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Preface 

The combination of metal nanoparticles with conducting polymers has been 

performed for a few decades. In general, the obtained materials resulted in materials 

with an enhancement in some of their properties. However most of the studies in the 

literature deal with very thin films and their application towards catalytic or sensor 

devices.   

Herein, different approaches to obtain nanocomposites by the combination of 

Pt nanoparticles and conducting polymers were performed. In this study, the main 

focuses are: 

 Revealing the effect of Pt nanoparticles in conducting polymers and the 

possible reasons and mechanism behind the morphological changes in the 

conducting polymer structure upon the nanocomposite formation with metal 

nanoparticles as reported by some studies 

 Understanding the process behind the enhancement of some physical 

chemical properties of the conducting polymers upon the formation of 

nanocomposites with Pt nanoparticles such as an increase in the conductivity  

 The effect of the nanocomposites formation in thick films in the order of 5 to 

15 µm and the study of their properties when applied in a actuating rig set up. 

 

 In chapter 1, an overview of the conducting polymers discovery and research 

development is discussed and also a review of the nanocomposite formation of metal 

nanoparticles with conducting polymers is presented. 

  In Chapter 2, the general techniques used throughout this work are briefly 

outlined. 
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 In Chapter 3, the formation of Pt nanocomposites with polypyrrole films 

through the electrodeposition of Pt nanoparticles from a mild acidic media is 

presented. The morphological and physicochemical properties of the obtained 

materials were investigated. The use of the obtained materials as actuating strips was 

investigated. 

 In Chapter 4, the synthesis of Pt nanoparticles and their incorporation in the 

polymerisation solution of polypyrrole in order to obtain nanocomposites was 

performed. The overall characteristics of the obtained material were studied and their 

use as an actuating device was evaluated.  

 In Chapter 5, a new synthetic route for the synthesis of Pt nanoparticles in an 

organic media was achieved. The characterisation of this novel Pt nanoparticles was 

performed. The Pt nanoparticles were included in the polymerisation solution of 

poly(3,4-ethylenedioxythiophene) (PEDOT) to obtain Pt nanoparticle PEDOT 

nanocomposites. The morphological and physicochemical characterisation was 

undertaken. A brief study of the actuating ability of the obtained nanocomposite was 

carried out.  
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Abbreviations 

A
-  

    anion 

AC    alternating current 

ACN    acetonitrile 

Ag    silver 

Ag/Ag
+
 silver/silver ion reference electrode 

AgCl    silver chloride 

Aq.    Aqueous 

C    Coulomb 

CA    chronoamperometry 

CB    conduction band 

cm    centimeter 

CP    conducting polymer 

CV    cyclic voltammetry 

d    thickness 

D    diffusion coefficient 

DBS    dodecylbenzene sulfonate 

DC    direct current 

EDOT    3,4-ethylenedioxylthiophene 

EDX    Energy dispersive X-ray spectroscopy 

EIS    electrochemical impedance spectroscopy 
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Epc    cathodic peak potential 

FTIR Fourier transform infrared spectroscopy 
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i current 
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NP nanoparticle     
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Pt platinum 

Q charge 

r scan rate 

Rct charge transfer resistance 
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s second 
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SEM scanning electron microscopy 
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T temperature 

t time 

TBA CF3SO3 tetrabutylammonium trifluoromethanesulfonate 

TEM transmission electron microscopy 
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Uv-vis  ultraviolet-visible 

V volt 
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wt weight 
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Chapter 1 – Introduction 

1.1 Thesis Motivation   

 

The development of materials which possess the ability to transform one form 

of energy into another has fascinated researchers in the last few decades from the 

industrial and academic point views.  

Conducting polymers (CP) is a class of materials which has outstanding 

properties and their study has been continuously performed in the past 35 years. Due 

to the multifaceted characteristics, innumerous applications have been proposed for 

these materials. The applications includes: solar cell
1
, optoeleletronic materials,

2
 

sensor platforms,
3,4

 drug delivery systems,
5
 and actuators,

6
 to mention few of a vast 

number of possible commercialization of conducting polymer materials. 

Among the aforementioned proposed applications, conducting polymer 

actuators are a well-studied area and their development is at an ever-increasing pace. 

Conducting polymer actuators are based on the conversion of chemical or 

electrochemical energy into mechanical energy, which can be tuned to motion effects 

and force works. From the industrial point of view, these materials can be translated 

into robotics and Microelectromechanical systems (MEMS) devices. On the other 

hand, the understanding of this conversion of energies is still not widely understood, 

what makes the opportunities in the academia research open.  

In the past decade many groups, mainly from USA, Japan, Canada, Spain and 

Australia,
6–10

have competitively characterised conducting polymer actuators and 

tested different approaches in order to increase the efficiency and life time of these 

materials. The Polymer Electronic Research Centre (PERC) started in 2003 in the 
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University of Auckland, introduced New Zealand into the field of conducting 

polymers to the world. Some of the work performed in the Centre has been cited in 

journals of high impact
11,12

  and also served as inspiration or platform for new studies. 

Even though a large effort has been devoted in order to improve the 

characteristics and performance of conducting polymers, a practical and ready 

solution has not been fully achieved. For instance, a large improvement in the 

actuation ability has been developed, however in most cases this decreases the life-

time of these devices.
13

 On the other hand, some advances have proven to 

successfully improve both the life-time and ability of these materials
10

 but their high 

cost makes them more likely to be redundant when commercial application are 

regarded.  

Another typical case of  counter balancing effects is that some research has 

shown that when improvement on the extent of actuation is obtained, the time 

necessary for such process to be accomplished is increased 
14

 or adversely, when the 

actuation time is improved the ultimate extent of actuation is sacrificed.
15

  

Having all these aspects in mind, we have proposed an easy and considerably 

cost effective way to improve the lifetime and performance of conducting polymer 

actuators. We endeavored to accomplish the synthesis of conducting polymer 

actuators nanocomposites with Pt nanoparticles (PtNP). From our preposition, the 

presence of PtNP in the structure of conducting polymers, either by surface binding or 

inclusion, synergistically improves the electrical contact with the polymer network 

and decreases the energy necessary for the actuation mechanism, making these 

materials more efficient, with higher performance and lasting longer.  
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Polypyrrole and poly(3,4-ethylenedioxythiophene) were the main subject of 

this thesis due to the large amount of research and development of actuators  of these 

materials. 

 

1.2 Smart Structures and MEMS      

 

Smart materials are a type of material which presents the ability of having one 

or more of their properties dramatically changed and controlled in real time or near 

real time, in response to an external stimulus, such as stress, temperature, pH and 

electric field. A large number of such structures have been realized and studied 

recently. 

Some examples of smart materials include: ferrofluid,
16

 piezoelectrics
17

, shape 

memory polymers,
18

 hallochromic materials,
19

 thermoelectrical materials,
20

 

chromogenic systems
21

, photo mechanical materials
22

 and electrically active 

polymer.
23

 

Microelectromechanical systems (MEMS) are devices, which are miniaturized 

down to the micrometer level, in order to perform specific tasks.
24

 Such devices are in 

the order of 1 to 100 µm. Electrically active polymers can be used in the design of 

MEMS structures such as micromixers,
25

 micropumps
26,27

 and sensing devices.
28

   

 

1.3 Electrically Active Polymers (EAP)  

 

The attractiveness of polymers in the field of science and technology comes 

from their outstanding characteristics, which are their light weight, malleability, 
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pliability and low cost. Electrically Active Polymers is a class of polymeric material, 

which shows some types of dimensional variation under stimuli.  

Certain EAP show fast response and higher magnitude of actuation when 

compared to other smart structures such as shape memory metal (SAM) and 

ceramics.
29

 

Röntgen is regarded to be the first experimentalist to observe that polymers 

can be responsive to the application of an electrical field.
30

 In his experiment, he used 

a rubber band fixed by a clamp in one extremity with a weight loaded in the other 

extremity. This made the rubber stretch twice its initial length. When this rubber was 

charged or discharged by an electrical field (sprayed-on electrical charges), it would 

show deflections of a few centimeters. This deformity was induced by Maxwell‘s 

pressure
31

 and this is the predecessor of the actual dielectric polymers. More than 125 

years later, an elegant experiment was performed to repeat Röntgen experiments, 

showing the deformity of soft materials under electrostatic forces.
32

       

Chronologically, the first synthetic polymer actuator dates back to as early as 

1925, 
33

 when carnauba wax was mixed with rosin, which is a translucent, brittle type 

of resin, and bee wax and the solution was cooled down while subjected to a DC 

electrical bias. This material, called electrets, was one of the first piezoelectric 

polymers. Although this can be considered the first electrical active polymer, they 

were found to be applicable only in sensor platforms as the strain and work output 

were too small for mechanical use. 

Rapidly, the dimensional changes in polymers in respect to other types of 

stimuli were studied in the following decades. In 1969 Kawai found very high 

piezoelectric effect in polyvinylidene
34

. In the following years, an increasing number 

of investigators devoted their time to find and study polymer systems with similar 
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properties. With the discovery of the electrically conducting polymers, another 

breakthrough in the development of polymers actuators was achieved. Following 

these discoveries, a larger number of piezo electrical materials and electroactive 

polymers were designed and their properties, investigated. The so-called Electrically 

Active Polymers can be divided into two major types depending on the way their 

properties are activated: ionic and electronic active polymers. 

Electronic electrical active polymers are activated in response to the electrical 

field, while ionic active polymers are respondent to ionic mobility or difusion of ions.  

