelles was 69 ± 13 nm, 41 ± 12 nm and 

27 ± 5 nm for 1, 5 and 7 w/w % PMVEA/ o-MOA solutions, respectively (n = 30).  
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Figure 3.9 FF-TEM images of 0.1 M o-MOA with different weight fractions of PMVEA to o-

OMA: (A) 1 %; (B) 5 %; (C) 7 %; (D) milli-Q water. 
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Figure 3.10 Diameters of PMVEA/ o-MOA micellar templates for 1, 5 and 7 wt/wt % 

PMVEA/o-MOA solutions (n = 30). The error bars show the standard deviations. 

The decrease in the diameter of the micellar templates may result from an increase in the 

PMVEA weight fraction in the reaction system. When the weight fraction of PMVEA to o-

MOA was higher, more o-MOA/PMVEA micelles form and with a constant available 

concentration of o-MOA, the monomers swell the micelles to a lesser extent 
216

. The decrease 

in the size of the micellar templates, with an increase in the PMVEA weight fraction, is 

consistent with the results obtained for the size of the PoMOA hollow microspheres. 

However, a 7% weight fraction did not favour the formation of much smaller hollow spheres. 

Under these conditions, mainly solid particles were produced. This is probably due to the 

relatively small size of the PMVEA/o-MOA micelles.
218

 It has been reported that micelle size 

is an important factor in determining the morphology of the conducting polymer particles.  
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As the polymerisation proceeds, more and more polymer is produced and aggregates onto the 

interface of the micelles, and the accumulated polymers more easily cover the core of the 

hollow structure if the size of the micelles is small.
218

 

The results obtained above have confirmed the existence of micellar templates in the reaction 

system. It can also be noted that the inner diameter of the hollow spheres is larger than that of 

the corresponding micelles, as seen in Table 3.1.  

Table 3.1 Comparisons of the size of the PoMOA hollow spheres and the micellar templates. 

PMVEA/ o-MOA 

(wt/wt %)  

Outer diameter of 

PoMOA 

Inner diameter of 

PoMOA 

Diameter of micelle 

1% 440 ± 30 nm 231 ± 40 nm 69 ± 13 nm 

5% 210 ± 20 nm 138 ±10 nm 41 ± 12 nm 

 

These results indicate that coalescence of the micellar templates is likely to occur because of 

changes of the surface energy between micellar templates,
219

 which is consistent with 

examples seen in TEM images presented in Figure 3.11. Also, polymerisation proceeds on 

the surface of the coalescing micelles resulting in larger sized polymer hollow spheres. 
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Figure 3.11 TEM images of fused micellar templates (A) and PoMOA hollow spheres (B).  

In order to better understand the formation process of PoMOA hollow nanospheres, the pH 

value of the reaction solution was measured as a function of reaction time. Taking 5 wt/wt % 

PMVEA/o-MOA as an example, the measured pH value of the PMVEA solution itself was 

3.1. After adding o-MOA, the pH increased to around 6 indicating that some acid-based 

exchange processes were occurring between PMVEA and o-MOA. When APS was added as 

the oxidant, the pH value of the reaction system dropped dramatically from 6 to 1.75 within 

15 minutes. After that, the pH value continued to decrease slowly to around 1.4. The decrease 

in pH value of the reaction solution is attributed to the sulfuric acid (H2SO4) produced during 

the polymerisation of o-MOA monomer with APS as the oxidant. This phenomenon has been 

generally observed for chemical oxidative polymerisation of PANI.
220, 221

 However, PoMOA 

showed a much faster decline in pH compared to the polymerisation of PANI under similar 

conditions. The pH value drops from around 6 to below 2 over the course of 2 to 3 hours with 

PANI.
221

 The faster rate with o-MOA can be ascribed to the effect of the -OCH3 substituent 

on the reaction speed. -OCH3 is a substituent with strong electron-donating effects because of 

A 
B 
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the lone pair of electrons on the oxygen atom, which makes the polymerisation time with o-

MOA shorter than that for aniline.
222
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Figure 3.12 Evolution of pH during polymerisation 

 

Some researchers have argued that the drop of pH with time plays an important role in the 

formation of PANI micro/nanostructures.
223

 In the formation of PoMOA/PMVEA hollow 

nanospheres, the high starting pH value and rapid decline in pH value have been observed. 

To ascertain whether the pH value was a driving force for the formation of PoMOA hollow 

spheres, a simple control experiment was carried out by using a distilled HCl solution with a 

pH value of around 3.1 (equal to the pH value of the PMVEA-only solution) to replace 

PMVEA. The pH value of reaction solution with time was measured and is given in Figure 

3.12. It was found that the change of pH with polymerisation time in HCl (initial pH = 3.1) 

showed a similar trend to that of the PMVEA containing solution. However, mainly 
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aggregated granular particles were obtained when the polymerisation was carried out in HCl 

as shown in Figure 3.13. This result confirmed that PMVEA played critical role in the 

formation of PoMOA hollow nanospheres, beyond what was provided by the pH of the 

reactant solution. 

 

Figure 3.13 SEM images of PoMOA obtained in HCl (pH = 3) using APS as the oxidant.  

 

3.3.3 Characterisations of PoMOA/ PMVEA hollow nanospheres  

In order to investigate the properties of the obtained PoMOA hollow nanospheres, these were 

characterized using FTIR, UV-visible, XPS, elemental analysis, conductivity measurement 

and cyclic voltammetry. 

3.3.3.1 Structural Properties  

Fig. 3.14 A-G present FTIR spectra of the hollow nanospheres obtained using different 

weight fractions of PMVEA to o-MOA and different molar ratios of APS to o-MOA. The 

FTIR spectra are in good agreement with previously reported spectra for poly(o- 

methoxyaniline).
209, 224-226

 The N-H stretching peak is observed at 3200 cm
-1

, while the 
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characteristic bands at 2935 cm
-1 

can be assigned to the C-H stretching vibration of the 

substituted methoxy (-OCH3) group. The two main bands appearing at 1580 cm
-1

 and 1490 

cm
-1

 can be ascribed to the stretching vibration of quinoid rings and benzenoid rings 

respectively. The weak band at 1650 cm
-1

 is a characteristic bands of the deformation 

vibration of the N
+
-H bond, while the weak peak at 1450 cm

-1
 is assigned to C-H bending 

within the –OCH3 group. The bands at 1258 and 1024 cm
-1

 correspond to the C-O-C 

stretching of alkyl aryl ether linkage, while the band at 1210 cm
-1

 originates from the 

stretching of the secondary aromatic amine. Peaks at 947 cm
-1

 and 810 cm
-1

 correspond to the 

in plane deformation vibration of C-H in 1,4-substituted quinoid rings. In addition to the 

characteristic PoMOA bands, the peak at 1717 cm
−1

 is attributed to the carboxylic acid 

functional group (-COOH).
205, 227

 The presence of this peak clearly confirms that PMVEA is 

incorporated within the PoMOA hollow microspheres with a free carboxylic acid group.  

As discussed above, the pH value of reaction system decreased during the initial stages of the 

oxidative polymerisation (the pH fell from 6 to below 2 within a few minutes, and reached a 

value of 1.5 by the end of the reaction), the carboxylic acid groups of PMVEA will become 

partially protonated while being incorporated within the PoMOA structure. In addition, the 

peak attributed to the carboxylate anion is normally observed in the range from 1610 to 1550 

cm
-1

.
227

 In our case, this peak might overlap with the stretching vibration of the quinoid ring, 

but there was no sign of an additional peak in this range. On the other hand, no FTIR peaks 

were observed which could be associated with branched or phenazine-type units, such as the 

peak seen at around 1416 cm
-1

 in the case of polyaniline nanotubes formed under high initial 

pH conditions.
228

 The presence of the methoxy group on the ortho-position in o-

methoxyaniline can be expected to inhibit the formation of such branched structures, leading 

to a more regular structure. 
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Figure 3.14 FTIR spectra (A-E) of the PoMOA hollow nanospheres obtained from a solution 

of  0.1 M o-MOA, 0.15 M APS using different weight fractions of PMVEA to o-MOA: (A) 

1%; (B) 2 %; (C) 3 %; (D) 4 %; (E) 5 %; (F-G) of the PoMOA hollow nanospheres obtained 

from a solution of 0.1M o-MOA and 5% (wt/wt) of PMVEA to o-MOA using different molar 

ratios of APS to o-MOA (F) 1:1; (G) 0.8:1 
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Figure 3.15 UV-vis spectra of PoMOA dissolved in m-cresol, obtained from a solution of 0.1 

M o-MOA and 5 % (wt/wt) of PMVEA to o-MOA using different molar ratios of APS to o-

MOA: (A) 0.8:1; (B) 1:1; (C) 1.5:1.  

PoMOA hollow nanospheres obtained under different molar ratios of APS to o-MOA were 

dissolved in m-cresol and characterized by UV-visible spectroscopy to further analyse their 

molecular structures, and the results are presented in Figure 3.15. Four absorption bands 

attributed to the π-π* transition of the benzenoid rings,
60

 π- π* transition of the quinoid ring,
61

 

polaron-π* transition and delocalized polarons of the emeraldine salt form of the PoMOA
229

 

were observed at 305 nm, 640 nm, 440 nm and 960 nm, respectively, for the product obtained 

at a molar ratio of APS to o-MOA of  0.8:1. Similar absorption bands were observed when 

the molar ratio of APS to o-MOA was 1:1. However, the absorption peak corresponding to 

the π-π* transitions of the benzenoid rings and the quiniod rings shifted from 305 nm and 650 
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nm, to 330 nm and 690 nm, respectively, with an increase of the molar ratio of APS to o-

MOA from 0.8:1 to 1:1, suggesting that PoMOA hollow spheres with a longer conjugation 

length were obtained when the molar ratio of APS to o-MOA of was 1:1.
210

 However, for 

PoMOA hollow spheres obtained with an APS to o-MOA molar ratio of 1.5:1 (Figure 3.15C), 

the broad band at 650 nm disappeared, and instead a small broad band centred at 580 nm was 

seen in the spectrum. The band at 580 nm has previously been assigned to the pernigraniline 

form of the polymer,
230

 and may indicate the high oxidation level of PoMOA hollow spheres 

formed under these conditions.  

In order to examine the doping properties of the PoMOA hollow spheres, the products were 

characterized by XPS and elemental analyses. Figure 3.16 presents the XPS core level spectra 

of the N1s peak for the PoMOA hollow nanospheres with different contents of PMVEA. 

These spectra could be decomposed into the following peak components: quinoid imine (=N-) 

with a binding energy (BE) at 398.3 eV, benzenoid amine (-NH-) with a BE at 399.4 eV, and 

positively charged nitrogen (N
+
) peaks with BEs above 400 eV, based on the fixed line width 

approach.
205, 231

 The doping level of the PoMOA hollow nanospheres could be estimated 

from the peak area ratio of N
+
/N. From data given in Table 3.2, it can be clearly seen that the 

doping level of the PoMOA hollow spheres increases slightly with a higher content of 

PMVEA in the solution, from 11 % for the solution containing 1 wt/wt % of PMVEA/o-

MOA, to 14.2 % for the 5 wt/wt % of PMVEA/o-MOA. This result is consistent with 

previous reports that a higher concentration of the doping acid generates polymers with a 

higher doping level.
232
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Figure 3.16 N1s XPS core level spectra of PoMOA hollow spheres prepared from solutions 

with different weight fraction of PMVEA to o-MOA, for 0.1 M o-MOA and 0.15 M APS. 
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Table 3.2 N
+
/N ratio of PoMOA hollow nanospheres prepared from solutions with different 

weight fractions of PMVEA to o-MOA, for 0.1 M o-MOA and 0.15 M APS. 

PMVEA/OMA 

wt/wt% 
1 % 2 % 3 % 4 % 5 % 

N
+
/N (molar) 11 % 12.4 % 12.8 % 13.6 % 14.2 % 

 

Table 3.3 presents the elemental analysis results of the PoMOA hollow nanospheres with 

different weight fractions of PMVEA. The presence of sulfur in the polymers is reasonable as 

HSO4
-
 and SO4

2-
 (in a 3 to 1 ratio at pH 1.5, given the second pKa of sulfuric acid at 2.0), 

result from the reduction of ammonium persulfate and can be incorporated with the PoMOA 

as counter ions. However, it is noted that the molar ratio of S/N was found to decrease with a 

higher content of PMVEA. The increase of N
+
/N but a decrease in S/N indicated that more 

PMVEA was incorporated in polymer with carboxylate groups to counter balance positively 

charged PoMOA units. An increase in the PMVEA content was also shown by an increase in 

the C/N ratio (beyond a value of 7.0 expected for PoMOA without any PMVEA).   
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Table 3.3 Elemental analysis results for PoMOA hollow spheres prepared from solutions with 

different weight fractions of PMVEA to o-MOA 

PMVEA/ o-MOA 

wt/wt% 

1 2 3 4 5 

C (mass %) 57.26 56.55 53.35 57.53 57.20 

H (mass %) 4.56 4.68 4.39 4.755 4.78 

N (mass %) 8.11 7.84 7.44 7.86 7.56 

S (mass %) 1.85 1.69 1.58 1.44 1.38 

S/N (molar) 10 % 9.4 % 9.2 % 8 % 7.7 % 

C/N (molar) 8.28 8.4 8.4 8.54 8.8 

 

Figure 3.17 presents the XPS core level spectra of the N1s peak for the PoMOA hollow 

spheres obtained using different molar ratios of APS to o-MOA, with 5 % weight fraction of 

PMVEA to o-MOA. From the N
+
/N ratio, as shown in Table 3.4, the doping level increased 

with increasing molar ratio of APS to o-MOA. The increase in the extent of oxidation will 

also be seen as an increase in the content of quinoid rings with imine nitrogens in the polymer 

chains,
233

 shown as the ratio of -N=/N in Table 3.4, but these imine groups are not expected 

to add to the conductivity of the PoMOA in the way in which doped N
+
 centres will.  



Chapter 3 

82 

 

 

Figure 3.17 N1s XPS core level spectra of PoMOA hollow spheres prepared using different 

molar ratios of APS to o-MOA, for 0.1 M o-MOA and 5 % (wt/wt) PMVEA to o-MOA  
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Table 3.4 N
+
/N and –N=/N ratios of PoMOA hollow spheres prepared by using different  

molar ratios of APS to o-MOA, with 5 % weight fraction of PMVEA to o-MOA. 

APS/o-MOA 0.8:1 1:1 1.5:1 

N
+
/N (molar) 10.4 % 11.2 % 14.2 % 

-N=/N (molar) 8.9 % 11.0 % 30.5 % 

 

3.3.3.2 Conductivities and electrochemical properties  

The room temperature conductivities of the products were measured using the four-probe 

method and the results are presented in Table 3.5.  

Table 3.5 Conductivity of PoMOA hollow nanospheres obtained using different molar ratios 

of APS to o-MOA (n = 5) 

APS/o-MOA 0.8:1 1:1 1.5:1 

Conductivity (S cm
-1

) (8.9 ± 0.7) × 10
-6

 (2.7 ± 0.4) × 10
-5

 <10
-8

 

The conductivity increased slightly from (8.9 ± 0.7) × 10
-6

 to (2.7 ± 0.4) × 10
-5

 S cm
-1

 when 

the molar ratio of APS to o-MOA was increased from 0.8:1 to 1:1. The higher conductivity of 

the product using APS/o-MOA 1:1 is believed to result from the higher doping level and 
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longer conjugation length, as discussed above. The products obtained using APS/o-MOA 

1.5:1 showed the lowest conductivity, which is below the instrument measurement limit, i.e. 

less than 10
-8

 S cm
-1

. This might result from the existence of insulating pernigraniline phases 

in polymers as observed in the UV-vis spectra, along with any overoxidation that may have 

occurred in the presence of the strong APS oxidant added in excess. It can also be noted that 

the conductivity of PoMOA/PMVEA is about three orders of magnitude less than PANI 

doped with the same dopant. The lower conductivity relative to polyaniline may be explained 

by an increase of the inter chain distance and diluting effect of the charge carriers caused by 

the presence of methoxy groups in the polymer. Furthermore, the substituent present at the 

ortho position of the benzene ring forces a greater torsion angle between repeat units. This, in 

turn, results in a decrease of the degree of conjugation and hence a decrease in 

conductivity.
234, 235

 

The electrochemical characteristics of the PoMOA /PMVEA hollow spheres were 

investigated using cyclic voltammetry, and typical voltammograms are presented in Figure 

3.18. It was found that the electrochemical behaviour of the PoMOA/PMVEA hollow spheres 

was similar to that seen for PANI nanotubes doped by same dopant.
205

 Two broad reversible 

oxidation peaks were observed at 250 mV and 405 mV with correspond reduction peaks at 90 

mV and 330 mV, respectively. The peaks were not as sharp as those obtained for PoMOA 

formed electrochemically under acidic conditions,
236

 where up to three sets of peaks were 

observed. However, the peaks observed in Figure 3.19 lie at the correct potentials expected 

for the oxidation of the leucomeraldine to the emearldine form of PoMOA (250 mV), and the 

transformation from emeraldine to the pernigraniline form, combined with redox processes 

for any branched or overoxidised forms (405 mV). 
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Figure 3.18 Cyclic voltammograms of POMA hollow nanospheres cast onto a glassy carbon 

electrode and cycled in 0.1 M HCl at scan rates between 20 and 140 mV s
-1

 (in 20 mV s
-1

 

incremental steps). 

Moreover, the double logarithmic plot of the dependence of the emeraldine oxidation peak 

current versus scan rate for PoMOA hollow spheres exhibited a linear relationship (R = 

0.99993) with a slope of 0.88, as seen in Figure 3.19. This value is intermediate between the 

value of 1 expected for a completely surface controlled processes and the value of 0.5 for 

processes entirely under diffusion control for species coming from the bulk solution. This 

results indicates that the oxidation processes and the creation of positive centres on the  

PoMOA hollow spheres has some dependence upon the diffusion of counter ions to and from 

the bulk solution or within the polymer structure,
237

 consistent with previous reports for 

PANI.
155

 From the above results, we can certainly confirm that the PoMA/PMVEA hollow 

spheres obtained in our study are electroactive. 
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Figure 3.19 Dependence of emeraldine oxidation peak current on scan rate. 

3.3.4 Formation of Hollow Spheres of other Substituted PANIs in the presence 

of PMVEA  

As discussed above, hollow nanospheres of PoMOA, with the inclusion of PMVEA, could be 

easily formed in the presence of PMVEA. In this section, we investigated the possibility of 

forming other polymeric hollow spheres, such as poly(m-methoxyaniline) (PmMOA), poly(o-

methylaniline) (PoMA), poly(m-methylaniline) (PmMA), using this simple synthetic strategy.  

Under the conditions of 5 % weight fraction of PMVEA to monomer, attempts to polymerise 

m-methoxyaniline only resulted in brown-coloured products, readily soluble in methanol, 

indicating that mainly oligomers were formed in this case, without a residual polymeric 

product.  It has been reported that the large steric effect of the methoxy group (-OCH3) at the 

meta position can inhibit polymerisation; electropolymerisation was also difficult to achieve 

in past studies involving m-methoxyaniline,
238

 making it understandable why no polymers 

were formed in the present case. By contrast, polymerisation of methylaniline, for both otho 
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and meta isomers, resulting in dark green non methanol-soluble products. SEM and TEM 

images of the products are presented in Figure 3.20. As seen clearly from these images, the 

resultant polymers exhibited a hollow spherical morphology.  

 

 

Figure 3.20 SEM and TEM images of various polymeric hollow microspheres synthesized in 

aqueous solution: (A) and (B) poly(o-methylaniline); (C) and (D) poly(m-methylaniline). 

B 

D 

A 

C 



Chapter 3 

88 

 

Although polymeric hollow spheres could be obtained for PoMOA, PoMA and PmMA, the 

diameters of the hollow spheres were different with the different polymer types, as shown in 

Table 3.6. Compared to PoMOA, larger sized hollow spheres were obtained for the 

poly(methylanilines) under the same synthesis conditions. This can be attributed to the 

different characteristics of the methoxy (-OCH3) and methyl (-CH3) groups. Compared with -

CH3, -OCH3 has a stronger electron-donating effect because of the lone pair electrons on the 

oxygen atom, which tends to make the polymerisation time with o-methoxyaniline shorter 

than for the methylanilines.
222

 This may mean that more PoMOA hollow nanospheres of a 

smaller size were formed more quickly than the slower formation of larger polymethylaniline 

hollow nanospheres. On the other hand, regarding the two methylanilines, larger sized 

polymer hollow spheres were obtained for m-methylaniline under the synthetic conditions 

employed here. This is because a stronger steric effect can hinder the polymerisation process 

leading to a slower rate of polymer formation when the methyl group is present at the meta-

position. Consequently, larger polymer hollow spheres might form due to the prolonged 

formation time.  

Alongside the morphology, the conductivities of the different substituted PANIs were also 

measured and compared. It was found that conductivities of all of the samples were below the 

instrument limit, i.e. less than 10
–8

 S cm
–1

, when the molar ratio of APS to monomer was 

1.5:1. As discussed above, over oxidation might occur using this molar ratio. Under a molar 

ratio of 1:1, the conductivity of the PoMA products was similar to that of PoMOA. PmMOA 

showed the lowest conductivity. This result is consistent with previous reports that ortho- 

substituted polyanilines show higher conductivities than those prepared from meta-

substituted compounds.
239
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Table 3.6 Properties of the different substituted PANIs  

 o-MOA m-MOA o-MA m-MA 

Colour of resultant products
 a,b

 Dark green Brown Dark green Dark green 

If soluble in methanol 
a,b

 No Yes No No 

Diameter of hollow spheres 
a
 (nm)

 
 210 ± 20 ------- 338 ± 25 575 ± 59 

Thickness of wall 
a 
 (nm) 36 ± 2 ------- 75 ± 9 70 ± 7 

Conductivity 
b
 (S cm

-1
) 

(2.7 ± 0.4) 

×10
-5

 

------- 

(4.8 ± 0.3) 

×10
-5

 

(2.3 ± 0.13) 

×10
-6

 

a
 molar ratio of APS to monomer is 1.5:1; 

b
 molar ratio of APS to monomer is 1:1.  
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Figure 3.21 shows the FITR spectra of the poly(o-methylaniline) and poly(m-methylaniline) 

hollow spherical products. These spectra are in agreement with those previously reported for 

PoMA and PmMA,
40, 240

 and detailed characteristic bands are given in Table 3.7. In addition 

to the recognised PoMA and PmMA bands, the peak attributed to carboxylic functional group 

of PMVEA was clearly observed at 1717 cm
−1

 
241

 for both cases, which indicates PMVEA 

with a free carboxylic acid was incorporated within the polymer hollow spheres. 

 

Figure 3.21 FT-IR spectra of polymer hollow spheres: (A) PoMA (B) PmMA 
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Table 3.7 Characteristic FTIR bands of PoMA and PmMA hollow spheres.
40, 240

 

 

Wavenumber (cm
-1

) 

Characteristic Bands 

PoMA PmMA 

3223 3230 N-H stretching vibration 

1717 1717 -COOH 

1580 1574 C-C of quinoid ring 

1491 1492 C-C of benzenoid ring 

1380 1377 symmetric deformation of CH3 

1214 1215 secondary aromatic amine 

1154 1154 C-H bending 

1107 1108 C-H bending 

1038 1038 deformation vibration of C-CH3 

941,810 941,810 1, 4-disubstituted aromatic ring indicating the polymer formation 

878 879 Due to the methyl group attached to the phenyl ring 

754  C-H in the o-substituted benzene  ring 

 789, 689 C-H in the m-substituted benzene ring 
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3.3.5 Application of PoMOA/PMVEA Hollow Nanospheres as a Biosensor 

From the above results, we have shown that electroactive hollow nanospheres of substituted 

polyaniline could be synthesised in the presence of PMVEA. The incorporation of PMVEA 

with free -COOH groups within the polymer chains enables these polymeric hollow spheres 

to be considered for application as chemical sensors and biosensors. In this section, we chose 

PoMOA /PMVEA hollow spheres prepared using 5 wt/wt % weight fraction of PMVEA to 

monomer, and a 1:1 molar ratio of monomer to APS, as an example to display their 

application as an oligonucleotide biosensor.  

 

Figure 3.22 An illustration of the ODN immobilization and hybridization processes. 
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The electrochemical ODN biosensor based on PoMOA/PMVEA hollow spheres for ODN 

hybridization detection is illustrated in Figure 3.22. The amino-end modified ODN probes 

were grafted onto the PoMOA /PMVEA hollow sphere film by formation of covalent bonds 

between PMVEA carboxylic acid and ODN amino groups catalyzed by EDAC. The 

immobilization and hybridization of ODN on the PoMOA /PMVEA hollow spheres film was 

detected using non-faradic electrochemical impedance spectroscopy method in a PBS buffer 

(pH = 7.4) according to a previously reported procedure.
212

 In a typical Nyquist plot of the 

impedance spectra, the semicircle portion at higher frequencies corresponds to the electron-

transfer limited process, while the linear portion seen at the lower frequencies is due to the 

diffusion process of electrolyte. The value of the charge transfer resistance (semicircle 

diameter) depends on the dielectric and insulating features at the electrode/electrolyte 

interface. Biomolecules immobilized onto the electrochemical transducer typically exhibit 

mixed kinetic and diffusion-limited control. 

Figure 3.23 illustrates the Nyquist diagram of a film of PoMOA /PMVEA hollow spheres 

(curve A) and the film covalently grafted with ODN probes (curve B). A clear decrease in 

semicircle diameter of impedance spectra was observed after grafting the ODN probes onto 

the polymer film.  

In order to obtain more information from the electrochemical results, the impedance spectra 

were modelled using a simple modified Randles equivalent circuit 
242

 as shown in Figure 3.24. 

This equivalent electrical circuit consists of resistive and capacitive elements: 

 R1 is the solution resistance. 

 The constant phase element CPE1 is related to the space charge capacitance at the 

polymer-ODN/electrolyte interface. 
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 R2 is related to the charge transfer resistance at the polymer-ODN/electrolyte interface. 

 W1 is the Warburg impedance due to mass transfer to the electrode surface. 
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Figure 3.23 Nyquist plot of: (A) PoMOA/PMVEA hollow spheres film; (B) 

PoMOA/PMVEA hollow spheres film grafted with 40 nM ODN probes. Spectra were 

recorded at 600 mV (vs Ag/AgCl) in a PBS buffer (pH = 7.4). The symbols are the 

experimental data, and the solid lines are results from the fitting procedure. 

 

Figure 3.24 Randles equivalent circuit model.
242

 The parameters provided in this circuit are 

discussed in the text. 
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The obtained fitting data are provided in Figure 3.23 in the form of solid lines, which give 

excellent fits to the experimental data. From this fitting procedure, the interface charge 

transfer resistance at the electrode/ electrolyte (R2) before and after grafting of ODNs was 

calculated respectively. The R2 value (508 Ω) of the PoMOA/PMVEA film modified 

electrode decreased to 463 Ω after grafting of ODN probes onto the film, as shown in Table 

3.8. The decrease of charge transfer resistance upon grafting of ODN probes onto the 

polymer is consistent with previous reports.
212

 This phenomena has been explained on the 

basis of the negative charge of the DNA segments, as discussed by Jaffrezic-Renault
243

. 