1.3.1 Electronic Electrically Active Polymers  

 

This class of polymers is driven by strong electric fields and in response to 

that, dimensional changes are observed.
9
 In Electronic electrically active polymers, 

the  induced deformations can be held by a DC voltage, what makes them of great 

appeal in the field of robotics.
35

 This type of polymers also present high mechanical 

energy density and can be operated in air and for a long time.
36

 Another outstanding 

property of this class of polymers is that they induce relatively large actuation forces 

and their response to a stimulus is very rapid, in the order of miliseconds. The main 

disadvantages include the large activation field in the order of a 100 MV/m, and also 

the monopolarity in their actuation behavior, i.e the deformation is unidirecional.
36

  

The major types of electronic electric active polymers are discussed below. 

1.3.1 – a) Dielectric Polymers (Elastomer) 

Dielectric Electrically Active Polymers EAP is a group of material which 

presents actuative response to electrostatic forces when mounted between 2 

electrodes, normally made of carbon or silver paste. Dielectric EAP actuators are 
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basically compliant capacitors where a thin polymer film is made to change 

dimension by applying a high DC voltage. When the film is submited to DC voltage, 

an arising electrostatic pressure squeezes polymer film (elastomer) and thus the films 

expands in plan directions. Once the applied voltage is cut off, the polymer returns to 

its original dimension. This type of EAP utilizes a high voltage and achieves 

actuations higher than 300% with a low energy consumption
37–39

. This material 

should possess high dielectrical constant, low stiffness and should sustain high 

electric break down. Where the high voltage is not an issue this type of actuators are 

very useful. Figure 1.1 exemplifies the mechanism of actuation of these materials. 

 

 

 

 

 

 

 
Figure 1.1 Dielectric elastomer actuation method. The application of the high voltage between 

the two electrodes causes a dielectric stress compressing the dielectric and resulting in its 

lateral expansion. 

 

1.3.1 - b) Ferroelectric Polymers 

Ferroelectric materials are materials that, like ferromagnets, have dipoles that 

can be aligned. Inorganic ferroelectrics show dimensional changes in response to an 

electrical field on the order of 0.1 %.  

Ferroelectric polymers are a group of crystalline polar polymers that present  

ferro eletric properties, that is to say, they maintain a permanent electric polarization 

that can be suited or reserved.
40,41

 Like their inorganic counterparts, ferroelectric 
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polymer actuators are fast and  have a high work density (1 MJ/m
3
 ) and they achieve 

strains up to 10%.
41,42

 

Polyvinylidene fluoride (PVDF) and its copolymers are the most exploited 

ferro elecric polymers. They are composed of partially crystaline component and an 

inactive amorphous phase. By applying large AC fields they induce strains of around 

2 %  as shown in Figure 1.2. 

 

 

 

 

 

 

 

 

 

 

Figure. 1.2 – Alpha and beta phases in PVDF, along the chains (top) and perpendicular to the 

chains (bottom). The nonpolar alpha phase is switched to the polar beta phase upon 

application of an electric field, resulting in expansion and contraction, along and 

perpendicular to the chain direction, respectively
43

 

 

Poly[(vinylidenefluoride-co-trifluoroethylene] [P(VDF-co-TrFE)] is a type of 

PVDF polymers which shows strains as high as 5%
44

. The advantage of these 

materials includes their possible use in air and in solutions, and their high mechanic 

strength, but on the other hand they present low sensitivity to electric fields. 
45
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1.3.1– c) Liquid Crystalline Polymers or Liquid Crystalline Elastomers (LCE) 

LCE are composed of cross linked polymer chains containing a type of liquid 

crystal. 
46

 This material shows an actuation, which arises from the ordering of the 

liquid crystal domains. They typically elongate in the presence of nematic orientation 

order and they reversibility contract when the order is lost. The molecular shape 

change is expanded into the microscopic dimension of materials that is constituted of 

polymer chains.  

 

 

 

 

 

 

Figure 1.3 – An example of a ferroelectric liquid crystal elastomer. A dye-doped LCE sample 

illuminated from above by a green light of 514 nm (600 mW) on the left end. On the right, the 

same sample after 80 ms onset of illumination.
47

 

 

De Gennes was the first researcher to realize that the strain and force during 

the phase transition could be used as actuating devices.
48

 These liquid crystal 

elastomers as artificial muscles have since then been continually researched and 

developed. They are normally triggered by an electric field, light,
47

 heating
49–54

 or  

solvent absorption.
55

 They have achieved strains of around 300-500%
46,56,57

 and force 

up to 100 MPa.
58

 Figure 1.3 shows the actuating behaviour of a liquid crystal 

elastomer. 
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1.3.1 d) - Electrostrictive Graft Elastomer 

This type of elastomers is constituted of dielectrics immersed in a polymer 

network.
43

 When electric field is applied, the disorderly aligned dielectrics rearrange 

and the oppositely charged units attract one another. This is accompanied by a 

contract in the polymer network
59

 as illustrated in Figure 1.4. The necessary applied 

field is on the order of 10 MV/m, the strains reach 2.5 %, and they have energy 

density consumption of 0.5 MJ/m
3
. 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 - Depiction of a graft elastomer with no field applied. The lines represent the 

different flexible polymer backbones. 

 

1.3.2     Ionic EAP 

 

In Ionic EAPs their properties are resulting from flux of ions in the boundaries 

of the system.
9
 These phenomena are tuned into microscopic and macroscopic 

dimensional changes. In most of the cases, but not always, one of the boundaries in 

the system is in a liquid or gel form thus making ionic EAPs also knows as wet EAPs.  

Ionic EAPs are operated at very low voltage (1-4 V) when compared to dry EAPs.
9
 



Chapter 1 

 

 11 

This voltage can be sustained even by an AA size battery. The low voltage necessary 

to activate the ionic EAPs make them very attractive to the application of MEMS 

devices.  The ionic EAPs are also normally light and flexible, possess a high work 

function i.e the amount of work induced per mass actuator.The drawbacks of these 

EAPs include their relatively low strain, low efficiency and inferior lifetime compared 

to some dry EAPs.
9
 

Ionic EAPs have their properties tuned by the diffusion of ions. The main 

types are described below. 

1.3.2 a) Ionic Polymer Metal Composite (IPMC) 

Ionic Polymer Metal Composite consists of a polyelectrolyte membrane 

sandwiched between two high surface area electrodes. Typically, perfluorinated 

polymer or sulfonated polymers are used as membranes. These polymers are normally 

permeable to cations, but impermeable to anions.
60

 The polymer backbone is 

negatively charged. 

The negatively charged polymer backbone attracts mobile positive ion which 

are dissolved in the solvent in order to obtain neutrality.
61

 Normally, electrodes are 

chemically or physically loaded with nanoparticles penetrating from both sides into 

the membrane and covered with a thin flexible metal coating. The nanoparticles are 

used to enhance the charging of the polymer layers while the metal coatings reduce 

the solvent loss and increase the surface conductivity. The application of a low 

voltage in the electrodes causes the solvated mobile cations to move towards the 

negatively charged electrode what induces a swelling on one side (cathode) and 

shrinking on the opposite electrode side (anode).
62

 This process is shown in figure 

1.5. 
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Figure 1.5 – Ionic Polymer Actuator: actuation representation for IPMC (a) before the 

application of voltage and (b) after the voltage is applied. 

  

1.3.2 b) Ionic Polymers Gels (IPG) 

Ionic Polymer Gels are composed of a cross-linked polymer and a gel 

phase.
63–65

  This gel can absorb water and expand or shrink. There are a number of 

studies regarding the preparation of polyvinyl alcohol (PVA) polymers gels.
66

 

Different osmotic pressure at the boundary of the gel and the solution is the driving 

force of swelling, shrinking and bending of these materials. The polymers gels can 

shrink or swell by different external stimuli such as temperature, pH and electric field. 

63–65
. This material presents a considerably high strain but they are limited by their 

low response time, which is normally in the order of second to minutes.
67

 

The current advance in the gel actuators research has resulted in very 

impressive outcomes.
68 Self-healing gels have been designed and obtained, and gel 

materials have been proposed and are under investigation for application in coronary 

surgical operation.
69

 Another impressive application of gel actuators is in the design 
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of gels, which are actuated without the requirement of any external stimuli. This has 

resulted in self-walking gels and gels with peristaltic motion.
70–74

      

1.3.2 c) Carbon Nanotubes 

Carbon nanotubes (CNTs) are allotropes of carbon, which form a cylindrical 

nanostructure.
9
 They are composed of one-atom-thick layer of graphene (a similar 

structure to graphite) rolled up at discrete angles to form tubes. These tubes have 

different diameters in the range of 1 to 2nm and can be up to the micrometer range in 

length.
75

 Nanotubes are categorized as single-walled nanotubes (SWNTs) and multi-

walled nanotubes (MWNTs) depending on if only one or more tubes are formed 

concentrically.
9
 Individual nanotubes naturally align themselves into bundles held 

together by van der Waals forces, due to pi-stacking. Single-walled carbon nanotubes 

present exceptional electrical and mechanical properties, which include large current 

densities, high tensile modulus of 640 GPa and tensile strength of 20 – 40 GPa.
76

  

Baughman proposed the utilization of carbon nanotubes as actuating device in 

1999.
77

 Although various actuation mechanisms have been reported for CNTs, the 

most common actuation process is the non-Faradaic actuation by double-layer charge 

injection.
77

 In this mechanism, an electrical potential is applied to the nanotubes, 

while immersed in an electrolyte solution. With the application of a voltage between 

the nanotubes and a counter electrode, ions are attracted to the nanotubes and 

accumulated on its surface. The accumulation of ionic charges is balanced by an 

electronic charge removal or injection within the CNTs. This charge change on the 

carbon atoms results in a variation of the carbon-carbon bond lengths. Quantum 

mechanical effects dominate the elongation and expansion of the nanotubes at low 

levels of charge injection, whereas at large charge injection levels, Coulomb forces 
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dominate.
78

 The achieved actuation strains for carbon nanotubes are in the order of 

1% in electrolyte solution.
78–80

 They present high temperature stability and high work 

density what makes them envisioned in aerospace application.
79

 

Another type of CN actuators is based on bucky gels, which are obtained by 

the physical mixing of carbon nanotube and ionic liquid.
81

 Even though still under 

discussion, in this case the actuation is considered to be due to the ion intercalation 

during charging rather than C-C bond length change, or by a mix of both phenomena. 