Conducting polymers can be considered as p-doped semiconductors and their charge carriers 

are holes. As the negatively charged ODN probes approach the polymer interface, this leads 

to an increase in the charge carrier density and a decrease in resistance.
244

  

Figure 3.25 presents the Nyquist diagram of the ODN probes-modified PoMOA film before 

and after incubation with 4.03 µM complementary and non complementary ODN solutions. 

After incubation with complementary ODN, a significant decrease in the semi-circule 

diameter in the impedance spectra was observed (Fig. 3.25A).  

The R2 value calculated from the Randles equivalent circuit decreased from 463 Ω to 302 Ω, 

indicating that the formation of ODN duplexes caused a change in the conducting properties 

of the sensing polymer layer. By contrast, the impedance spectra exhibited little change after 

incubation with non complementary ODN (Fig. 3.25B). This result is consistent with 

previous reports that an increase in the conductance of the conducting polymer film was 

induced by a hybridization reaction when polyaniline nanotubes,
155

 functionalized 

polypyrrole,
198

 or polythiophene 
212

 served as the sensing layer. A possible reason for the 

decreased resistance are changes in ODN conformation following hybridization, where the 

originally single-stranded ODN behaved as random coils lying flat onto the polymer film 
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surface, while the double-stranded ODN formed a more rigid double helix structure that 

liberates the surface of the polymer film and facilitates the ion exchange.
245

  

 

 

Figure 3.25 Nyquist plot of A: (a) PoMOA/PMVEA film after immobilization of the ODN 

probe, and (b) after incubation with 4.03 µM complementary ODN; B: (a) PoMOA /PMVEA 

film after immobilization of the probe, and (b) after incubation with 4.03 µM non-

complementary ODN. Impedance spectra were recorded at 600 mV (vs Ag/AgCl) in PBS 

buffer (pH = 7.4).  
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Table 3.8 Calculated R2 obtained from the Randles equivalent circuit 

 R2 (Ω) Chi-square 

PoMOA/PMVEA 508 0.004 

PoMOA/PMVEA-ODN 463 0.004 

PoMOA/PMVEA-non-complementary (4.03µm) 460 0.007 

PoMOA/PMVEA- complementary (4.03 µm) 302 0.005 

 

The analytical performance of the PoMOA/PMVEA ODN sensor was investigated further by 

testing the constructed sensor with a range of complementary ODN concentrations from 

0.403 nM to 4.03 µM. The obtained impedance spectra are presented in Figure 3.26, where 

the diameter of the semicircle decreased with an increase of complementary ODN 

concentration.  

To investigate the relationship between the concentration of complementary ODN and sensor 

response, values of the interfacial charge transfer resistance under different complementary 

ODN concentrations were calculated using the model in Figure 3.24. The resulting changes in 

R2 are plotted in Figure 3.38. The change in the interfacial charge transfer resistance upon 

hybridization is approximately linear with the logarithm of the complementary ODN 

concentration, with a regression coefficient of 0.996. The sensitivity of the sensor was 

calculated from the slope the regression line and the value obtained was 35.8 Ω/log nM. The 

estimated detection limit is 0.12 nM. This value is comparable to that obtained with PANI 

nanotubes in our previous report with an estimated detection limit of around 0.3 nM.
155

. 
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Figure 3.26 Nyquist plot of PoMOA/PMVEA-ODN film after hybridization reaction with a 

complementary target under different concentrations: (a) 4.03 nM; (b) 40.3 nM; (c) 403 nM; 

(d) 4.03µM. Impedance spectra were recorded at 600 mV (vs Ag/AgCl) in PBS buffer 

(pH=7.4).  
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Figure 3.27 Calibration plot of the change in charge transfer resistance of the sensor electrode 

versus the concentration of target ODNs.
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3.4 Summary  

Hollow spheres of the substituted PANI, PoMOA, were fabricated chemically using 

ammonium persulfate as the oxidant in the presence of a polymeric acid PMVEA. The weight 

fraction of PMVEA to o-methoxyaniline was found to have a significant influence on the 

formation of the hollow spheres and the size of the spherical products. The average diameter 

of the hollow spheres decreased from 440 nm to 210 nm with an increase in the weight 

fraction of PMVEA to o-methoxyaniline from 1 % to 5 %, indicating that the size of the 

polymer hollow spheres can be tailored by the amount of PMVEA used during 

polymerisation.  

With 5 % PMVEA to o-methoxyaniline, several parameters, including the concentration of o-

methoxyaniline, molar ratio of oxidant to o-methoxyaniline and reaction temperature were 

investigated. The concentration of o-methoxyaniline and the molar ratio of oxidant to 

o-methoxyaniline has an obvious effect on the formation of the hollow spheres, while 

temperature had little effect on the formation of the hollow spheres. Large amounts of well 

shaped hollow spheres of PoMOA with a uniform size could be obtained when the 

concentration of o-methoxyaniline was between 0.05 M and 0.1 M. On the other hand, large 

amounts of hollow spheres could be formed using a molar ratio of oxidant to o-

methoxyaniline between 0.8 and 1.5. However, a higher molar ratio favoured the formation 

of hollow spheres with visible openings or holes on their surface. Uniform sized hollow 

nanospheres couble be formed at both low tempretature ca. 3 C and room temperature. 

The structural properties of the PoMOA hollow spheres were characterized by FTIR, UV-vis, 

XPS and elemental analysis, which confirmed that the hollow nanospheres consisted of 

poly(o-methoxyaniline), while the presence of PMVEA in the hollow spheres was confirmed 
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by the appearance of a carboxylic acid peak in the FTIR. XPS and elemental analysis showed 

that both PMVEA and SO4
2-

/HSO4
-
 act as dopant ions for the PoMOA hollow nanospheres, 

while the doping level and the content of PMVEA incorporated into the polymer chains 

increased with a higher PMVEA weight fraction used during polymerisation. The products 

obtained with a mole ratio of oxide to o-methoxyaniline of 1:1.5 were partially over oxidized, 

indicated by the presence of pernigraniline in the UV-vis spectra, which caused the low 

conductivities (less than 10
-8

 S cm
-1

) seen. Products obtained with a molar ratio of oxidant to 

o-methoxyaniline of 1:1 displayed a conductivity of 2.7 × 10
-5

 S cm
-1

, which was higher than 

that obtained with a molar ratio of 0.8:1, due to the higher doping level and longer conjugated 

length shown in XPS results and UV-visible spectra, respectively. A cyclic voltammetric 

study of PoMOA/PMVEA hollow spheres showed that they were electroacitve with two 

typical broad reversible oxidation peaks for PoMOA at 250 mV and 405 mV. 

Based on our experimental results and previously reported theory, we proposed a possible 

mechanism for the formation of these polymer hollow spheres. Micelles composed of 

PMVEA and o-methoxyaniline in the reaction solution serve as templates in the formation of 

PoMOA spheres. This mechanism was supported by FFTEM experiments. The simple 

synthetic strategy has also been used to fabricate other substituted PANI hollow spheres such 

as polymethylanilines, which were of a larger size than for PoMOA. 

The use of PoMOA/PMVEA hollow spheres for biosensing was demonstrated by covalently 

grafting an amino-end modified ODN probe to the carboxylic acid group of the PoMOA 

polymers. The immobilization of ODN probes and hybridization of complementary ODNs 

could be detected by a decrease in the film impedance, thus establishing a label-free 

electrochemical DNA assay. The estimated detection limit for the investigated PoMOA 

hollow nanosphere ODN sensor was found to be 0.12 nM of complementary ODN. 
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Chapter 4 Vesicle-Templating PEDOT Hollow 

Microspheres and Their Electrocatalytic Activity Towards 

the Oxidation of Ascorbic Acid 

4.1 Introduction  

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a relatively new type of conducting polymer 

that has attracted much attention because of its high conductivity, low band gap and excellent 

environmental stability.
246-248

 However, compared with other conducting polymers such as 

polyaniline, less research has been undertaken on the preparation and application of 

nano/microstructured PEDOT, especially hollow spherical PEDOT. As far as we know, there 

are only few reports about hollow spherical PEDOT prepared by chemical oxidation.  

Muhammad and co-workers prepared PEDOT hollow spheres with diameters from 100 nm to 

500 nm by dispersion polymerisation in an alcoholic media.
249

 Jun et al.
250

 synthesized 

PEDOT hollow spheres (1.7 to 4.6 µm in diameter) by using injected bubbles as templates. 

Shyh-Chyang et al. 
251

 reported that PEDOT hollow spheres could be obtained by chemically 

depositing PEDOT on polystyrene beads, followed by the removal of the polystyrene beads 

through  dissolution of polystyrene.  

Mixtures of anionic and cationic surfactants are known to form rich microstructures such as 

spherical and rod-like micelles, vesicles, and lamellar phases in aqueous solution.
252

 Among 

these microstructures, vesicles have potential applications in template-growth of materials 

with a hollow spherical morphology.
253

 Hollow spheres of CdSe,
254

 silica 
255

 and polystyrene 

256
 prepared from catanionic surfactant mixtures has been reported. However, there is no 
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previous research that has been devoted to the use of surfactant mixtures as structure-

directing agents to synthesize conducting polymer hollow microspheres. 

Ascorbic acid (H2A) plays an important role in biochemical processes in living organisms. It 

is present in many biological fluids, pharmaceuticals, soft drinks and juices. The 

determination of ascorbic acid using electrochemical sensors is of wide interest, but is 

hampered by the high overpotential seen for ascorbic acid oxidation at inert electrodes.
257

 

Conducting polymer modified electrodes have been shown to be able to provide a promising 

method to lower this overpotential.
258

 In particular, micro/nano-structured conducting 

polymers as modified electrodes are proving an effective alternative for constructing ascorbic 

acid sensing elements.
210, 259, 260

 

In this chapter, the fabrication of PEDOT hollow spheres is presented using vesicular 

templates formed in mixed solutions of cetyltrimethylammounium bromide (CTAB) and 

sodium deodecylbenzenesulfonate (SDBS) for the first time. The formation of PEDOT 

hollow spheres under different experimental conditions and the formation mechanism have 

been investigated. The structural properties of the obtained PEDOT hollow spheres have been 

characterized by several methods. Moreover, the construction of PEDOT hollow spheres 

modified carbon paste electrode (CPE) was demonstrated. The PEDOT hollow spheres-CPE 

effectively lowered the oxidation potential for ascorbic acid oxidation compared to PEDOT 

granular particles modified CPE and with a bare CPE.  
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4.2 Experimental  

4.2.1 Chemicals  

3,4-ethylenedioxythiophene, ammonium persulfate (APS), cetyltrimethylammonium bromide 

(CTAB), sodium dodecyl bezenesulfonate (SDBS) and ascorbic acid (H2A) were obtained 

from Aldrich Chem. Co. EDOT was distilled under reduced pressure and stored in the dark 

under nitrogen. The citrate/phosphate aqueous buffer at pH 3.0 was prepared by mixing 79.45 

mL of 0.1 M citric acid and 20.55 mL of 0.2 M dibasic sodium phosphate (Na2HPO4). The 

citrate/phosphate aqueous buffer at pH 6.0 was prepared by mixing 36.85 mL of 0.1 M citric 

acid and 63.15 mL of 0.2 M Na2HPO4. 

 

Scheme 4.1 Chemical structures of some of the key chemicals used Chapter 4. 
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4.2.2 Methods  

4.2.2.1 Polymerisation 

0.1 mL of 3, 4-ethylenedioxythiophene was added into 10 mL of the mixed surfactant 

solution and magnetically stirred for 1 h to disperse the EDOT. 0.228g (1 mM) ammonium 

persulfate (APS) or 0.163g (1 mM) ferric chloride (FeCl3) was dissolved in 5 mL of the 

mixed surfactant solution and the APS or FeCl3 solution was added to the previously 

prepared EDOT-mixed surfactant solution. The polymerisation reaction was carried out at 

room temperature under static conditions or with magnetic stirring for 96 h during which the 

precipitation of black-green products was observed. The obtained product was filtered and 

the black-green precipitate was washed with water, methanol and acetone several times to 

remove the residual surfactants and oligomers. The final product was dried under vacuum at 

room temperature for 24 h. 

The mixed CTAB/SDBS solution was prepared by mixing stock solutions of both SDBS 

(cmc = 2 mM 
261

) and CTAB (cmc = 0.92 mM 
262

) at the desired molar ratio (from 2/8 to 8/2). 

The concentration of each surfactant was maintained at 10 mM, 30 mM and 60 mM, as 

required. 

For a control experiment, 0.1 mL of 3,4-ethylenedioxythiophene was added into 10 mL of 

pure milli-Q water, and the polymerisation was carried out by adding 0.1 mM APS (in 5 mL 

milli-Q) for 96 h, but without magnetic stirring.  
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4.2.2.2 Characterisation  

The morphology of the products was investigated with a Philips XL30S field emission 

scanning electron microscope (SEM) and a JEOL TEM-2010 transmission electron 

microscopy (TEM). The freeze-fracture technology was used to investigate the morphology 

of the 30 mM CTAB/SDBS (3/7) solution. 

The structural properties of the PEDOT hollow spheres were characterized by FTIR (Perkin 

Elmer 1600), Raman (Renishaw), UV-visible (Shmadzu, Pharmaspec Uv-1700), XPS and 

elemental analysis. The room temperature conductivity of the samples was measured using a 

four-probe method on a Jandel Model RM2 instrument. 

 

Figure 4.1 Schematic diagram of the preparation of a PEDOT-CPE electrode 

Silver  

mixture of graphite  

and PEDOT  

  

PEDOT-CPE 

electrode  

  

1 mm outer 

diameter 

glass tube 
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4.2.2.3 Preparation of PEDOT modified carbon past electrodes (PEDOT-CPE) 

PEDOT-CPE was prepared according to a previously reported procedure 
263

: 100 mg of 

graphite powder and a certain amount of PEDOT powder (10 mg, 5 mg, 3 mg) were mixed 

and ground together with an agate mortar and pestle to achieve a uniform and dry mixture; to 

the mixture 10 µL of paraffin oil was added and stirred with a glass rod; then the 

homogenized mixture was packed into the cavity of a 1 mm outer diameter glass tube. The 

electrical contact was established with a silver wire through the back of the electrode. A new 

surface was obtained by rubbing the electrode on a weighing paper. A pure graphite and 

PEDOT electrode was prepared using same procedure. A schematic diagram for preparation 

of the PEDOT-CPE electrode is shown in Figure 4.1 

4.2.2.4 Electrochemical oxidation of ascorbic acid at different electrodes  

The oxidation of ascorbic acid at different electrodes including PEDOT (hollow spheres)-

CPE, PEDOT (particles)-CPE and bare CPE were investigated by cyclic voltammetry using a 

BAS100W electrochemical workstation at a scan rate of 50 mV s
-1

.  The concentration of 

ascorbic acid ranged from 0.5 mM to 3 mM. Two different citrate/phosphate buffers (pH 6 

and pH 3) were employed for the electrochemical investigation.  

4.3 Results and Discussion 

4.3.1 Polymerisation of PEDOT hollow microspheres in CTAB/SDBS 

catanionic surfactant solution  

In order to find the proper formation conditions of PEDOT hollow spheres in CTAB/SDBS 

solutions, the following factors have been investigated.  
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1. Molar ratio of CTAB to SDBS  

2. Concentration of total surfactants   

3. Type of Oxidant  

4. Reaction with or without magnetic stirring  

4.3.1 .1 Molar ratio of CTAB to SDBS  

The polymerisation of PEDOT was first carried at by using 30 mM of the catanionic 

surfactants with a molar ratio of CTAB to SDBS varying from 2/8 to 8/2. The morphologies 

of products were characterized by SEM and the results are presented in Figure 4.2. 

It is seen clearly that the molar ratio of CTAB to SDBS had a significant effect on the 

morphology of the products. When the molar ratio of CTAB to SDBS was 2:8, the PEDOT 

products showed a deflated balloon like morphology with considerable aggregation. In 

addition, a hole was observed on the surface of some the deflated spheres, indicating that the 

products have a hollow structure. It can also be noted from the SEM images that the products 

formed using this molar ratio of surfactants  have a large size distribution ranging from 0.5 

µm to 10 µm. Using the molar ratio of CTAB to SDBS of 3:7, the resulting products also 

showed a deflated balloon like morphology, as shown in Figure 4.2B. However, the products 

were less aggregated and had a smaller size distribution ranging from 0.5 µm to 3 µm.  

These two samples were further characterized by TEM, and the TEM images are shown in 

Figure 4.3A and Figure 4.3B. The sharp contrast between the dark edges and the pale centres 

of the microspheres in the TEM images further confirmed that the products were hollow 

inside. 
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Figure 4.2 SEM images of  PEDOT products prepared using mixed surfactant solutions with 

different molar ratios of CTAB to SDBS: (A) 2:8; (B) 3:7; (C) 4:6 (D) 6:4; (E) 7:3; (F) 8:2. 

A 
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Figure 4.3 TEM images of PEDOT prepared in the mixed surfactant solution with different 

molar ratios of CTAB to SDBS: (A) 2:8; (B) 3:7; (C) 4:6. 

However, a further increase in the molar ratio of CTAB to SDBS did not favour the 

formation of PEDOT hollow spheres. When the molar ratio was 4:6, round PEDOT particles 

were obtained, as seen in Figure 4.2C. Further characterisation by TEM showed that these 

spherical particles were mainly solid, as shown in Figure 4.3C. The products obtained in 

A B 

C 
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CTAB- rich solutions showed several different morphologies including granular particles, 

rods and spherical particles (seen in Figure 4.2D, Figure 4.2E and Figure 4.2F).  

From these results, one can see clearly that 3/7 (CTAB/SDBS) was the best molar ratio for 

the formation of hollow spherical products. Therefore, this value was employed to investigate 

further formation parameters.  

4.3.1.2 Total concentration of CTAB and SDBS 

Figure 4.4 displays SEM images of PEDOT obtained using different concentrations of total 

surfactants with a CTAB/SDBS ratio of 3/7. As seen, the total concentration of CTAB and 

SDBS also had a significant effect on the morphology of the products. A large amount of 

PEDOT hollow spheres with a size from 0.5 µm to 3 µm were obtained when the total 

concentration of CTAB and SDBS was 30 mM, as discussed above. Hollow spheres were still 

obtained when the concentration of CTAB and SDBS was 10 mM, however the products 

were less uniform in size compared to those from a 30 mM surfactant solution, as seen in 

Figure 4.4A. When the concentration of catanionic surfactants was increased to 60 mM, 

fewer polymer hollow spheres were produced and the products mainly showed an irregular 

morphology, as seen in Figure 4.4C. From above results, it can be concluded that 30 mM was 

the best concentration of surfactant (among those tested) for the formation of PEDOT hollow 

spheres.  
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Figure 4.4 SEM images of PEDOT polymerised in CTAB/SDBS (3/7) solutions with 

different concentrations of total surfactants: (A) 10 mM; (B) 30 mM; (C) 60 mM. 

B 

 

A 

C 



Chapter 4 

112 

 

4.3.1.3 The type of oxidant  

In 30 mM CTAB/SDBS (3/7), the polymerisation of PEDOT was conducted using both 

ammonium persulfate and ferric chloride as oxidants.  The type of oxidant had a significant 

effect on the stability of the surfactant system, and in turn the polymerisation process. 

Normally, the original surfactant solution was a turbid solution with a pH value around 7. 

After dissolving ammonium persulfate in the system, this only caused the solution to become 

a little more turbid in appearance, and the pH of the system decreased to around 2, as shown 

in Figure 4.5A.  Following polymerisation PEDOT hollow microspheres were formed, as 

discussed above. However, ferric chloride completely destroyed the original mixed surfactant 

system, and led to the precipitation of the surfactants from the solution, while the pH value 

decreased to 1.3 shown as in Figure 4.5B. Moreover, no products were collected in the 

following polymerisation and washing process. The different effects on the CTAB/SDBS 

solution caused by FeCl3 and APS likely originate from electrostatic interaction between the 

oxidant and surfactant.  Fe
3+

 interacts with the DBS
-
 anion generating Fe(DBS)3, which is 

insoluble in the aqueous solution (Eq. 4.1).
264

. Therefore when FeCl3 was used as the oxidant, 

the original CTAB/SDBS solution was easily destroyed and no PEDOT products were 

obtained. 
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 Figure 4.5 Schematic of the changes in the mixed CTAB and SBDS aqueous solutions 

caused by dissolving different oxidants (A) APS; (B) FeCl3. 

4.3.1.4 Effect of magnetic stirring 

In the polymerisation of the PEDOT hollow microspheres discussed above, the EDOT 

monomer was dispersed in CTAB/SDBS solutions by magnetic stirring for 1 h. Then APS (in 

CTAB/SDBS) was added and the polymerisation proceeded without any external agitation. 

This raises the question whether more uniform polymeric microspheres would be produced if 

magnetic stirring was maintained during the whole polymerisation process. Unfortunately, 

continuous magnetic stirring did not favour the formation of hollow microspheres, as shown 
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in Figure 4.6. The obtained products mainly showed an irregularly particulate morphology 

with considerable aggregation. However, it is interesting to note that some incomplete hollow 

spheres had grown together, which are indicated by the arrows in Figure 4.6. This result 

suggests that the templates for the polymer hollow spheres were disturbed by the external 

agitation during the polymerisation.  

 

Figure 4.6 SEM image of the products obtained by using magnetic stirring throughout the 

PEDOT polymerisation process. 

 

4.3.2 Formation mechanism for the PEDOT hollow microspheres  

The formation of PEDOT hollow microspheres is suggested to follow the vesicle-template 

mechanism,
253

 as depicted in Figure 4.7. According to the theory of Israelachvili,
265

 the  

morphology of surfactant aggregates depends on the packing parameter α0 lc, where V 

and lc are the volume and chain length of the hydrophobic group, respectively, and α0 is the 

cross sectional area of the hydrophilic head group. Surfactants are expected to form spherical 

micelles for P < 1/3, rodlike micelles for 1/3 < P < 1/2, and vesicles for 1/2 < P < 1.
265, 266

 It 
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has been shown that vesicles are generally the predominant structures in solutions of 

CTAB/SDBS mixtures,
267

 as this system showed a packing parameter of 0.6.
268

 Therefore 

CTAB/SDBS vesicles with a hydrophobic bilayer and a hydrophilic core would be expected 

to form spontaneously in our reaction system. After adding the EDOT monomer into this 

mixed surfactant solution, the monomer could be solubilised to some extent in the 

hydrophobic region of the vesicle bilayer, because of the hydrophobic nature of EDOT. 

Meanwhile, the solubilisation of the EDOT monomer in the vesicle bilayer can also cause the 

original surfactant vesicles to swell.
256

 On the other hand, APS is mainly dissolved in the 

hydrophilic core of the vesicles or in the continuous aqueous phase of the solution, because of 

the hydrophilic property of APS.
217

 After starting the polymerisation by mixing the EDOT-

CTAB/SDBS solution and APS-CTAB/SDBS solutions, the initial polymerisation most 

probably takes place at the interface of the water and vesicle bilayers, which results in a 

hollow structure, and this might be followed by an aggregation and fusion process to form 

larger sized hollow spheres.
269

 It is possible that during the washing process, cracks may be 

induced in the hollow spherical morphology.
270

 Moreover, the flux of water and water-

soluble components into the interior to the growing hollow spheres probably leads to the 

formation of the holes on the surfaces, visible with some of the hollow spheres, as was shown 

above.
208
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Figure 4.7 Schematic of the formation mechanism of PEDOT hollow microspheres in the 

CTAB/SDBS solution 

 

Figure 4.8 Freeze fracture TEM of 30 mM CTAB/SDBS (3/7 molar ratio) 



Chapter 4 

117 

 

By taking 30 mM CTAB/SDBS (3/7) as an example, we characterized the morphology of the 

solution by using Freeze Fracture TEM technique and the result is presented in Figure 4.8. As 

shown in Figure 4.8, round shaped vesicles with obvious a bilayer structure can be clearly 

seen. The size of these surfactants vesicles ranged from several nanometers to above 500 nm. 

On the other hand, milli-Q water on its own did not show any spherical features, as we 

already showed in Chapter 4. Moreover, the polymerisation of EDOT using APS in Mili-Q 

water only produced irregular particles, as shown in Figure 4.9. These results confirmed that 

the vesicles in the mixed surfactant solution served as templates for the formation PEDOT 

hollow spheres.  

 

Figure 4.9 SEM image of PEDOT polymerised by using APS in milli-Q water 

The effect of several parameters on the formation of the PEDOT hollow spheres, as discussed 

in Section 4.3.1, might be attributed to several possibilities. First the size and stability of 

catanionic vesicles are influenced the concentration of surfactants and ratio of anionic 

surfactant to cationic surfactant.
267

 Secondly, changes in solution conditions such as pH 
271

 

and salinity 
272, 273

 could cause transformation of the vesicles into other surfactant aggregates.  
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4.3.3 Characterisation of PEDOT hollow microspheres  

The PEDOT hollow microspheres were characterized by FTIR, UV-visible, XPS, elemental 

analysis and conductivity measurement. 

The FTIR spectrum of the as prepared hollow spheres is presented in Figure 4.10. The 

vibrations at 1332 and 1514 cm
-1

 are due to C–C and C=C stretching of the thiophene ring.
274

 

The vibrations at 1208, 1145 and 1092 cm
-1

 originate from C–O–C bond stretching in the 

ethylene dioxy (alkylenedioxy) group.
275

 The C–S bond stretching in the thiophene ring is 

also seen at 985, 843, and 690 cm
-1

.
259

 The small peaks ranging from 2800 to 3000 cm
-1

 

(Figure 4.10B), are assigned to aliphatic C-H stretching modes, originating from the long 

alkyl tail of dodecyl bezenesulfonate.276
 The appearance of this peak indicates that dodecyl 

bezenesulfonate (DBS) has been incorporated into the polymer chain as a dopant anion. 