This work presents the first dry carbon nanotube actuator
82

 and has been extensively 

studied by Asaka‘s group.
83

 

1.3.2 d) Conducting Polymers  

Conducting polymers as polypyrrole, poly(3,4-ethylenedioxythiophene) 

(PEDOT) and polyaniline swell or shrink when they are oxidized or reduced 

depending on the polymer change.
7
 This oxidation or reduction is induced either 

chemically or electrochemically. In the chemical process, oxidizing or reducing 

agents are included in the solution, while the electrochemical process is directed by an 

electrical field. During this process ions will be inserted or expelled from the polymer 

network in order to keep the polymer electrically neutral. From the movement of the 

ions inside and out of the polymers, the dimensions changes in the polymers cause it 

to stretch, contract or bend in different directions.
84

 Different types of  polymers are 

used for actuator purposes, however the main works are dedicated to polypyrrole
25

 

and PEDOT
85

 with lesser amount of work devoted to polyaniline
86

 systems and 

others. The advantage of these systems is the low voltage necessary to induce the 

polymers movements (few volts) in comparison to electrostatic and piezoelectric 
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systems. Their strains are also considerably high when compared to carbon nanotube 

actuating devices.  

 Figure 1.6 shows the actuating mode for conducting polymers. 

 

    

 

Figure 1.6 – Schematic representation of the actuation mechanism in conjugated polymers, 

depending on the anion size. When a p-doped polymer is reduced, it can release the anions (I) 

if they are small or incorporate cations (II) if they are large and immobile.  

 

The appealing properties of conducting polymers have drawn a lot of attention 

in the scientific community and a large number of different groups have been 

studying and developing actuators based on these materials.
6,14,87–89

 The first 

prototypes of conducting polymer actuators were developed independently, in 1992, 

in Spain by Otero
90

 and in Sweden by Ingänas.
91

 These prototypes were based on 

bilayers of polypyrrole and non-conductive polymers. Wallace‘s group has 

extensively researched the conducting polymer materials
92

 and also their actuating 

ability since the opening of the first intelligent polymers laboratory in the 1990‘s in 
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the University of Woolongong in Australia. The early applications of conducting 

polymer actuators as micromachining elements have been studied by Smela et al.,
93

 

who has continued the advancement (development) in this field.  Kaneto‘s group has 

also played a very important role in the development of conducting polymer actuators 

and have fabricated high strain conducting polymers actuators, achieving strains up to 

26%.
88

 

The current developments in conducting polymer actuators have focused on 

the application of these materials in biological systems by groups such as Wallace‘s
94

 

and Madden‘s
95

 and have resulted in the fabrication of bioimplantable devices and 

catheters.       

 

1.4 – Historical Aspects of Conducting polymers 

 

Until the beginning of the 70‘s researchers exclusively classified as polymer 

dielectrics or semiconductors those polymers whose conductivity could be induced 

from very drastic processes such as pyrolisis and partial graphitization. These 

processes introduced conductivity into these materials through drastic changes in the 

chemical structure of these materials, what caused them to be more closely related to 

undeformable strong metals than to soft malleable polymers. 

The discovery of conducting polymers dates back even before the discovery of 

their intrinsic conductivities. In scientific chronology, the first documented synthesis 

of a conducting polymer was reported by Letheby in 1862.
96

 This professor of the 

London College Hospital reviewed oxidation of aniline in acid media noting that it 

presented colorless form in the reduced form and a deep blue coloration in the 
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oxidized form.  In the following decades, products of the oxidation on pyrrole and 

aniline were produced in industrial scale and named pyrrole black and aniline black. 

These materials were used as dyes and became popular mostly in Germany in the 

beginning of the 20
th

 century. Researches at Bell Labs reported in 1964 the formation 

of semi conducting materials of polycyclicaromatic complexes which possessed 

resistivity as low as 8Ω/cm
2
.
97

 Even though these compounds are not polymers, these 

reports introduced the idea that organic materials can carry current. 

In 1963, Bolto et all
98,99

 reported the synthesis of pyrrole black with 

resistivities in the order of 1 Ohm cm
-1

. De Surville et al.
100

 showed the high 

conductivity of polyaniline in 1967. These works started out an effort to produce and 

characterise intrinsically conducting materials. In the mid 70‘s the collaboration 

between a Japanese and an American research teams led to the development of 

conducting polymers. Shirakawa‘s group was working on the synthesis of new 

polymeric materials, when by mistake, one of his students obtained a silvery-shining 

form of polymer, when trying to polymerize acetylene. They theorized the shining 

look was due to a similar process that occurs in metallic materials, where electrons are 

delocalized and free to move throughout the structure. Shirakawa measured the 

conductivity of the shining looking material and obtained the highest value for an 

organic polymer by that time. Once more, serendipity has brought about the 

magnificent properties of a chemical material. In the following years, the Japanese 

group worked in the improvement of the synthesis of these materials.  

Allan Heeger and Allan MacDiarmid, who also were working on the synthesis 

of new polymeric materials were very interested in the discoveries of Shirakawa and 

invited him to work in the University of Pennsylvania. This collaborative work 

fruitfully resulted in the paper that is regarded as the genesis of the conducting 
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polymer era.
101

   They realized the doping of polyacetylene with iodine and observed 

the increase in the conductivity of these films by 1 billion fold (from 10
-5

 to 10
4
 

S/cm). This masterpiece work was celebrated by the scientific society in 2000 with 

the award of the Nobel Prize in Chemistry for these three scientists. Thereafter a 

number of conducting polymers have been developed and studies. The most common 

conducting polymers are illustrated in Figure 1.7.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 - Chemical structure of common conducting polymers 

 

The following sub-chapters will address the synthesis of polypyrrole and poly 

(3,4 ethylenedioxythiophene), as they are the conducting polymers studied throughout 

this work. 
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1.5 Synthesis of Conducting Polymers  

 

The synthesis of conducting polymers have gone through a large development 

in the beginning of the 1980‘s with their synthesis moving from chemical into 

electrochemical synthesis.
102

 

The continuous studies of conducting polymers have extended their synthesis 

into several different ways. The main routes are chemical and electrochemical.
103–107

 

The chemical route includes the chemical vapor deposition,
108

 photochemical 

polymerisation,
109,110

 sono chemical synthesis
111

, interfacial polymerisation
112,113

  and 

phase polymerisation.
114

 The electrochemical route consists of the galvanostatic, 

potentiostatic and potentiodynamic polymerisations.
115

 The synthesis of conducting 

polymers can be realized either in organic media
116,117

 or in water.
118

 Over a large 

range of different monomers utilized in the synthesis of conducting polymers the 

common point is that all these materials present a double conjugated structure 

alternated between double bonds and single bonds. After the polymerisation process, 

it is essential that the integrity of the chemical double bond conjugation is maintained.                

Polypyrrole was the first conducting polymer to be proposed for application as 

actuating device by Baughman et al in 1991.
84

 From this initial work, a large number 

of developments have been made in the synthesis, characterisation and application of 

conducting polymers actuating devices.
119

 Even thought different types of conducting 

polymers films are under investigation for the design of actuating devices, the most 

studied systems consist of polypyrrole, polyaniline and PEDOT. In the following 

subchapter the polymerisation mechanism for polypyrrole is described. 
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1.5.1 Polymerisation Mechanism 

 

The mechanism of conducting polymer synthesis has been studied and 

different modes have been proposed. A review paper published in 2000
120

 discussed 

the different mechanisms of the synthesis of polypyrrole. They concluded that the 

Diaz mechanism was the most complete to explain the polypyrrole synthesis. We are 

going to use this proposed mechanism as the most probable, which is according to the 

original mechanism proposed by Diaz in 1981.
121–124

 The polypyrrole mechanism can 

be extended for other five members ring electroactive monomers such as 

polythiophene and PEDOT. The first step in the anodic electropolymerisation happens 

as soon as the respective oxidation potential is reached. At this point, the formation of 

radical cations proceeds through one electro-oxidation of the aromatic ring. The next 

step is the radical coupling (RC) and the subsequent deprotonation of the dimeric 

species, as shown in Figure 1.8. 

The following step consists of the chemical propagation. One electron is 

removed from the dimers to form a second positively charged radical dimer by 

another oxidation.  

The polymerisation reaction proceeds to the oxidation of the dimer into a 

radical cation. The oxidation potential for the dimer is lower then that for the 

monomer due to the localization over the 2 rings. This process happens more quickly 

at the potential applied, which is for the oxidation of the monomer.  