Figure 4.11 shows the Raman spectrum of the PEDOT hollow spheres examined with an 

excitation λL = 785 nm, and the results are in good agreement with previously reported data 

for PEDOT. The shoulder band at 1529 cm
-1

 is associated with the C=C antisymmetric 

stretching vibration, whereas the most intense band at 1425 cm
-1

 is assigned to the symmetric 

stretching mode of the aromatic C=C bond.
277

 The 1368 and 1253 cm
-1

 bands are attributed 

to the stretching modes of single C-C, bonds and the C-C, inter-ring bonds, 

respectively.
278

 The bands at 988 and 578 cm
-1

 are attributed to the oxyethylene ring 

deformation, while the band at 695 cm
-1

 is related to the symmetric C-S-C deformation.
259
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Figure 4.10 (A) FTIR spectrum of the PEDOT hollow microspheres. (B) Enlarged FTIR 

spectrum of PEDOT between 3000 and 2700 cm
-1

. 
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Figure 4.11 Raman spectrum of the PEDOT micro hollow spheres prepared from an 

CTAB/SDBS solution  
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Figure 4.12 UV-visible spectrum of the PEDOT hollow microspheres dissolved in DMSO 
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A typical UV–visible spectrum of the as prepared PEDOT hollow spheres dissolved in 

dimethyl sulfoxide (DMSO) is shown in Figure 4.12. The broad absorption centred at 500 nm 

is attributed to the -* transition of PEDOT.
279

 The other broad absorption feature in the 

700 to 900 nm range is related to the charge-carrier band of PEDOT, further indicating that 

the hollow spheres are a form of PEDOT present in the doped state.
131

 

Table 4.1 Comparisons of elemental compositions of the PEDOT hollow spheres, granular 

particles, neutral PEDOT and dodecylbenzenesulfonate. 

 C 

(mass %) 

H 

 (mass %) 

S 

 (mass %) 

O 

(mass %) 

S/C 

(molar) 

O/C 

(molar) 

PEDOT hollow 

spheres 

45.1 3.53 19.42 31.95
a
 0.161 0.53 

Granular PEDOT  

particles 

44.05 3.14 20.76 32.05
a
 0.177 0.54 

Neutral PEDOT 51.4 2.9 22.8 22.9 0.167 0.33 

DBS 66.46 8.92 9.85 14.77 0.056 0.167 

a
 calculated by difference from the C,H,S values 

Elemental analyses were performed to examine the doping of the PEDOT hollow spheres. 

The anions that are available to act as dopants include Br
-
and DBS

- 
that coexisted in the 

mixed surfactant solutions, while HSO4
-
 and SO4

-
 are produced from the APS oxidant during 

the polymerisation. All of these anions can potentially be incorporated into the polymer chain 

as dopants. Elemental analyses of the PEDOT hollow spheres are given in Table 4.1. As can 

be clearly seen, the as prepared PEDOT hollow microspheres mainly consisted of C, H, S and 

O. The absence of the element Br showed that Br
- 
was not incorporated into the polymer to a 



Chapter 4 

122 

 

measurable extent as a dopant during polymerisation. The higher content of oxygen in the 

PEDOT microspheres, and at a similar mass percentage and O/C ratio as for granular PEDOT 

particles doped with (bi) sulfate, points to the presence of HSO4
-
 and SO4

-
 as the major 

dopants in the PEDOT microspheres. At the same time, it can be noted that the molar ratio of 

sulfur to carbon in the PEDOT hollow microspheres is lower than that in the granular 

PEDOT form, while the mass percentage of hydrogen is higher, both of which are consistent 

with the presence of some DBS as an additional dopant (relatively richer in carbon relative to 

sulfur), as observed in the FTIR spectra above. 

Figure 4.13 shows the XPS core level spectra of the PEDOT micro hollow spheres and 

granular particles. These samples showed a similar S2p spectrum, which could be 

decomposed into three spin-split doublets, S2p (1/2, 3/2), with the well-known energy splitting 

of 1.1 eV.
280

 The first of these consisted of two doublets, situated at 163.9 eV and 165.0 eV, 

attributable to the neutral sulfur atom in PEDOT. The doublets situated at 166 eV and 167.1 

eV are attributed to positively charged sulfur in PEDOT.
281, 282

 The doublets located at 168.1 

eV and 169.2 eV are attributed to the sulfur of dopants incorporated in to the polymer chain 

282
. The doping levels of the samples were estimated by the peak ratio of positively charged 

sulfur (S
+
) in PEDOT to the total sulfur in PEDOT (S

+
 + S

0
). It was found that the PEDOT 

hollow microspheres and granular particles had similar doping levels, at 17.3 % and 17.5 %, 

respectively. Likewise, the conductivities of the hollow microspheres and the granular 

PEDOT particles were similar, at 12.2 ± 2.5 and 12.4 ± 5 S cm
-1

, respectively. These results 

showed that the morphology had little effect on the doping properties and conductivities.  
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Figure 4.13 XPS S2p core level spectra for: (A) PEDOT micro hollow spheres, and (B) 

PEDOT granular particles.  
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Table 4.2 S2p results for PEDOT hollow microspheres and PEDOT granular particles from 

XPS spectra. 

 

 

Table 4.3 Doping level and conductivities of PEDOT hollow microspheres and PEDOT 

granular particles.  

Sample 

S2p Binding Energy (eV) 

S
0
 in PEDOT S

+ 
 in PEDOT S in dopants 

PEDOT hollow 

micro spheres 

163.9 (2p 1/2 ) 166 (2p 1/2 ) 168.1 (2p 1/2) 

165.0 (2p 3/2) 167.1 (2p 3/2) 169.2 (2p 3/2) 

PEDOT granular 

particles 

163.9 (2p 1/2 ) 165.9 (2p 1/2 ) 168.2 (2p 1/2) 

165.0 (2p 3/2 ) 167.0 (2p 3/2 ) 169.3 (2p 3/2) 

 

Doping level 

(S
+
/(S

+
 +S

0
)) 

Conductivities 

S cm
-1

 (n = 5) 

PEDOT micro hollow spheres 17.3 % 12.2 ± 2.5 

PEDOT granular particles 17.5 % 12.4 ± 5 
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4.3.4 Electro-catalytic activity for the oxidation of ascorbic acid  

In this section, the electro-catalytic properties of PEDOT hollow microspheres towards the 

oxidation of ascorbic acid are investigated using a homemade PEDOT-modified carbon paste 

electrode and cyclic voltammetry.  

A carbon-paste electrode (CPE) is usually made from a mixture of conducting graphite 

powder and a pasting liquid.
283

 Carbon paste electrodes belong to a special group of 

heterogeneous carbon electrodes. These electrodes are simple to make and offer an easily 

renewable surface for electron exchange and are widely used for voltammetric measurements. 

Carbon paste electrodes are popular because carbon pastes are easily obtainable at minimal 

cost and are especially suitable for preparing an electrode material modified with admixtures 

of other compounds thus giving the electrode certain pre-determined properties.
284

 The 

sensitivity obtained for a given modified CPE depends significantly on the amount of 

admixtures included.
285

 Therefore, PEDOT hollow spheres modified carbon paste electrodes 

(CPEs) were fabricated using different weight ratios of graphite to PEDOT hollow spheres, 

from 30:1 to 10:1 to find the optimal electrode composition.  

Fig. 4.14 displays the cyclic voltammograms of the unmodified CPE and different amounts of 

PEDOT hollow spheres modified CPEs in the pH 6 citrate/phosphate buffer solution with and 

without ascorbic acid solution at a scan rate of 50 mV s
-1

. In the buffer solution without 

ascorbic acid, the modified CPEs did not show specific current peaks, similar to the 

unmodified CPE. However, a high capacitive background current was observed for all 

modified CPEs compared to the unmodified CPE. This can be explained by the change of the 

internal resistance of the electrode. Since the graphite percentage is decreasing, modified  

http://en.wikipedia.org/wiki/Graphite
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Electrode
http://en.wikipedia.org/wiki/Electron_transfer
http://en.wikipedia.org/wiki/Voltammetry
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Figure 4.14 Cyclic voltammograms of  unmodified CPE and PEDOT hollow spheres-CPE 

electrodes, with weight ratios of graphite to PEDOT hollow spheres of 10:1 to 30:1, in: (A) 

pH 6 buffer, and (B) 3 mM ascorbic acid in the pH 6 buffer, recorded at a scan rate of 50 mV 

s
-1 
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CPEs have a high resistance and double-layer capacitance compared to an unmodified CPE. 

Therefore, a large charging background current is generated while the potential is applied.
286

  

In a buffer solution with 3 mM ascorbic acid, there is no oxidation peak observed for the 

unmodified CPE in the experimental potential range, but current due to ascorbic acid 

oxidation was seen from 200 mV, showing that the electron transfer was very sluggish. On 

the other hand, a well defined irreversible oxidation peak was observed for all modified CPEs, 

indicating an increase in the rate of charge transfer on the modified electrode compared to the 

unmodified electrode.
287

 

 

Scheme 4.2 The oxidation and hydrolysis of ascorbic acid in a buffer solution at pH 6.
157

 

The pKa of ascorbic acid is 4.2, and so carrying out the experiments at pH 6, ascorbic acid is 

present in the anionic form, HA
-
. On the unmodified electrode, the oxidation of ascorbate to 

dehydroascorbic acid involves the transfer of two electrons, followed by rapid hydrolysis of 
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the dehydroascorbic acid to 2,3-diketogluconic acid (an irreversible process),
288

 as shown in 

Scheme 4.2.
157

 However, on the modified electrode, oxidized PEDOT undergoes reduction 

by ascorbate, which is able to be re-oxidized at the electrode at a moderate anodic potential  

shown in Scheme 4.3.
289

 As a result of this catalytic effect, there is a substantial increase in 

the rate of electron transfer on the modified electrode lowering the overpotential for the 

oxidation of ascorbic acid.
290

 

 

Scheme 4.3 The oxidation of ascorbic acid on PEDOT modified CPEs. Two oxidized 

PEDOT monomers (2PEDOT
+
) undergo reduction by ascorbic acid, bringing about the 

oxidation of the ascorbic acid to dehydroascorbic acid. The reduced, neutral PEDOT (2 

PEDOT
0
) is re-oxidized at the electrode at a moderate anodic potential.

289
 

It has been noted that the composition of an electrode directly affects the electrocatalytic 

activity of the modified electrode towards the oxidation of ascorbic acid. The oxidation peak 

occurred at 290 mV at the PEDOT hollow sphere-CPE electrodes, with a graphite to PEDOT 
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ratio (wt/wt) of 30:1 and 20:1. Moreover, an increase in the peak current was followed from 

an increase in the PEDOT content. However, a further increase in PEDOT content did not 

favour better electrocatalytic activity towards the oxidation of ascorbic acid. The oxidation 

peak shifted positively to 400 mV when the ratio of graphite to PEDOT hollow spheres to 

was 10:1, indicating a relatively lower electron transfer rate compared to the other two 

modified electrodes, which might be caused by high internal resistance in the electrode.
291

 

Following from these results, the electrode system with a 20:1 ratio of graphite to PEDOT 

was used for further studies. 

Figure 4.15 shows the CVs of 3 mM ascorbic acid at a PEDOT hollow sphere-CPE and 

PEDOT granular particle-CPE, with a 20:1 graphite to PEDOT (wt/wt) ratio. It was noted 

that the oxidation current for PEDOT hollow sphere-CPE and PEDOT granular particle-CPE 

started from around -10 to 50 mV, and current peaks were observed at 290 mV and 380 mV, 

respectively. These results indicated that the presence of PEDOT, largely independent of the 

morphology, successfully lowered the over potential required for the oxidation of ascorbic 

acid compared to the unmodified CPE. At the same time, it can be noted that the oxidation 

peak for ascorbic acid at the PEDOT hollow sphere-CPE electrode was more well defined 

and was located 90 mV less positive than for the PEDOT particle-CPE electrode. These 

results indicate that the PEDOT hollow spheres modified CPE showed a more effective 

electrocatalytic activity for the oxidation of ascorbic acid compared to the conventional 

PEDOT granular particles, probably due to differences in the surface area or to improvements 

in ionic, protonic or electronic exchange processes in the polymer.
157
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Figure 4.15 Cyclic voltammograms of 3 mM ascorbic acid in pH 6 at PEDOT hollow 

spheres-CPE and PEDOT granular particles-CPE (both with a 20:1 (wt/wt) graphite to 

PEDOT ratio) recorded at a scan rate of 50 mV s
-1

.  

 

The oxidation of ascorbic acid at the PEDOT hollow spheres-CPE was further investigated 

by using different concentrations of ascorbic acid and different pH buffered solutions. Figure 

4.16A shows the CVs of a PEDOT hollow spheres-CPE electrode in the presence of different 

concentrations of ascorbic acid in a pH 6 buffer solution. A clear increase in peak current was 

observed upon increasing the concentration of ascorbic acid. Figure 4.16B plots the peak 

current (at 290 mV) as a function of the concentration of ascorbic acid. The peak current was 

found to increase linearly with the concentration of ascorbic acid in the range of 0.05 to 3 

mM, with a 0.997 correlation. The sensitivity calculated from the slope of the regression line 

was 12.3 µA mM 
-1

. 
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Figure 4.16 (A) Cyclic voltammograms of PEDOT hollow spheres-CPE in the presence of 

ascorbic acid at concentrations from 0 mM to 3 mM, in a pH 6 citrate/phosphate buffer 

solution at a scan rate of 50 mV s
-1

. (B) Plot of peak current (at 290 mV) versus ascorbic acid 

concentration.  
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Figure 4.17 (A) Cyclic voltammograms of PEDOT hollow spheres-CPE in the presence of 

ascorbic acid at concentrations from 0 mM to 3 mM, in a pH 3 citrate/phosphate buffer 

solution at a scan rate of 50 mV s
-1

. (B) Plot of peak current (at 450 mV) versus ascorbic acid 

concentration. 
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In a pH 3 buffer solution, the onset of ascorbic acid oxidation occurred at 100 mV and the 

oxidation peak appeared at a more positive potential, at ca. 450 mV, as shown in Figure 

4.17A. In this case, ascorbic acid is mainly in the fully protonated form (H2A), which is 

harder to oxidize electrochemically than ascorbate in a pH 6 buffered solution.
257

 The oxidant 

peak current still increased with higher ascorbic acid concentrations in a linear fashion 

(Figure 4.17B), in the ascorbic acid concentration range from 0.05 to 3 mM, with a 

correlation coefficient of 0.998. However, the calculated sensitivity was 8.85 µA mM
-1

, lower 

than that obtained in the pH 6 buffer solution, consistent with previous reports.
259

 

4.4 Summary  

In this chapter, PEODT hollow microspheres were chemically polymerised using APS as 

oxidant in a mixed CTAB/SDBS surfactants solution for the first time. The diameter of these 

hollow microspheres ranged from 0.5 to 10 µm. 

By investigating different parameters, it was found that the concentration of surfactants and 

the molar ratio of CTAB to SDBS had significant effects on the formation of PEDOT hollow 

microspheres. 30 mM mixed CTAB and SDBS surfactants, with a molar ratio of CTAB to 

SDBS of 3:7, proved to be the optimal experimental conditions for the formation of PEDOT 

hollow microspheres, given by the large amount of PEDOT hollow spheres produced with a 

relatively narrow size distribution.  

The polymerisation was also attempted using FeCl3 as the oxidant. However FeCl3 did not 

favor the formation of PEDOT hollow microspheres, but rather destroyed the mixed 

surfactants system. Moreover, magnetic stirring during the polymerisation process also 

inhibited the formation of PEDOT hollow microspheres.    
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The formation of PEDOT hollow spheres is thought to follow a vesicle-templating 

mechanism. The presence of vesicles in the mixed surfactants solution was indeed established 

using Freeze fracture TEM.  

Structural characterisations show that the hollow microspheres were typical of chemically 

synthesized PEDOT. Moreover, both FTIR and elemental analysis results showed that the 

anionic surfactant DBS was incorporated into the polymer chain as a dopant. The doping 

level of the PEDOT hollow spheres was estimated by the ratio of positively charged sulfur to 

total sulfur within the PEDOT structure. It was found that the PEDOT hollow spheres 

showed a similar doping level to granular PEDOT particles produced in Milli-Q water.       

The measured room temperature conductivity of the PEDOT hollow spheres was 12.2 ± 2.5 S 

cm
-1

, which was similar to that recorded for PEDOT granular particles, at 12.4 ± 5 S cm
-1

. 

A cyclic voltammeric study of ascorbic acid oxidation on PEDOT hollow sphere-CPE, 

PEDOT granular particle-CPE and bare CPE electrodes, showed that PEDOT hollow spheres 

were more effective in lowering the ascorbic acid oxidation overpotential. 
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Chapter 5 Vesicle-Templated Micro-ring Structured 

PPy/pTS Films and their Actuation Behaviour 

5.1 Introduction 

Polypyrrole has been the most extensively investigated conducting polymer for development 

as an actuator material because of the large volume changes that have been observed, along 

with high mechanical strength and conductivity,
292

 environmental stability,
293

 and the 

simplicity of its preparation.
294

 

Recent research into PPy film actuation has included a micro/nanostructure focus, because of 

the manner in which the micro and nano-structured features can have a large effect on 

electrochemical behaviour.
174, 295-297

 Template-based polymerisation using self-assembled 

molecules stands out as a promising route to control the nano or micro-structure of PPy films. 

PPy films with different micro features have been produced using emulsion droplets,
296

 

surfactants micelles,
174

 and polystyrene colloidal crystals 
175

 as templates. However, there are 

no precedents for employing surfactant vesicles as templates to produce nano or micro 

featured PPy films. 

Polypyrrole prepared with p-toluene sulphonate (pTS) is an extensively investigated form of 

polypyrrole, which possesses good physical, chemical and mechanical properties and high 

conductivity,
201

 and has proven to be very promising for practical applications. In this chapter, 

PPy/pTS films with a novel micro ring structured surface morphology have been 

electropolymerised by using CTAB/SDBS catanionic vesicles as templates for the first time. 

The actuation properties of the micro ring structured PPy/pTS films has been investigated and 

compared with conventional PPy/pTS films. 
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5.2 Experimental  

5.2.1 Chemicals  

p-Toluene sulfonate sodium salt (NapTS), cetyltrimethylammonium bromide (CTAB) and 

sodium dodecyl bezenesulfonate (SDBS) were purchased from Aldrich Chemicals and were 

used as supplied. Pyrrole (Aldrich) was distilled under reduced pressure prior to use and 

stored under N2. 

 

Scheme 5.1 Chemical structures of chemicals used in Chapter 5. 

5.2.2 Methods  

5.2.2.1 Polymerisation  

By using current densities from 0.1 to 2.0 mA cm
-2

, conventional
 
PPy/pTS free standing films 

were polymerised from an aqueous solution containing 0.1 M of pyrrole and 0.1 M of NapTS. 

The polymerisation time was adjusted considering the current density until the charge 
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reached 3.0 C cm
-2

, which corresponds to a film thickness of about 15 μm.
298

 By using a 

current density of 0.1 mA cm
-2

, a PPy film was electropolymerised from a 30 mM 

CTAB/SDBS (3/7) aqueous solution containing 0.1 M of pyrrole and 0.1 M of NapTS. The 

consumed charge was also set at 3.0 C cm
-2

 to keep the same thickness as for the 

conventional PPy/pTS films. The preparation of 30 mM mixed CTAB/SDBS with a molar 

ratio of 3/7 followed the same procedure as displayed in Section 4.2.1. For all the 

experiments, the temperature for electropolymerisation was kept at 3 ± 1 
o
C.  

5.2.2.2 Surface Morphology  

The surface morphology for all of the PPy films was investigated by SEM as outlined in 

Section 2.3.2.1 

5.2.2.3 Characterisation  

The various PPy/pTS films were all characterized by elemental analysis, FTIR, conductivity 

measurements and in some cases by Raman spectroscopy. 

5.2.2.4 Actuation behaviour  

The actuation properties of conventional PPy/pTS and templated PPy/pTS films were tested 

in 0.1 M NapTS (aq.) by cyclic voltammetry (CV) and chronoamperometry (CA). CV traces 

were measured at a scan rate of 10 mV s
-1

, cycling between -0.8 V and +0.6 V (versus 

Ag/AgCl) for 9 cycles. For CA measurements, the potential was stepped from -0.8 V to +0.6 

V (versus Ag/AgCl) for 100 cycles. For each step the potential was held for 30 s. 
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5.3 Results and Discussions  

5.3.1 Conventional PPy/pTS films prepared using different current densities  

In this thesis, the constant current method was employed to prepare PPy films. As the current 

density is an important parameter using this approach, as it determines the rate of film growth, 

we first prepared conventional PPy/pTS films using different current densities and 

investigated their structural properties, surface morphologies and actuation behaviour.  

5.3.1.1 Polymerisation  

Figure 5.1 shows the chronopotentiograms obtained for the conventional PPy/pTS films 

under different current densities. As can be clearly seen, the application of current to the 

electrode increased the potential sharply to a maximum value in all cases, with the potential 

reaching 1.15 V (Ag/AgCl) temporarily for the higher applied current densities. This increase 

in potential is assumed to be due to a change in the surface potential accompanied by 

formation of the first PPy nuclei. Once the nucleation process was completed, the potential 

decreased steadily. Over the course of the polymerisation (between 1500 and 30,000 s, 

depending upon the currents used), a very gradual increase in potential was seen. This would 

be due to a decreasing concentration of pyrrole monomer and newly formed oligomers near 

the surface of the electrode, a diffusion controlled process, and the resistance of the growing 

PPy film during the process.
299
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Figure 5.1 Chronopotentiograms of typical PPy/pTS depositions at different current densities 

using 0.1 M Py, 0.1 M pTS: (A) 2 mA cm
-2

, (B) 1 mA cm
-2

, (C) 0.2 mA cm
-2

, (D) 0.1 mA 

cm
-2 

 

In general, an increase in the current density is accompanied by an increase in the 

polymerisation potential (recorded half-way through the polymerisation), as shown in Figure 

5.2, because of the higher potentials required to sustain the higher applied current densities, 

as expected. 
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Figure 5.2 Polymerisation potential (recorded at half-way through polymerisation) as a 

function of deposition current density during electropolymerisation of typical PPy/pTS films. 

5.3.1.2 Surface Morphology  

Figure 5.3 shows the surface morphology of the PPy/pTS films (solution facing side) 

polymerised at different current densities as determined using SEM. As can be seen clearly, 

all of the films exhibited a micro- globular surface, similar to previous reports.
295

 PPy films 

polymerised at a high current density showed a rough micro-globular surface. On the other 

hand, films polymerised at a low current density showed a smoother and more uniform 

surface. Meanwhile, the average diameter of the micro-globular forms of PPy/pTS decreased 

from 3.7 μm at 2 mA cm
-2

 to 1.3 μm at 0.1 mA cm
-2

. This could be due to the effect of 

different electropolymerisation rates.  At a higher current density, the films grow at a faster 

rate, which results in a rougher and more non-uniform morphology.  
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Figure 5.3 Surface morphology of PPy/pTS films polymerised at different current densities: 

(A) 2 mA cm
-2

, (B) 1 mA cm
-2

, (C) 0.2 mA cm
-2

, (D) 0.1 mA cm
-2 

A B 

C D 



Chapter 5 

142 

 

5.3.1.3 Characterisation  

Figure 5.4 shows the Raman spectra of the PPy/pTS films deposited at different current 

densities. The strong band located at approximately 1580 cm
−1

 represents the C= C backbone 

stretching of PPy. The double peaks at about 1050 and 1080 cm
-1

 are assigned to a C-H in-

plane deformation. The other double peaks at approximately 1320 cm
-1

 and 1380 cm
-1

 are 

attributed to ring-stretching modes of PPy. The bands at 927 cm
-1

 and 1240 cm
-1

 are 

attributed to the CH out-of-plane bending of oxidised PPy and C-H or N-H in plane bending 

respectively.
300-302

 On closer examination of the main C=C stretching vibration, the peak 

position was seen to move from 1588 cm
-1

 for PPy (2 mA cm
-2

) through to 1580 cm
-1

 for PPy 

(0.1 mA cm
-2

) (Fig. 5.4B). As reported in the literature,
303, 304

 the C=C peak is related to the 

conjugation length of PPy and the doping level. This peak shifts to a higher wave number if 

PPy is present at a lower doping level or contains shorter PPy chain lengths, which might be 

the case for PPy prepared at a higher deposition current density.  

Table 5.1 shows results of elemental analyses for the PPy films deposited under different 

current densities. The presence of sulfur indicates that the para-toluene sulfonate anion has 

been incorporated into the polymer. The doping degree was calculated based on the molar 

ratios of sulfur to nitrogen. It can be seen that a decrease in deposition current density 

resulted in a slight increase in the doping level. At the highest current density (2 mA cm
-2

), 

the S/N ratio (an estimate of the N
+
/N fraction) was 0.30. When the current density was 

decreased to 0.1 mA cm
-2

, the S/N ratio of the film increased progressively to 0.33. 
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Figure 5.4 Raman Spectra of conventional PPy/pTS films polymerised at different current 

densities. 
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Table 5.1 Elemental analysis results for PPy films polymerised at different current densities 

Current density (mA cm
-2

) 2 1 0.2 0.1 

C (mass %) 58.2 58.54 58.73 58.3 

H (mass %) 4.46 4.54 4.75 4.43 

N (mass %) 10.9 10.9 10.7 10.57 

S (mass %) 7.48 7.73 7.84 7.92 

Doping level [S/N (in moles)] 0.30 0.31 0.32 0.33 

Conductivity (S cm
-1

) (n = 5) 97 ± 10 128 ± 15 328 ± 30 351 ± 35 

 

The room temperature conductivities of the PPy/pTS films obtained at different deposition 

current densities are also given in Table 5.1. All of the samples showed conductivities in the 

100-400 S cm
-1

 range, comparable to previous reports.
305

 Moreover, decreasing the 

polymerisation current density from 2 to 0.1 mA cm
-2

 resulted in an increase in the 

conductivity of the films from 97 ± 10 to 351 ± 35 S cm
−1

. As discussed above, a lower 

polymerisation potential was generated when a lower deposition current density was used, 

which would minimize polymer degradation and the formation of „disordered‟ chains (inter- 

chain links, side chains or chain terminations),
306

 thus producing a polymer of a higher 

conductivity.  
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5.3.1.4 Actuation behaviour  

The actuation behaviour of the PPy/pTS films deposited under different current densities 

were characterized during cyclic voltammetry in 0.1 M NapTS (aq). All of the samples were 

subjected to 9 cyclic voltammetry scans at a scan rate of 10 mV s
-1

 between -0.8 V and +0.6 

V (vs Ag/AgCl). As abnormal high actuation strains are typically generated in first cycle for 

PPy,
307, 308

 particularly when a film subject to cation-driven actuation is swelled for the first 

time, so the data presented here were obtained for the second cycle and the last (9
th

) cycle.  