Considering that dimers and high oligomers are more oxidizable, these 

oligomers react further to build up the polymer chain. In these oxidized species the 

position 5-5  is the most reactive. In the following step, the monomer radical can 
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react with the dimer and form a trimer. With the chain growth, the pyrrole oligomers 

become insoluble and precipitate on the electrode.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 – Polymerisation mechanism of polypyrrole 
121

 

 

These processes sequences continue until the final polymer is attained. The 

final product is not a non-conducting neutral polymer but in its oxidized form. To 

balance the charges, ions which are present during the polymerisation process, will be 

attracted to the film giving the film its electro neutrality. This process is called 

doping. Normally the polymers carries a charge every 3 to 4 monomer units. As 
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probed by elemental analysis and XPS, the film obtained consists of about 65 % 

polymer and 35 % anion.
125

  

 

1.5.2 Polymerisation Defects  

 

Some processes can result in the formation of side reaction in the polymer 

chain, resulting in the formation of undesirable chemical group formation. For 

instance, the trimer can form coupling reactions with oligomers between the positions 

5  3 .
126

 With the increase in the polymer chain, the higher degree of the charge 

delocalization results in the increase of the reactivity of other positions in the cyclic 

ring. This coupling is normally responsible for the decrease in conductivity and the 

poor crystallinity of polypyrrole.
127–134

 Another possible side reaction includes the 

water attack during the polymerisation process.
135

 This reactions are shown in figure 

1.9. A large number of studies have shown negative effects in the polymerisation of 

the conducting polymer films, which normally depends on the solvent type, 

electrolyte concentration and temperature.
136

 The inaccurate selection choice of these 

parameters will result in films with low conductivity, low tensile strains, low 

malleability, higher film roughness or even in some cases, the non obtained of films 

but only deformation of powdery samples.
137
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Figure 1.9 – Overoxidation process during the polymerisation of pyrrole 

 

1.5.3 Doping of Conducting Polymer Films 

 

The double conjugated structures in conducting polymers are not enough for 

assuring the electronic and ionic charge transport in conducting polymers. Shirakawa 

et al. demonstrated that including of the counter ions increased dramatically the 

conductivity in the polymer films and this was denominated doping.
101

 There are two 

types of doping processes in conducting polymer films: n-doping and p-doping. The 

great majority of the polymers are of p-type. Examples of n-types doping include 

polyacetylene, poly(PEDOT).
138

 In n-doping, the polymer chain is negatively charged 

by the addition of electrons in an oxi-reduction process. To maintain the neutrality, 

cations should enter the polymeric structure. In p-doping the polymer backbones are 

positively charged. In order to balance these charges, an ion present in solution enters 
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the film. Polymers contain aliphatic conjugations or a larger number of benzene rings 

normally undergoes this process.
138

 This doping process is similar to those of 

semiconductors like silicon. The main difference between the process in the semi 

conductor is in the electron mobility.
139

 Normally, in conducting polymers the 

mobility is lower. Some polymers are also denominated self-doped polymer.
140

 These 

polymers have a weak acid group attached to their backbone, so their charge 

balancing is achieved by the charge on their side chains. 

 

1.6 Conducting Mechanism in Conducting Polymers 

 

1.6.1 Charge Transport in Conducting Polymers 

 

As a universal rule, the property of electrical conductants is confined to 

materials that i) have charged species (electrons or ions) in their structure and ii) that 

this charged species can move freely in the material. This rule applies to nearly all 

systems, however the mechanism of this process depends upon the material.  

In conjugated polymers, the polymer backbone is formed by the connection of 

carbon atoms by 2 types of bond:  bonds and  bonds.  bonds are formed by the 

end overlap of sp2 orbitals, while  bonds  are formed by the side overlapping of p 

orbitals. In conducting polymers, three of the four valence electrons of the carbon 

atoms are used to form the  bonds (stronger than  bonds), while the remaining 

electron stays in a p-orbital, forming the  bonds, which are non-localized.
141

   

The succession of  electrons in the carbon atoms is overlapped and forms the 

 bonds.   The  bonds are weakly bonded between the carbon atoms and this leads to 
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the electron delocalization along the polymer backbone. The  bonds are shared by all 

carbon atoms connected by  bond, i.e. the alternation of single and double bonds in 

conjugated polymers results in the  bonds being shared by the whole polymer 

backbone.
100

 

When forming bonds, orbitals need to be conserved, so both  bonds (bonding 

orbitals) and * bonds (antibonding orbitals) are created. In this system the  bonds 

are fully filled with electrons and called the highest occupied molecular orbital 

(HOMO), whereas the * bonds are empty and called the lowest unoccupied 

molecular orbital (LUMO). This is analogous to the conduction process in semi 

conductors such as silicon with the  bond behaving as the valence band and the * 

bond as the conduction band.
142,143

 An energy gap Eg appears between the highest 

occupied state in the  band and the lowest unoccupied state in the * band. This 

leads to the conducting polymers behave as a high band gap semiconductor.
144,145

 The 

doping of conducting polymers increases the conductivity by creating sufficient 

charged carriers in the conduction band.
146

 Even though the doping of conducting 

polymers is analogous to that of conventional inorganic semiconductors (like silicon, 

germanium, etc.), remarkable differences are observed. Whereas in inorganic 

semiconductors the concentration of dopant atoms is very low (~ 1 in 10
6
 host atoms) 

and their substitution takes place directly in the host lattice; in conducting polymers 

the presence of dopants reach several percent in respect to the carbon atoms of the 

polymer and their dopant ions reside outside the polymer chain. Also, unlike the 

charge carriers in high band gap semiconductors, the charge carriers created in the 

polymer network induce lattice distortion
146,147

 . The doping of conducting polymers 

can be achieved by chemical and electrochemical methods as explained previously. 
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The degree of doping in electrochemically synthesized conducting polymers can be 

varied by changing the electrochemical potential between the polymer and the 

reference electrode, by controlling the amount of ions inserted or removed from the 

polymer.
148

 The degree of doping causes changes in the physical and chemical 

properties of these materials. 
148–152

 In conducting polymers the number of charge 

carriers that can be removed is limited, and experimental observation reveals that one 

electron can be removed for every 20 carbon atoms.
153–155

  

Due to the lattice distortion caused by the charge carriers in conducting 

polymers, they are not denominated as hole and electron, what is the case for 

semiconductors, but solitons, polarons and bipolarons.  

 

1.6.2 Soliton, Polarons and Bipolarons 

 

Solitons, polarons and bipolarons are the self-localized fundamental 

excitations of conjugated polymers.
139,153,156

 Solitons are charged carriers confined to 

conjugated polymers, which present a ground state degeneracy such as in 

polyacethylene and due to their irrelevance to this work they will not be discussed.  

Polaron is a quasi-particle composed of a charge carrier and a lattice distortion 

bounded with it. To lower their energy, the charge carriers when trapped in a 

localized state, distort their surroundings to some extent. As a rule of thumb, the 

charges moving in a polar crystal will attract the oppositely charged ions and repel 

similar type charges, resulting in a polarization of the medium, which consequently 

affects the motion of charge carriers. In soft materials, like conducting polymers, 

polaron formation is resultant of a strong electron-phonon interaction. Polarons have 
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charge (q = +-e) and spin (s=1/2). From the point of view of polymer chemistry, 

polarons are regarded as a radical cation as shown in Figure 1.10. 

 

 

a)  

 

 

 

b) 

 

 

 

c) 

 

 

 

Figure 1.10 – Chemical structure of polyryrrole in its a) neutral form, b) radical cation 

(polaron) and c) radical dication (bipolaron) 

 

 

 If another electron is removed from a polymer chain, the removal of the 

electron from a polaron (which has already been formed) is energetically favorable 

rather than creating another polaron. The bound state of two polarons combined with 

a strong lattice distortion is called bipolaron. As the bipolarons are spinless, their 

movement contributes only to charge transport and no spin transport. Bipolarons can 

also be viewed as dications. During the doping of conducting polymers, the charge 

carriers introduce additional energy levels between the HOMO and LUMO as shown 
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in Figure 1.11. At large doping states a finite density of states in the Fermi level is 

expected to induce a metallic behaviour of the conducting polymer. However, this 

process is obscured by the polymer disorders.
157

               

The electrical transport in bulk conducting polymers is thought to occur by a 

hopping mechanism. 

 

 

 

 

 

 

 

 

 

Figure 1.11  - The band structure evolution of PPy upon different degrees of doping. a) 

undoped polypyrrole, b) intermediate doping level and  polaron band formation, c) high 

doping level with bipolaron band formation and d) 100% doping level mode of polypyrrole 

 

 

Although solitons, polarons and bipolarons are the fundamentals charge 

exicimers in conjugated polymers, their conduction mechanism is used to explain the 

electric and electronic transport only at the molecular level, i.e in the intrachain 

mobility. The mechanism of bulk conductivity of conducting polymers is still of 

controversy and explained by different models,
143,150,153

 which will be summarized in 

the next subchapter. 

 



Chapter 1 

 

 29 

1.6.3 Conductivity in bulk conjugated polymers  

 

Conjugated polymers are generally regarded as quasi-1(one) dimensional 

metals, what comes from the fact that the combination of their strong intrachain 

interaction (due to the covalent bonding in the polymer backbone) and their weak 

interchain interactions (resulting from the van der Walls interchain coupling), lead to 

the delocalization of the π electrons. 

Conducting polymers double conjugation does not extend infinitely, the 

polymer chains twist and form coiled and disordered structures, hindering the π cloud 

conjugation and conferring the commonly observed amorphous characteristics in 

polymers. The length or number of units to which the order and π cloud interaction is 

maintained is known as conjugation length. Therefore the bulky structure of 

conducting polymers is treated as a random distribution of crystalline (organized) 

domains and disordered regions, what is responsible for the anisotropy of conjugated 

polymers.  