Figure 5.5 and 5.6 present the cyclic voltammograms and associated strain curves during the 

2
nd

 and 9
th

 cycle respectively . In general, PPy/pTS films mainly show cation-driven actuation 

(expand during reduction) at potentials less than -0.2 V. Oxidation waves were seen during 

CV scans at approximately -0.3 V and reduction waves at -0.7 V. Table 5.2 summarizes the 

measured strain values for the PPy/pTS films obtained under different current densities on the 

2
nd

 and 9
th

 cycle respectively. It was found that films polymerised at a lower current density 

generated a higher average strain. This result showed good agreement with the findings of 

Maw et. al 
309

 and Chu et.al 
310

 who reported that PPy(DBS) and PPy(CF3SO3) produced at a 

higher deposition current density exhibited lower actuation compared to lower deposition 

current density films. It has been shown that a low current density is expected to lead to a 

lower concentration of oxidized pyrrole monomers at the surface of the growing PPy films.
299

 

Therefore at a lower deposition current density, the route for the polymerisation has a higher 

probability for radical-neutral coupling than for radical-radical coupling. This could lower the 

number of defects and lead to longer polymer chains 
303

 and the formation of films with 

superior actuation qualities.  
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Figure 5.5 Cyclic voltammograms (A) and actuation strain (B) curves during the 2
nd

 cycle for 

PPy/pTS films polymerised at different current densities, and cycled in aqueous 0.1 M 

NapTS  between -0.8 V and + 0.6 V at a scan rate of 10 mV s
-1

. 
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Figure 5.6 Cyclic voltammograms (A) and actuation strain (B) curves during the 9
th

 cycle for 

PPy/pTS films polymerised at different current densities, and cycled in aqueous 0.1 M 

NapTS between -0.8 V and + 0.6 V at a scan rate of 10 mV s
-1

. 
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Despite a larger strain generated by films polymerised at a lower current density, a 

considerable decrease in strain over time was observed for all of the samples. The decrease in 

strain observed could be attributed to several possible reasons. As discussed above, PPy/pTS 

films mainly showed actuation strain at more negative potentials, below -0.2 V. However, 

solvent reduction is more likely to happen at the lower potentials in an aqueous solvent, 

which might lead to degradation of films.
311

 In addition, the diffusion and gradual loss of 

bulky pTS anions out of the PPy films might also contribute to a decrease in strain values.
312

 

With fewer pTS anions within the films, a smaller ingress of cations would be required 

during the redox processes, leading to a lower cation-driven actuation with time.  

 

Table 5.2 Strains for the PPy/pTS films obtained under different current densities at the 2
nd

 

and 9
th

 reduction cycle (n = 3). 

Current density (mA cm
-2

) 

Strain (%) 

2
nd

 9
th

 

2 3.6 ± 0.3 1.9 ± 0.1 

1 4.2 ± 0.3 2.6 ± 0.2 

0.2 4.6 ± 0.4 2.7 ± 0.2 

0.1 4.9 ± 0.3 2.9 ± 0.2 
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5.3.2 Vesicle-templated micro ring structured PPy/pTS  

In Chapter 4, we showed how catanionic vesicles formed from mixed solutions of CTAB and 

SDBS could act as templates for the chemical polymerisation of PEDOT hollow 

microspheres. In this section, we investigated electropolymerised PPy films in the presence of 

the same vesicle-containing solution.  

5.3.2.1 Polymerisation  
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Figure 5.7 Chronopotentiogram of a templated PPy/pTS film formed from 30 mM CTAB 

/SDBS (3/7) using 0.1 M Py and 0.1 M pTS at a current density of 0.1 mA cm
-2 

In this case, PPy films were polymerised at a current density of 0.1 mA cm
2
 from a 30 mM 

CTAB /SDBS (3/7) solution which contained 0.1 M pyrrole and 0.1 M sodium para-toluene 

sulfonate. The obtained chronopotentiogram is shown in Figure 5.7. The deposition potential 

was 0.65 V (recorded half-way through the polymerisation). This value was similar to 
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conventional PPy/pTS deposited at the same current density, in which case a deposition 

potential of 0.64 V was obtained (see section 5.3.2.1). 

5.3.2.2 Surface Morphology   

 

 

Figure 5.8 SEM images of a micro ring structured PPy/pTS film grown from 30 mM 

CTAB/SDBS (3/7): (A) electrode side, (B) electrolyte side.  

Typical SEM images of an as-grown PPy/pTS film templated from CTAB/SDBS vesicles are 

shown in Figure 5.8. The side in contact with the electrode was compact and flat (Figure 

5.8A), similar to electropolymerised PPy films reported previously.
78

 However, it is 

interesting to observe that the surface morphology of the side in contact with the electrolyte 

A 

B 
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was quite different from that of the typical PPy/pTS films as discussed in section 5.3.2. 

Unlike the micro-globular morphology observed in the conventional case, micro-ring 

structures were seen clearly on the surface of the film (Figure 5.9B). These micro rings range 

from around 1.5 to 10 µm in diameter. 

This unique micro-ring structure most possibly results from a vesicle-template polymerisation 

process. As discussed above, surfactant vesicles were formed in 30 mM CTAB/SDBS (3/7). 

Pyrrole is considered to preferentially dissolve inside the vesicle bilayers because of its 

hydrophobic property. On the other hand, some para-toluene sulfonate anions might insert 

into the bilayer because of their amphiphilic structure.
313

 These pyrrole- vesicles provide a 

micro reaction environment and confine the growth of PPy in an ordered direction, in turn 

resulting in micro rings on the surface of the obtained PPy films.  

In order to confirm the critical role that the vesicular templates play in the formation of the 

micro rings, a PPy film was electropolymerised using the same current density from a 30 mM 

SDBS solution, which contained 0.1 M sodium para-toluene sulfonate and 0.1M pyrrole, but 

no CTAB. The surface morphology of obtained film (electrolyte side) is presented in Figure 

5.9. As can be clearly seen, this film showed a typical rough micro globular morphology. 

This result supports our hypothesis that the vesicles formed by CTAB combined with SDBS 

served as templates necessary for the micro-ring structured PPy films. 
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Figure 5.9 SEM image of PPy/pTS-DBS films grown from 30 mM SDBS (electrolyte side)  

5.3.2.3 Characterisation  

The chemical composition of the micro ring structured PPy/pTS films was determined by 

elemental analysis and the results are given in Table 5.3.  As can be clearly seen, the as 

prepared film mainly consisted of C, H, S and O. The absence of the element Br showed that 

Br
- 

was not incorporated into the polymer to a measurable extent. The doping degree 

calculated according to molar ratio sulfur to nitrogen was 0.33, which is the same as for the 

conventaionl PPy/pTS film prepared under comparable conditions, as shown in Table 5.4. 

This result indicates that the presence of the surfactant vesicles did not alter the doping level. 

However, it can be noted that the molar ratio of carbon to sulfur was slightly higher in the 

micro ring structured PPy/pTS films compared to the conventional PPy/pTS film. This result 

indicates that some DBS anions may have been incorporated into the polymer as DBS is 

relatively richer in carbon relative to sulfur compared to para-toluene sulfonate.  
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Table 5.3 Elemental analysis of micro ring structured PPy/pTS film  

Elemental ratio (mass %) 

C H N S O Br 

59.1 4.5 10.54 7.85 18
a
 ----- 

a
 calculated according to the chemical composition balance. 

Table 5.4 S/N and C/S ratios in micro-ring structured PPy/pTS and conventional PPy/pTS 

films, both formed at a current density of 0.1 mA cm
-2

.  

 Micro- ring structured PPy/pTS Conventional PPy/pTS 

S/N (molar) 0.33 0.33 

C/S (molar) 20.1 19.6 

 

Figure 5.10 shows the FTIR spectra of micro-ring structured PPy/pTS and conventional 

PPy/pTS films, and the assignment of the characteristic bands is given in Table 5.5. It can be 

seen that the micro-ring structured PPy/pTS film presented a similar FITR spectrum to the 

typical PPy/pTS films. The incorporation of the counter-anion in the polymer is evidenced by 

the peaks at 2931 and 2852 cm
-1

, which are assigned to aliphatic -CH3 or -CH2 attached to the 

benzene ring of the para-toluene sulphonate or dodecylbenzene sulphonate.
314

 Further 

evidence of the presence of anions in films is revealed by the peak at 1030 cm
-1

, which is 

assigned to the S=O stretch of the sulfonate anion.
315
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Figure 5.10 FTIR spectra of (A) micro-ring structured PPy/pTS, and (B) conventional 

PPy/pTS 

Table 5.5 FTIR absorption bands (cm
 -1

) for  micro ring structured PPy/pTS and conventional 

PPy/pTS films.
316, 317

 

 

Band designation 

 

A 

C=C  

C-C str. 

B 

C-N 

 str. 

C 

C-H  

N-H 

def. 

D 

C-N str. 

C-H 

def. 

F 

Ring 

def. 

G 

C-H 

wag. 

Micro-ring structured   

PPy/pTS 

1535 1452 1290 1153 960 775 

Conventional 

PPy/pTS 

1535 1450 1286 1150 958 770 

Abbreviations: str. = stretching; def. = deformation; wag. = waging.  
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The conductivity of the micro ring structured PPy/pTS films was 278 ± 10 S cm
-1

, which is a 

little lower than that obtained for the conventional PPy /pTS film at 351 ± 35 S cm
-1

. The 

lower value might be due to the presence of DBS anions in the micro ring structured PPy 

/pTS film, as PPy doped by DBS has been reported to show a lower conductivity than PPy 

doped by para-toluene sulfonate.
318

 

5.3.2.4 Actuation behaviour  
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Figure 5.11 Cyclic voltammogram (A) and actuation strain curve (B) during the second cycle 

for a micro ring structured PPy/pTS film cycled in aqueous 0.1 M NapTS between -0.8 V and 

+0.6 V at a scan rate of 10 mV s
-1

. 
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The actuation behaviour of the micro ring structured PPy/pTS films was also characterized 

during cyclic voltammetry in 0.1 M NapTS (aq.) at a scan rate of 10 mV s
-1

 between -0.8V 

and +0.6 V (vs Ag/AgCl). The typical CV and strain curves (recorded during the second 

cycle) are shown in Figure 5.11. As can be clearly seen, the micro ring structured PPy film 

showed an oxidation wave at around -0.28 V and a reduction wave at -0.66 V in the CV curve. 

Correspondingly, an increase in strain was observed upon reduction at potentials less than      

-0.2 V. This result is similar to the previous observation for conventional PPy/pTS films. 

Regarding the measured strain value, the micro-ring structured PPy/pTS film generated an 

average strain of around 5% in the second reduction cycle (Table 5.6), similar to the actuation 

strain generated by the conventional PPy/pTS film. However, the actuation strain at the 9
th

 

cycle for the micro structured PPy/pTS film was around 3.7%, a much higher than that 

obtained for the conventional PPy/pTS film. This represents 74% strain retention from the 2
nd

 

to the 9
th

 CV cycle.  On the other hand, the conventional PPy/pTS film showed only a 59% 

strain retention after 9 CV cycles, indicating better actuation stability of micro ring structured 

PPy/pTS (Table 5.6). 

Table 5.6 2
nd

 and 9
th

 actuation strains, and strain retention (to the 9
th

 scan) of micro-ring 

structured PPy/pTS and conventional PPy/pTS films, cycled in aqueous 0.1 M NapTS 

between -0.8 V and + 0.6 V at a scan rate of 10 mV s
-1

 (n = 3).  

 2
nd

 cycle 9
th

 cycle Retention (9
th

 )  

Micro-ring structured PPy/pTS 5.0 ± 0.4 3.7 ± 0.2 74%  

Conventional PPy/pTS 4.9 ± 0.3  2.9 ± 0.2 59%  
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5.3.2.5 Improved long term stability of micro-ring structured PPy/pTS films compared to 

conventional PPy/pTS  

In this section, the long term strain stability of micro-structured PPy/pTS film was further 

characterized by chronoamperometry (CA) between -0.8V and +0.6 V (versus Ag/AgCl) for 

100 cycles. By way of comparison, the long term strain stability of a conventional PPy/pTS 

film was also investigated. The results are given in Figure 5.12.  

As can be seen from Figure 5.12, both micro structured PPy/pTS and conventional PPy/pTS 

films showed typical cation driven actuation, expanding at -0.8 V and contracting at +0.6 V 

consistent with the actuation observed during cyclic voltammetry experiments. Moreover, all 

of the films showed a large degree of creep, particularly over the first 10 cycles, leading to an 

unrecoverable deformation. Creep is a frequently observed phenomenon during the actuation 

of PPy free standing films, however, it is poorly understood.
319

 

All of the films showed a gradual decrease in strain with cycle number, while the superior 

long term strain stability of the micro structured PPy/pTS film compared to the conventional 

PPy/pTS film is also clearly observed. The actuation strain for the micro ring structured 

PPy/pTS film was 4.3 % and 2 % at the 2
nd

 and 95
th

 cycle, which represents 47 % strain 

retention after the 95
th

 cycle. On the contrary, the strain of the conventional PPy/pTS film 

was around 4 % at the 2
nd 

cycle and decreased to just 0.3 % at the 95
th

 cycle showing only 

7.5 % strain retention after the 95
th

 cycle.  

As discussed in section 5.3.3.3, the micro ring structured PPy/pTS incorporated some DBS 

anions as counter ions during electropolymerisation. Therefore a question does arise: is it the 

presence of the DBS anions or the altered morphology that principally determined the 

improved strain stability observed here? 
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Figure 5.12 Actuation strain versus cycle number during 30 s potential steps between -0.8 V 

and +0.6 V versus Ag/AgCl. (A) Micro ring structured PPy/pTS film; (B) Conventional 

PPy/pTS film. Insets: actuation strain curves recorded in the 2
nd

 and 95
th

 cycles respectively. 
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In order to cast some light on this question, a PPy/pTS -DBS film was grown from a solution 

which contained 0.1 M para-toluene sulfonate, 0.1 M pyrrole and 30 mM SDBS, but without 

added CTAB, and was characterized by CA between -0.8V and +0.6 for 100 cycles.  As one 

can expect, this film also incorporated DBS anions, but did not have the micro-ring structures 

(Figure 5.9). A decrease in strain with cycle number was also observed for this film, with 

around 4.8 % strain at the 2
nd

 cycle (Table 5.7), a little higher than that of the micro ring 

structured PPy/pTS film. However, the strain decreased to around 1.3 % at the 95
th 

cycle, 

indicating 27 % strain retention, which was much lower than the micro ring structured 

PPy/pTS film, although higher than the conventional PPy/pTS film. From these results we 

can conclude that both DBS anions and the morphology contributed to the improved strain 

stability of micro ring structured PPy/pTS film.  