To assure the long-range transport throughout the polymeric structure, the 

barrier imparted by the disordered region has to be overcome. The way to maintain 

the conduction path is through a phonon-assisted hopping process of charges between 

the electron-localized regions.
157–160

 Also the granular metal model has been used 

explain the conductivity in the conjugated polymers.
161–163

  In this model, the way to 

maintain the continuity of conduction in the bulk structure of conducting polymers is 

achieved by the electron charge tunneling between the crystalline islands and the 

insulating islands. More recently, the Quantum decoherence on localized electron 

state has been discussed as the fundamental mechanism behind electron transport in 

conductive polymers.
164
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1.7 - Conducting Polymers Actuators 

 

     Burgmeyer and Murray
165

 studied polypyrrole membranes and reported 

that the membrane permeability could be controlled by the application of switching 

electrical potentials. They explained that this control was due to differences in the 

pore size depending on the redox condition in the polypyrrole film, which was 

accompanied by a volume change in the conducting polymers. Although not dealing 

with conducting polymers, this piece of work is regarded as a first report indicating 

the volume change in conducting polymers. In 1991, Baughman
166

 proposed the 

volume change observed in polypyrrole to be explored in the fabrication of actuators. 

The driving force in conducting polymer actuators is the remarkable volume change 

that this type of material undergoes at different potentials. This process is reversible, 

what makes possible to control and tune this volume change into an actuating 

device.
90

 The principle of the volume change in conducting polymer films is based on 

the fact that when conducting polymers are switched between oxidized state or, in 

fewer cases, reduced, to the neutral state or vice-versa. When a doped polymer is 

switched from the oxidized state to the neutral one, the ion surrounding the initially 

positively charged polymer backbone will move away. The next process can happen 

in two different ways regarding the mobility of ions. If loose ions are presented within 

the polymer structures, the ions will go out into the solutions with the reducing of the 

polymers, causing the polymer volume to decrease. On the other way around, when 

the polymer is oxidized, and charged, negative ions and solvent molecules will move 

from the solution, enter the polymer and cause it to swell. In this case, oxidation leads 

to   the swelling of the polymer whereas the reduction to the polymer to its shrinkage. 

On the other hand, when large and immobile ions are trapped within the polymer, the 
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actuation is in reverse way. During the reduction, the entrapped anions tend to move 

away from the polymer as it is neutralized. However due to their immobility, cations 

will move into the solution to neutralize the negative charge, leading to the swelling 

of the polymer. When the type of polymer is oxidized, the immobile anions approach 

the conducting polymer, expelling the balancing cations and the polymer shrinks. 

Figure 1.12 depicts the actuating mechanism in conducting polymer films.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12 – Actuation mechanism of polypyrrole. a) In the oxidation the polypyrrole film 

expands with the solution ions migration to balance the developed positive charges.  b) In the 

reduction the migrated ions are expelled from the polymer network and the polymer contracts.  

 

1.7.1 - Polypyrrole conducting polymers actuators 

 

Angeli first prepared polypyrrole in 1916 by the chemical oxidation of the 

pyrrole monomer using hydrogen peroxide (H2O2).
167

 In 1968, Dall‘Ollio
168

 observed 

the conducting properties of polypyrrole prepared electrochemically and in 1979 Diaz 

established the polymerisation of polypyrrole using electrochemistry.
102

 Otero et all  
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prepared the first conducting polymer actuators in 1992.
90

 It consisted of bilayer of 

polypyrrole and a layer of a non-conducting tape. This bilayer was cycled in an 

electrolyte and showed bonding motion in response to the electric field. The 

experiment is depicted in the following Figure 1.13. 

Otero also coined the term electrochemomechanical deformation. In the 

following years, a large number of studies regarding the design and the 

characterisation of CP actuators was carried out.  

 

 

Figure 1.13 -  Bilayer actuation mechanism of polypyrrole films.  

 

 Polypyrrole actuators can show active strains up to 40 % and produce stress 

as high as 15 MPa.
169

 With these outstanding characteristics, this material has been 

proposed for the application in micropumps,
170

  microlens,
171,172

 and other devices.    

 

1.7.2 - Poly(3,4-ethylenedioxythiophene) Conducting Polymers Actuators 

 

Polythiophenes are a class of conducting polymers analogous to PPy, where a 

sulphur atom, instead of a nitrogen atom in the case of pyrrole, is connected by four 

conjugated carbons forming a five membered ring.  
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Thiophenes were first discovered as impurities in the synthesis of benzene
173

. 

The first synthetic approach for thiophenes was made in the 1950‘s.
174

, but the 

discovery of its high conductivity was only to happen decades later.
175,176

 The 

development of its process resulted in materials with very high conductivities
177

. 

These materials presented remarkable properties but their insolubility and infusibility 

represented a huge drawback for their application in commercial products. Another 

hindrance in the usage of this class of polymer was their short-lived performance. 

Polythiophenes are very unstable in air and humidity, what is easily observed by the 

change in colour and decrease in conductivity.
178

 

In order to overcome this problem, a large amount of effort was made by 

companies such as Hoescht in Germany and other researchers.
179,180

 They synthesized 

different types of thiophene containing branched group in the position 3 and 4 of the 

aromatic ring in order to stabilize the S heteroatom, but the obtained products could 

not be used for technical purposes due to the low conductivity they presented in their 

doped state. 

In Germany Bayer, which owned Agata in the 1980‘s, led their researchers 

into the field of CP as a possible antistatic coating for photographic films.
181,182 They 

performed the synthesis of closed infused cycle in the thiophene structure and after a 

few failures they invented EDOT and soon devised its chemical and electrochemical 

polymerisation. They patented this material in 1988
183–185

 and its outstanding 

properties were soon revealed in the scientific community. PEDOT was the highest 

conductivity CP at that time, presenting high stability and low polymerisation 

potential. PEDOT was first proposed as an antistatic coating film and the finding of 
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their solubility when mixed with PSS (poly styrene sulfonate) made these materials 

perhaps the CP with the largest application ever. 

After the disclose of such impressive materials, a large number of application 

were revised and nowadays their application spans from electrochemical materials, 

solar cells, light emitting diodes to actuators.
186,187

  

 

 1.7.3 Properties of PEDOT 

 

The outstanding properties of PEDOT are evident from the moment of its 

polymerisation from the monomer EDOT, which happens at low potentials (~ 1V) 

when compared to other polythiophenes polymers. During the polymerisation, the 

saturation of the position 3,4 infers the lack of reactivity in this site, leading to less 

defective and crosslink the polymer. The chemical structure of PEDOT renders a high 

stability of polymer even though its over oxidation is believed to happen at higher 

potentials similar to the degradation observed in polythiophenes. Barsch et. al.
188

 

studied the over-oxidation phenomenon in polythiophene films and observed that the 

degree of over-oxidation was highly related to the content of water present in the 

cycling acetonitrile solution. The over-oxidation mechanism starts with the oxygen 

binding to the sulfur atom in the thiophene ring and the formation of SO2  and later, its 

detachment, causing the backbone to be broken. In the case of PEDOT, over 

oxidation studies have been carried out by Electro Paramagnetic Resonance and other 

techniques
189–191

, and the sulfone formation is also suggested as the main mechanism 

in the over oxidation process as shown in Figure 1.14.  
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Figure 1.14 – Over-oxidation mechanism of PEDOT 

 

In its undoped state PEDOT presents a band group of 1.5 V,
192

 which is 

decreased to 1 <eV in the oxidized state.
193

 This leads to a rise of conductivities 

higher than 300 S cm
-1

. PEDOT is also environmentally stable
138

 and present 

temperature stability up to 300 C depending on the dopant.
194

 

When mixed with boiling solvents such as NMP, PEDOT/PSS is transparent, 

what in turn make it applicable in electronic devices such as touch screens and LCD 

TVs.
195

  

1.7.4 PEDOT Actuators 

The commonly observed volume change in CPs was first reported for PEDOT 

by the Inganas‘s group in 1996. They designed a bilayer film of PEDOT and an 

insulating layer of polyvinylidene difluoride (PVDF) and used the beam deflection 

technique to observe the contraction and expansion of the films.
196

 In 2002 Vidal et al 

prepared an Interpenetrating Polymer Network (IPN) of PEDOT actuator based on the 

mixing of PEO and PEDOT.
197
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The easily observed deflections were a good indication of the possibility of 

using PEDOT as actuating films.
197

 Similar PEDOT actuators were developed by 

Vandesteeg.
198,199

 The system showed linear actuation in the range of 3 %. Kiefer et al 

studied the polymerisation of PEDOT in propylene carbonate at different 

conditions.
200

 The investigation of the actuating performance of the free standing film 

was accomplished in aqueous and non-aqueous solvents.
85

  

 

1.8 – Characterisation  

 

In order to make the best use of conducting polymers material for actuators it 

is of fundamental importance to study a diverse number of properties of these 

materials. Conducting polymers are multi faceted materials with outstanding optical, 

electrical and mechanical properties. When dealing with a conducting polymer with 

an actuator purpose in mind, parameters such as film stiffness, elongation at break, 

extent of actuation and actuation time should be well characterised. The main 

characterisation techniques are briefly explained in the following sections. Although 

the discussed techniques can be used to characterise different forms of conducting 

polymer samples, they can be used for the characterisation of samples with the 

appropriate dimensions to be used as an actuating strip as the ones in this research 

work. The following characterisation techniques are suitable for all of our polymer 

films with a minimal sample preparation.  
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1.8.1  Physical Characterisation    

 

The performance of actuators is directly related to the extent of the actuating 

ability of this material. The first polymeric actuators were of bending mode and they 

were normally expressed in radian, with the development of bending actuators 

complex, mathematical models were used to model and convert the results into 

strain.
201

 

The next step was the development of linear actuators. In this type of actuators 

the linear dimensional changes are measured straightforwardly. Laser displacement 

meters have shown to be very useful in the linear actuation.
202

 In this set up, the 

polymer films are set aligned with the laser source and the detector. One end of the 

film is connected to a load while the other end is fixed with a clamp containing the 

electrical contact. The laser beam is focused in one specific spot and the differential 

position of the spot can be accurately measured by the laser displacement meter 

detector. Another commonly used technique for determining such properties are based 

in the direct measurements of deflections observed in fixed arms when the polymers 

films are actuated. Step motors have been applied in such measurements with 

resolution of few micrometers. The extent of actuation is commonly given as strain, 

which is calculated as follows:  

                                        
i

if

L

LL
l


                                         (1.1) 

where ∆l is the actuating strain, Li is the original film length and Lf is the 

actuated length.  
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The unit of strain is dimensionless, but normally is expressed as a percentage. 

To evaluate the speed of actuation, the strain obtained is rationed by the time 

necessary to obtain such dimensional change. This is normally given as strain per 

seconds and denominated strain rate. Another valuable information about the 

performance of conducting polymers comes from the volumetric change they undergo 

with the ion flux and these measurements are denominated out of plane actuation. 

Microscope techniques, mainly AFM (atomic force microscopy)
203

 and optical 

microscope,
204

 are used to acquire volumetric changes in conducting polymers films. 

The force developed by the conducting polymer while subjected to an ion movement 

in and out of the polymers is denominated polymer stress when rationed by the cross-

sectional area. The measurement of this parameter is of significance for development 

of some MEMS based on polymers actuators. 

The force developed by the conducting polymers actuators can be measured in 

different ways. An AFM cantilever can be used to measure the stress developed at a 

microscopic level.
205

 The forces generated by the conducting polymers are also 

normally measured with the help of step motors. In this case the film is stretched 

between two clamps and their change in the force is measured by the stress induced to 

the step motor from the ions movement. 

 

1.8.2 Morphological Characterisation 

 

Valuable information on the quality and type of films can be gained by 

morphological characterisation of polymer films. Scanning Electron Microscopy 

(SEM) images
206–209

 provide useful information regarding the morphology of 
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conducting polymers. Different synthesis conditions result in different film structures 

and they can be easily probed by SEM technique. Film smoothness, porosity and 

defects are visually identified in the SEM images. Another important information 

about conducting polymer films is their thickness, which can be obtained by using a 

profile meter or alternatively, the cross-sectional imaging of the polymers films by an 

SEM instrument. AFM gives surface characteristics information about the polymer 

films such as topographic imaging and the surface roughness, which can be correlated 

to the degree of disorder in the polymer chains.
210–213

 X-ray diffraction (XRD) 

techniques
208,209,214

 are also of great importance in the characterisation of the CP 

films. The amorphous to semi crystalline domains in the CP polymer films translate 

into different X-ray diffraction patterns. Information on the basal distance in the 

laminar configuration film uniformity and repeating molecular units per cells 

structures can be resolved by the use of XRD techniques. 

 

1.8.3 Chemical Characterisation                   

 

Spectroscopic characterisation of conducting polymer films evidences the 

fundamental characteristics of this material at a molecular level.
215–218

 Infra red 

spectroscopy was used for the characterisation of CP films in parallel with Raman 

spectroscopy.
219–224

 The combination of both spectroscopic techniques results in a 

complete characterisation of all the vibration, rotational and bending modes of the 

different chemical groups in the chemical structure of CP films. A close inspection 

and interpretation of the denominated fingerprint region, i.e., the region containing the 

majority of the peaks, reveals primordial information about the polymer chain- 
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polymer chain interactions, polymer chain-dopant interactions and the information of 

side chain formation. X-ray photoelectron spectroscopy (XPS) has been continually 

used for the characterisation of conducting polymer films. XPS
225,226

 can be used to 

determine the doping level in the polymer films and the attachment of different 

moieties and particles in the polymer films.  

 

1.9 – Conducting Polymers Nanocomposites 

 

Composite materials, by plain definition, are the combination of two or more 

materials (phases), which differ in composition or form on a macroscopic scale. The 

materials are formed from physical or chemical interactions between the constituents, 

however a new chemical structure is not formed. The constituents do not dissolve or 

merge completely into another retaining their identities, i.e., their chemical, and 

physical and mechanical properties. The composite materials properties are different 

than the simple addition of the initial materials properties taken apart. The composite 

materials constituents normally work in concert to improve the final material 

properties. This makes easier the distinction between composites and other systems 

like alloys (the constituents dissolve one in another) or copolymers (new chemical 

structure is formed). 

When one of the phases in the composite has at least one dimension in the 

order of nanometre, a nanocomposite is obtained. The nanocomposites based on 

conducting polymers have been studied and developed in the past decades. From 

initial works of metal nanoparticles
227 

and metal oxides
228

 conducting polymers 

nanocomposites, the research has spawn to the incorporation of a diverse number of 



Chapter 1 

 

 41 

nanostructure materials combined with conjugated polymers such as Carbon 

Nanotubes (CNT),
229

 and Graphene.
230–232

 

 

1.9.1 Metal Nanoparticles 

 

Metal nanoparticles have been in center of the nanotechnology since its early 

beginning. Even though metal nanoparticles have been around for centuries, the 

proposed synthesis and study were first reported by S Faraday in 1857.
233

 Metal 

nanoparticles are particulate materials in the nanometric order. Due to their 

infinitesimal dimensions, metal nanoparticles behave in a completely different 

manner than in their macroscopic dimension; having their properties governed by 

quantum mechanics instead of the classic mechanic physics. 

The main characteristics of metal NP are the high surface area to volume ratio, 

optical interaction with waves and lowered melting point compared to the materials in 

bulk. From these aspects, metal nanoparticles have been used in areas such as 

catalysis,
234

 sensors
235

 and optical devices.
236,237

 Due to their exceptionally small 

dimensions, nanoparticles atoms are largely located on its surface rendering high 

reactivity and thus making them excellent materials for catalysis.  

The number of atoms on the surface to the number of atoms in the bulk structure of  

nanoparticles increases with the decrease of NP size. These features explains the large  

efforts to fabricate nanoparticles of very small size and control their aggregation. The 

particles size and distribution, solvent type and aggregation mode play primordial 

roles in the properties of these materials, thus enabling the tuning and manipulation of 

the ultimate nanoparticles properties. In order to obtain stable nanoparticles of 
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definite sizes, a large number of efforts have been made in order to stabilize metal 

nanoparticles by using different capping or protecting agents such as thiol 

functionalized molecules, surfactants and dendrimers,
238–240

 as shown in Figure 1.15. 

 

 

 

 

 

 

 

 

 

Figure 1.15- Depiction of a red metal nanoparticle solution of Au and the enlarged view of 

the particles, showing their stability through electrostatic repulsion and the view of a single 

nanoparticle protected by a capping agent  

 

1.9.2 Metal nanoparticle conducting polymer nanostructures 

 

Nanocomposites obtained by the combination of metal nanoparticles and 

conducting polymers have emerged as new materials with new and augmented 

properties.
241–244

 

Tourillon and Garnier
245

 were the first to report the synthesis of metal 

nanoparticles with conducting polymers for catalytic purposes. They immersed 

poly(3-methylthiophene) in Ag/Pt salt solution and the polymer film acted as a 

reductant. Chandler and Pletcher
246

 also developed the synthesis of palladium, 
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platinum, ruthenium and lead nanoparticles nanocomposites with pyrrole using a in 

situ polymerisation process using a constant potential technique.  

The conducting polymer nanocomposite formation has been achieved by 

different processes. In short, the nanocomposites fabrication can be divided in 2 

different routes depending on how the nanocomposite is formed. The ‗in situ’ route 

involves the preparation of metal nanoparticles beforehand and their inclusion in the 

polymer during the polymerisation of the conducting polymer with the nanoparticles 

being present in the polymerisation solution.
247

 Another possibility of the in situ 

polymerisation is the reduction of the nanoparticles by the conducting polymers 

themselves when the nanoparticle precursor is added in the polymerisation 

solution.
248,249

  

The ‗ex situ’ route is obtained by the polymer film fabrication followed by the 

post-synthesis incorporation of the metal nanoparticles into the pre-synthesized film 

by different methods such as dip coating and layer-by-layer deposition.
250,251

  

Alternatively, the ex situ route is attained by the combination of inclusion of 

the nanoparticle precursors with the polymer films and their subsequent reduction to 

obtain metal nanoparticles.
252

  

Vork et al
253,254 

deposited Pt nanoparticles in polypyrrole films as early as 

1986. Bose et al
255

 prepared Pt nanoparticles through the in situ polymerisation 

method. In the last decade a number of studies of conducting polymers with metal 

nanoparticles have been published.
256,257

 Most of these works resulted in materials 

with improved performance in comparison to the pristine materials, such as an 

enhancement in the sensing ability and electrochromic properties.
258–260

 For instance, 

an improvement in the coloration efficiency and switching time response in 

electrochromic devices composed of PEDOT and Ag or Au nanoparticles in the range 
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of 60 nm was observed.
249

 In another example, the fabrication of nanocomposites of 

polyaniline nanofibers and Ag or Au ranging from a few nanometres to a few 

micrometres, depending on the synthesis condition, resulted in an impressive increase 

in the conductivity of these materials.
248

 The inclusion of Au nanoparticles in PEDOT 

films has achieved a high increase in the speed of electrochromic switch in these 

materials.
253

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16 – Schematic diagram of different routes for the synthesis of polymer metal 

nanoparticles  

 

In spite of the considerably large number of studies concerning the 

nanocomposite materials of conducting polymers and metal nanoparticles, the vast 

majority of them rely solely in investigation of the catalytic properties, or sensing 

ability of these nanocomposite materials, and in a few cases, in electrochromic 

devices. The study of the chemical, morphological and physical changes in the 

conducting polymers upon the metal nanoparticle nanocomposite formation is scarce. 