 

Table 5.7  The 2
nd

 and 95
th

 potential step actuation strains, and strain retention (to the 95
th

 

step) of different PPy/pTS films in 0.1 M NapTS, using 30 s potential steps between -0.8 V 

and +0.6 V (versus Ag/AgCl) (n = 2). 

Sample  

Strain 

Retention 

2
nd

 95
th

 

Micro ring structured PPy/pTS 4.3 ± 0.3 2 ± 0.2 47 % 

Conventional PPy/pTS 4.0 ± 0.4 0.3 ± 0.1 7.5 % 

PPy/pTS-DBS grown from 30 mM SDBS 4.8 ± 0.3 1.3 ± 0.2 27 % 
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The decrease of strain with time for conventional PPy/pTS films has been partially attributed 

to the diffusion and gradual loss of bulky pTS anions out of the PPy films.
320

 Compared to 

pTS anions, DBS anions are more difficult to remove from the PPy films because of their 

larger ionic radius. Therefore incorporation of DBS anions into the film could cause an 

increase in stain stability, as the strain contributed by DBS can be easily maintained with time. 

Moreover, the large steric effect caused by the presence of DBS anions in the polymer chain 

might hinder diffusion of pTS anions out of the polymer with time.  

The improvement in strain stability caused by the micro ring structured surface morphology 

was probably because the film that adopts this morphology is more compact and dense 

compared to typical PPy/pTS and PPy/pTS -DBS films, as can be seen from cross section 

images (Figure 5.13).  It has been reported that compact micro granular PPy/NSA 

(naphthalene sulfonate) films displayed enhanced cation strain stability compared to its 

porous micro tular counterparts.
321

 NSA anions are similar to pTS anions, and can gradually 

move out the polymer, causing a decrease in cation actuation with time, while a compact film 

can prohibit the expulsion of NSA anions leading to an enhanment in strain stability.
297

 

Therefore, it is understandable that the micro ring structured PPy/pTS films displayed a 

higher strain stability than both the conventional PPy pTS and PPy/pTS -DBS films, being 

more compact and dense. 
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Figure 5.13 Cross sectional SEM images of (A) micro ring structured PPy/pTS; (B) 

convential PPy/pTS; (C) PPy/pTS -DBS grown from 30 mM DBS. 

A B 

C 
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Summary  

Conventional PPy/pTS free standing films were prepared galvanostatically from an aqueous 

solution which contained 0.1M para-toluene sulfonate sodium salt and 0.1 M pyrrole under 

current densities of 2, 1, 0.2 and 0.1 mA cm
-2

. Typical PPy/pTS films with a micro globular 

surface morphology were obtained, while films deposited at a lower current density showed a 

smoother and more uniform surface, along with higher doping degree and conductivity. All 

of these PPy/pTS films showed cation driven actuation behaviour with a gradual decrease in 

strain with time, while films prepared under a lower current density generated a higher 

actuation strain.  

A micro ring structured PPy/pTS film was electropolymerised for the first time using vesicles 

formed by SDBS and CTAB acting together as templates. It was found that the micro ring 

structured PPy/pTS film was of a similar molecular structure and doping degree to the 

conventional PPy/pTS films (deposited at the same current density and using the same 

concentration of pyrrole and sodium para-toluene sulfonate), while there was an indication 

that some DBS anions were incorporated into the micro ring structured PPy/pTS films, 

leading to a lower conductivity compared to conventional PPy/pTS films. The micro ring 

structured PPy/pTS films showed improved actuation performance, i.e. better actuation 

stability compared to conventional PPy/pTS films. The results showed that both the 

incorporation of DBS anions into the film and the particular morphology of micro ring 

structured PPy/pTS contributed to the improvement in actuation stability.  
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Chapter 6 Conclusions and Future work 

6.1 Conclusions 

Research into micro and nanostructured forms of conducting polymers represents a hot area 

of interest in Chemistry and the Materials Sciences due to their unique dimensional indued 

properties. Developing conducting polymer micro/nano structures with an eye to promising 

applications is highly desirable. This study presents the development of micro/nanostructured 

conducting polymers including substituted PANI hollow nanospheres, PEDOT hollow 

microspheres and micro ring structured PPy films, fabricated via novel routes for the first 

time. The research documented in this thesis has made three main contributions: 

1. Substituted PANI hollow nanospheres with promising applications for DNA sensing were 

produced by chemical polymerisation, as outlined in Chapter 3:  

 Hollow spheres of the substituted PANI, poly(o-methoxyanilne) (PoMOA), were 

fabricated chemically using ammonium persulfate as the oxidant in the presence of a 

polymeric acid, PMVEA, under the following optimised conditions: the concentration 

of o-MOA was between 0.05 M and 0.1 M, the molar ratio of oxidant to o-MOA was 

between 0.8 and 1.5 and the weight fraction of PMVEA to o-MOA was between 1 

and 5%.  The polymerisation temperature was either 3 C or room temperature.  

 The size of the PoMOA hollow spheres thus prepared could be easily controlled by 

the weight fraction of PMVEA to o-MOA employed, which enabled PoMOA hollow 

spheres from 210 nm to 440 nm to be produced.    



Chapter 6 

164 

 

 The formation of PoMOA hollow spheres is proposed to initially involve micelles 

composed of PMVEA and o-methoxyaniline in the reaction solution, which serve as 

templates for the growth of the polymer hollow spheres. 

 The simple synthetic strategy can be used to fabricate other substituted PANI hollow 

spheres such as the polymethylanilines.  

 Characterisation by several spectroscopic methods confirmed that the hollow 

nanospheres consist of poly(o-methoxyaniline), while the inclusion of the polymeric 

acid PMVEA within the hollow spheres was confirmed by the appearance of a 

carboxylic acid peak in the FTIR. XPS and elemental analysis showed that both 

PMVEA and SO4
2-

/HSO4
-
 act as dopant ions for the PoMOA hollow nanospheres.  

 The conductivities of the substituted PANI hollow spheres ranged from 2.7 ×10
-5

 to 

less than 10
-8

 S cm
-1

 depending upon the molar ratio of oxidant to monomer and the 

type of monomer used.  

 The substituted PANI/PMVEA hollow spheres are electroactive, as confirmed by 

cyclic voltammetry in 0.1 M HCl. 

 It was shown that substituted PANI/PMVEA hollow spheres can provide the basis for 

an ODN sensor. 

2. PEDOT hollow microspheres, which possess higher electrocatalytic activity towards the 

oxidation of ascorbic acid than typical granular PEDOT particles, were synthesized for the 

first time, as outlined in Chapter 4: 

 PEODT hollow microspheres were chemically polymerised using APS as oxidant in a 

mixed CTAB/SDBS surfactant solution. The diameter of the hollow microspheres 

ranged from 0.5 to 10 µm. 
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 It was found that the concentration of the surfactants and the molar ratio of CTAB to 

SDBS had significant effects on the formation of the PEDOT hollow microspheres.  A 

30 mM solution of mixed CTAB and SDBS surfactants, with a molar ratio of CTAB to 

SDBS of 3:7, proved to be the optimal experimental conditions for the formation of 

PEDOT hollow microspheres, given by the large amount of PEDOT hollow spheres 

produced with a relatively narrow size distribution.  

 The formation of PEDOT hollow spheres is proposed to follow a vesicle-templating 

mechanism.  

 Structural characterisations show that the hollow microspheres were typical of 

chemically synthesized PEDOT. Both FTIR and elemental analyses showed that the 

anionic surfactant DBS was incorporated into the polymer chain as a dopant.  

 The PEDOT hollow spheres showed a similar doping level and conductivity to 

granular PEDOT particles produced in Milli-Q water.  

 The PEDOT hollow microspheres showed a more effective electrocatalytic activity for 

the oxidation of ascorbic acid, compared to conventional PEDOT granular particles.  

3. Micro ring structured PPy/pTS free standing films with improved actuation strain stability, 

compared to conventional PPy/pTS films, were electropolymerised for the first time, as 

described in Chapter 5:  

 PPy/pTS free standing films showing a typical micro-globular like morphology were 

electropolymerised from an aqueous solution which contained 0.1 M para-toluene 

sulfonate sodium salt and 0.1 M pyrrole under current densities of 2, 1, 0.2 or 0.1 mA 

cm
2
. It was noted that films generated under a lower current density showed higher 

doping degree, higher conductivity as well as a larger actuation strain.  
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 By using the current density of 0.1 mA cm
-2

, a PPy/pTS film with novel micro-ring 

structured surface morphology (on the side facing the electrolyte) was 

electropolymerised from a 30 mM CTAB/SDBS (3/7) solution, which contained 0.1 

M pyrrole and 0.1 M sodium para-toluene sulfonate. 

 The micro-ring structure of the PPy/pTS films was proposed to result from a vesicle-

templating polymerisation process. 

 Characterisations showed that the micro ring structured PPy/pTS film was chemically 

similar to conventional PPy/pTS films, while some DBS anions were also 

incorporated into the film from the mixed surfactants solutions.  

 The micro ring structured PPy/pTS showed a slightly lower conductivity than 

conventional PPy/pTS films, due to the incorporation of DBS anions (although the 

same degree of doping was obtained). 

 The micro ring structured PPy/pTS films showed improved actuation stability 

compared to the conventional PPy/pTS films. The particular morphology of the micro 

ring structured PPy/pTS films contributed to the improvement in actuation stability.  

6.2 Suggested Future Work  

The use of PoMOA/PMVEA hollow spheres for biosensing has been demonstrated through 

our preliminary results. More work could be done to further investigate the application of 

these nano structured materials in DNA sensing. One line of investigation could be an 

impedance study of the immobilization of ODN probes and hybridization on 

PoMOA/PMVEA hollow spheres at different applied DC potentials. PoMOA is present in 

different forms (leucoemeraldine, emeraldine and pernigraniline) depending on the applied 

potential. Considering their different structures and properties, immobilization and 
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hybridization of ODN might also display different responses in the impedance spectrum 

under different applied potentials. Therefore carrying out this study might be useful to 

determine optimal parameters for impedance spectroscopic detection of DNA hybridization 

based on these nano structures. Other work can involve studies of selectivity, interference and 

regeneration of the nanostructured DNA sensors.  

The application of different sized PoMOA hollow nanospheres and other substituted PANI 

hollow spheres, as obtained in this thesis towards DNA sensing, can also be extended. It 

would be interesting to further investigate the effect of the size of the hollow nanospheres and 

the effect of the substituent on their application. Moreover, it will be interesting to fabricate 

composites of the nanospheres with inorganic semiconductor nanoparticles, such as CdS, PdS, 

CdSe, as these latter nanoparticles have displayed the ability to amplify sensor responses.
322, 

323
 Moreover, these semiconductor nanoparticles have unique electrical and optical properties 

and have been applied in diverse areas. Therefore substituted PANI/PMVEA hollow spheres, 

combined with metallic and/or semiconductor nanoparticles, may reveal highly interesting 

properties and applications. 

The vesicle-template method has been found to be an effective approach to fabricate PEDOT 

hollow microspheres. However, it was found that the PEDOT microspheres showed a wide 

distribution in size, as described in Chapter 4. Therefore, efforts should be devoted to size- 

control in future work. Synthesis of PEDOT hollow microsphere using different vesicle 

templates can be conducted. Furthermore the formation process of PEDOT micro hollow 

spheres using this novel method can be investigated in more detail. This might involve 

investigating the morphology and structure of products with polymerisation time. 
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More work also can be undertaken to determine the kinetic parameters of the catalytic 

oxidation of ascorbic acid at PEDOT micro hollowsphere modified electrode using various 

electroanalytical techniques. In addition, it will be interesting to develop the PEDOT/Au 

PEDOT/Pd hollow sphere-nano particle composites. Electrochemically synthesized PEDOT 

with incorporated Pd 
324

 or Au 
325

 has been shown to exhibit excellent catalytic activity 

towards the oxidation of ascorbic acid. Therefore composites of PEDOT/Au and PEDOT/Pd, 

with PEDOT in the hollow spherical form, might display even higher catalytic activity. 

The formation of micro ring structured PPy/pTS films through a vesicle-template method was 

also of interest. More work can be undertaken to investigate the formation process of this 

novel structured PPy film to help thoroughly understand the formation mechanism and extend 

this method to prepare other types of PPy films. This work might involve examining the 

morphology and structure of micro ring structured PPy/pTS film with polymerisation time.  

We observed improvements in actuation stability caused by the morphology in micro ring 

structured PPy/pTS films. Although similar observations have been reported, and a possible 

explanation was proposed as well, the scientific mechanism behind this phenomenon remains 

unclear. Therefore more research is required to elucidate correlations between the structural, 

morphological and actuation properties that were described in Chapter 5. This might involve 

in situ morphological, structural and QCM studies during electrochemical actuation 

In addition to the above mentioned work for specific new micro/nano structured conducting 

polymer materials developed in this thesis, future research in the field of conducting polymer 

micro /nano materials might involve following aspects:  

 To develop new functional conducting polymer micro /nano materials towards 

promising new applications  
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 To deeply investigate the formation mechanisms of various conducting polymer 

micro/nanostructures fabricated by different methods, which will be of great 

importance to control the morphology and properties of the materials obtained. In 

addition, a thorough understanding of the formation mechanisms and structure-

property relationships of various conducting polymer micro/nanostructures is also 

useful in materials designs leading to superior applications. 
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