The study of these materials towards the application in microelectronic machine 
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systems such as actuating devices is also lacking. A nominal work showed that a large 

degree of actuation was obtained when TiO2 nanoparticles were introduced in 

polypyrrole films,
261

 however a direct comparison with the same system in the 

absence of nanoparticles is missing. In another example, Au nanoparticles were 

combined with polypyrrole films to obtain nanocomposites and the actuating 

behaviour of these films were studied. Yet, no result regarding the comparison with 

pure polypyrrole films in the performance scenario was presented.
262

 

In the course of this thesis, the nanocomposite formation of Pt nanoparticles 

with conducting polymers has been carried out as a possibility for the improvement of 

the chemical, structural and physical properties of polymer films.  The final properties 

of the conducting polymer films can be manipulated by a range of parameters such as 

electrosynthesis condition, polymer film thickness, dopant type and solvent type. 

Thus the choice of the polymer film synthesis and test conditions were judiciously 

selected for each of the different types of samples prepared in the course of this study.  

The different routes for the nanocomposite formation are presented and 

discussed. The synergistic cooperation of the nanoparticle and conducting polymer 

properties is investigated through the morphological-polymerisation viewpoint and 

also the comparative study of pristine versus Pt nanoparticles modified actuating 

performance is investigated. 
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Chapter 2 - Experimental Methods 

In this chapter, all procedures and techniques used in this thesis will be 

outlined. A brief explanation will be given about the main processes used to obtain 

and characterise the conducting polymer materials. Specific and detailed 

explanations will be given, when necessary, in the respective chapter in which the 

technique was used. 

 

2.1 Polymerisation techniques 

 

A diverse number of techniques have been employed in the synthesis of 

conducting polymers. The advantages of electrochemical over chemical 

polymerisation include: the fast one step deposition at different substrates and the 

ease control of thickness and other parameters such as compactness.
263

 

The different forms of electrochemical polymerisation include galvanostatic, 

potentiodynamic and potentiostatic electropolymerisation. Among the three 

aforementioned ways of polymerisation, potentiodynamic polymerisation is achieved 

by applying a dynamic potential over a defined potential range. In this case, the films 

are generally more porous and suitable for sensors applications, where the interaction 

between the polymer films and the analyzed species is increased greatly due to the 

large surface area. On the other hand, galvanostatic and potentiostatic polymerisation 

methods result in more compact films, what makes them more suitable for the 

actuation purposes. Keeping this in mind, the potentiostatic polymerisation and 

galvanostatic polymerisation were used as the main polymerisation techniques. 
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All Ppy films in this thesis were fabricated using a CHI Instruments 

electrochemical workstation (Model 650) or Biologic electrochemical workstation 

VSP - Modular 5 Channels Potentiostat/Galvanostat/EIS. Both were connected to a 

computer supplied with the appropriate software for data collection. For the polymer 

synthesis a three-electrode cell set-up was employed (Figure 2.1 a). In the synthesis of 

free-standing polypyrrole strips, the set up was composed of a stainless steel plate of 

marine grade (316) as the working electrode, a Ag/AgCl (3M KCl) (BASi RE-5B) 

(+207 mV versus SCE) electrode as the reference electrode and another stainless steel 

counter electrode (316). Typically, in an electrochemical cell used for the 

polymerisation of polymers, either the potential or the current is directly applied to 

the working electrode and flows through the solution to the counter electrode, which 

completes the circuit. The reference electrode is used in order to accurately measure 

the potential or current developed in the system with little or no interference in the 

electrochemical cell. The desired potential or current applied to the working electrode 

is responsible for the oxidation of the conducting polymer monomers, which then 

deposit on this electrode continuously, forming a film.      

The polymerisation area was delimited by the use of Kapton tape by initially 

fully covering the electrode with Kapton tape and then an area of about 1 cm x 1 cm 

was cut and peeled off the stainless steel with a scalpel as shown on figure 2.1 b. The 

counter electrode was fully exposed to the solution, as it is generally recommended 

that the counter electrode area should be larger than the working.
264
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     a      b  

Figure 2.1 – a) Sketch of Cell configuration for the polymerisation of conducting polymer for 

actuation studies and b) masked stainless steel containing PPy film 

 

This stainless steel containing the masked area for polymerisation was set 

facing the tape free counter electrode.  To minimize the errors associated with the 

counter to working electrode area ratio, this parameter was kept constant by using the 

same volume of the polymerisation solution and the working electrode area 

throughout the experiments. The counter to working electrode distance was 

maintained throughout the film polymerisation at 2 cm. 

In the case when polypyrrole films were polymerisation for EIS, the set up 

was composed of a rod Pt electrode as the working electrode (1mm dia.), a Ag/AgCl 

(3M KCl) (BASi RE-5B) (+207 mV versus SCE) electrode as the reference electrode 

and a Pt sheet of 1x 1cm as the counter electrode (Figure 2.2).   
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Figure 2.2 - Cell configuration for the polymerisation of conducting polymer for 

electrochemical impedance spectroscopy. 

 

2.1.1 Chronoamperometric deposition 

 

In chronoamperometric deposition technique a constant potential is applied 

between the working and the counter electrode and the current is measured against the 

reference electrode in a 3-cell configuration. This technique was first reported for the 

polymerisation of PPY by Dall‘Olio et al in 1968
265

. However, due to the brittle 

character and the low conductivity of 8 S/cm, the films showed limitations and were 

not of much practical use.  In 1981, Diaz et al published a work that is regarded as the 

first electrochemical polymerisation of free standing films
102

 and it was performed 

galvanostetically. The advantages of this technique include fast polymerisation, 

constant control of the polymerisation across the film/substrate interface and later on 

film/film layer deposition and control over the polymerisation potential at miliVolt 

level. Nonetheless, due to the fast polymerisation process, less uniform and more 

defective films were formed and this represented the main disadvantages of this 
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technique when compared to galvanostatic polymerisation.  The applied potential has 

to be of high enough magnitude to oxidize the species in solution. This potential is 

dependant on the electrolyte type and concentration, pyrrole concentration and solvent 

used.       

 

2.1.2 Chronopotentiometry deposition 

 

In the galvanostatic procedure a controlled current is applied between the 

working and the counter electrodes and is controlled in respect to the reference. The 

potential developed in the working electrode is monitored and recorded against time. 

The resultant current is correlated to the solution and polymer solution resistivity as 

predicted by the Ohm‘s law. An example of a chronopotentiogram obtained in this 

work is shown on Figure 2.3. 
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Figure 2.3  Typical chronopotentiogram for the polymerisation of Ppy 
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Q i  t

This technique results in films with high homogeneity deposition when low 

current densities (current/deposition area) are applied. The lower the current density, 

the more compact the films are expected to be and the longer will be the deposition 

time. The amount of deposited film is calculated from the total charge consumed 

according to the formula: 

 

                                                                           (2.1) 

 

Where i is the current used and t is the polymerisation time.  

 

2.2 Electrochemical Characterisation Techniques 

 

 2.2.1 Cyclic Voltammetry (CV) 

 

Cyclic Voltammetry (CV) is one of the most useful techniques in the area of 

electrochemistry. It is of paramount importance when qualitative and quantitative 

information regarding electrochemical systems are required. It is carried out by 

measuring the current developed as a function of an applied potential. The resultant 

current is plotted against the scanned potential window and this plot provides 

information of the chemical-electrochemical transitions in the electrolyte/electrode 

interface. This technique is very effective in the study of redox systems. An example 

of cyclic voltammogram is shown in Figure 2.4.      
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Figure 2.4 A typical current vs voltage curve obtained by cyclic voltammetry 

 

The important information that can be obtained from the cyclic 

voltammograms are the anodic peak potential (Epa), the catodic peak potential (Epc), 

the observed minimum and the maximum developed currents, respectively, 

denominated anodic current peak (ipa) and catodic current peak (ipc).      

Due to different electrode/electrolyte processes and charge transfer rates, the 

anodic and catodic peak potentials do not lay in the same potential. In a reversible 

systems this potential difference is estimated according to the following equation: 

 

                     ∆Ep = Epa – Epc = 59 mV/n (at 25
o
)                    (2.2) 

 

where ―n‖ is the number of electrons transferred in the redox process. In these 

systems the value of ipa and ipc are of similar magnitude. In irreversible systems the 

more separation deviates from 59 mV/n the more irreversibility is present. This is 

mainly due to the lowering of the electron transfer rate. 
266
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The peak current in the CVs is obtained from the relation: 

 

                           



I
p
 2.6910

5 n3 2
AD

1 2
v

1 2
C                                 (2.3) 

 

where Ip is the peak current (in Amperes), n is the number of e
- 

in redox 

process, A is the area of the electrode (in cm
2
), and C is the concentration of the 

analyte (in mol/cm
3
), v is the scan rate (in V/s) and D is the diffusion coefficient (in 

cm
2
/s). 

CV shows to be very useful in electrochemical studies as a vast number of 

parameters can be determined by using the appropriate equations.     

Herein cyclic voltammetry experiments were performed in a 3-electrode cell 

as shown in Figures 2.1 and 2.2. A Biologic or CHI 650 Potentiostat stations were 

used and they are specified later on in each of the subsequent chapters.  

 

2.2.2  I-V curves 

 

 A linear relationship between the current and the potential is expected for 

conducting materials as formulated by Ohms Law. This is a very simple technique, 

but it still produces useful results. Different materials will present characteristic I-V 

curves. By analyzing the plotted results, the materials can be classified as or related to 

conductors, resistors or batteries. A Keithley Model 2602 Dual-Channel System 

SourceMeter Instrument was used for the I-V curves measurements.    
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  2.2.3 Conductivity  

 

In order to correlate characteristics of conducting polymers, the measurement 

of their conductivities is essential. Different states of conducting polymer are 

reflected in different conductivities, moreover, the chemical composition and 

morphology, which are closely related to the synthesis conditions, yields polymers 

with different conductivities. The four probe conductivity measurement technique has 

been proven to be very efficient and of ease manipulation in the determination of the 

conductivity of a large range of materials. Based on the method of Van der Pauw 
267

 

and complemented by the considerations of Smit,
268

 this technique consists of four 

leads which are placed in a straight line and equally spaced in order to minimize the 

anisotropy in the flux of the current density which is due to the large crowding of 

electrons close to electrical contact in comparison to the more diffuse electron 

distribution along the materials. This technique greatly improves the assessment of 

conductivities by decreasing the errors associated with the sample measurements. The 

two outer pins are used to apply a current of a known magnitude and the developed 

voltage from the electron flow is measured by the other two internal leads as shown in 

Figure 2.5. The advantage of this technique relies on the fact that it can be used with 

samples of diverse size and shapes. However, the right considerations have to be 

taken into account in order to accurately interpret the data acquired. 

Although a number of factors affect the way the conductivities can be read, it 

is useful to simplify the measurements in two types: a) for very thin samples and b) 

for bulky samples. In bulky samples, a, which is the spacing between the probe leads 

is much smaller than the height of the sample, h. In this situation, it is appropriate to 
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consider the current density flowing between the outer probes in a spherical three-

dimensional way.  

 

Figure 2.5  - Depiction of the conductivity measurement of a sample by the four probe 

technique, where a is the probe pin spacing and h is the sample thickness. 

 

Then the resistivity can be calculated from the following equation: 

                       (2.4) 

In case of very thin samples, i.e. h<< a, the electron current flow is limited by 

the film thickness, h, once the film should be placed on a non-conductive surface. In 

this case, the three dimensional model does not hold any longer. The current density 

is imagined as two dimensional, circular waves. For the best of the integration of the 

current densities, the parameter h is taken into account and resistivity is calculated 

according to the following equation: 

                  

             (2.5) 

 

In this thesis, the probe spacing used was ≈ 1 mm, therefore the equation 

number 2.5 was used throughout the calculations. A Jandel multiheight system with a 

cylindrical four point probe head was applied for the films measurements. Samples 
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i  nFACD1 2 1 2t 1 2

were cut into quasi-circular shapes and a good electrical contact between sample and 

leads was checked.     

 

2.2.4 Chronoamperometry (CA) 

 

In this electrochemical technique a potential is applied in an electrochemical 

cell and the current response is measured against time.() The potential is stepped in a 

wave form, commonly in a double potential form.  The potential is changed from the 

initial potential to the first step potential and then held at this potential for a certain 

time. Afterwards the potential is again instantly shifted from the first potential to the 

second step potential. Some processes as capacity properties and diffusion rates can 

be obtained through this technique. 

 

 

 The current is measured following the Cottrell equation
269

: 

                                                                (2.6) 

 

where n is the number of electrons in the redox process, F is the Faraday 

constant, A, the area of the electrode, C, the concentration of the electrolyte, D the 

diffusion coefficient and t, the time. 

CA experiments were used in the electrochemomechanical deformation 

studies (ECMD). The method is used to evaluate the strain rate of polymer strips, i.e. 

the rate of contraction and expansion (in %) by the time.    
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2.2.5 – Electrochemical Impedance Spectroscopy (EIS) 

 

This method consists of applying a disturbance in the potential or current of a 

system under investigation. This is achieved by applying , a sinusoidal variation of 

potential with a small amplitude to the continuous main potential applied on the 

system.  In EIS the main potential is disrupted by the application of a few mV, using 

different frequency ranges in a sine wave form, and this permits an investigation of 

the electrochemical phenomena near the equilibrium state 
270,271

. The resulting current 

of applying the sinusoidal wave is used to obtain the system impedance and the phase 

angle in reference to the applied potential.  

The impedance was originally used to describe systems composed of 

capacitance, resistance and inductance
13 

and later on was extended to electrochemical 

systems once different processes contribute to the relationship between current and 

voltage. A large number of parameters can be accessed by this technique, including 

the charge transport process, film conductivity, capacitance, redox double layer, 

diffusion coefficients of charge carriers and others 
272

. The EIS has been widely 

applied to investigate the surface interface phenomena such as the kinetic of 

electrodes 
273–275

, the double layer studies 
276

, battery charge and discharge 
277

 and 

corrosion 
278,279

 , solid state electrochemistry 
280

 and bio electrochemical processes 
281

. 

The interpretation of the impedance results is done through mathematical 

models associated with electrochemical circuits. Figure 2.6 shows an example of an 

electrochemical system and its usually associated Randle‘s equivalent circuit.   

The electrochemical impedance spectroscopy was used here to investigate and 

to realize the process in the pristine conducting polymer films in comparison to the 

conducting polymer films that had the inclusion of the nanoparticles. 
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                           (a)       (b) 

Figure 2.6 – A typical impedance measurement of a conducting polymer (a) and its equivalent 

Randle‘s circuit (b) 

 

A BIOLOGIC system was used throughout the experiments and a Faradaic 

and non Faradaic impedance were investigated. 

 

2.3 – Mechanical techniques 

 

2.3.1 Electrochemomechanical deformation  (ECMD) 

 

The expansion and contraction observed when conductor polymers are 

induced to electrical field is denominated electrochemomechanical deformation. In 

designing and improvement of conducting polymer actuators the precise measurement 

of their ECMD is of crucial importance.  

An Aurora 300C dual mode muscle lever was used as the measuring device 

for the linear actuation of CP in this work as shown in Figure 2.7. In this apparatus, a 

lever arm is connected to a step motor, which measures and controls both length and 

force; this allows the operation isotonically (force is held constantly while the length 

is measured) or isometrically (length is held constantly while force is measured).  
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An arbitrary force is applied to a sample by input of an electronic signal. The 

developed force is provided as a high-level analog signal as a function of time. This 

force signal is electronically corrected to remove mechanical errors and provides a 

direct measure of the force in the sample. 

The equipment has two manual controls in order to allow the adjustment of the 

steady-state rest position of the arm and also of the operating level force. The 

apparatus range is up to 10 mm excursion with a length signal resolution of 1 µm and 

the force range falls within 0 to 50 g with a resolution of 0.2 g for the force. 

 

 

 

 

 

 

 

 

 

Figure 2.7 – Actuation test rig employing Aurora 300C dual mode muscle lever 

 

Figure 2.8 illustrates the measurement using the Aurora dynamic muscle 

controller 

The measurement rig constituted of an L shaped PEEK (polyether ether 

ketone) rod with a flattened extremity, which was made stationary and in the same 

vertical plane of the step motor arm lever by a fixed screw clamp. 
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Figure 2.8 – Electrochemomechanical deformation setup for films measurement in  constant 

force  

 

In the flattened extremity, an electrical contact was made by using a piece of 

Pt foil attached to a Pt wire. Samples were cut into strips and sandwiched between 

two small PEEK plates as shown in figure 2.9. The PEEK plates were attached to the 

arm lever with the help of wires and hooks. The free end of the film was clamped to 

the flattened PEEK contained Pt foil. The film length was adjusted by using the length 

dials and set still by PEEK screws. This setup was immersed in an electrical chemical 

cell containing the testing solution. A Pt plate (2.5 cm x 2.5 cm) was placed parallel to 

the sample surface at a distance of approximately 1 cm and a Ag/AgCl reference 

electrode is inserted in the electrolytic cell.  

The three-electrode set up composed of the sample connected to the Pt foil 

(working electrode), the Pt plate (counter electrode) and the reference electrode was 

connected to a potentiostat. During the measurements, the potentiostat is used as the 

source of the electrical signal input in the system, while the length or force 
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Pt wire connected to

Pt foil for electrical contact

Conducting 

Polymer film

displacement is measured by the deflection of the arm lever and recorded and 

processed by the Dynamic Muscle Analyzer (DMA) software.                                         

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 - Close view of conducting polymer film strip setup for linear actuation studies 

 

2.3.2 Isotonic measurements 

 

In isotonic measurements, the expansion and contraction of strips of 

conducting polymers under an applied electrical field was measured while the 

extending or modulating force was held constant.  

In the experiments conducted in this work, conducting polymers films were 

removed from the substrate and cut into strips of 2.5 ~ 3 mm in width and ≈ 5 mm in 

length. The film was set between the clamps with an exposed length of ≈ 3 mm. The 

force was generally set to 10 mN (1g) for the PPy films and 6 g for PEDOT films. 
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2.4 – Morphological and Chemical Characterisation 

 

2.4.1 Scanning Electron Microscopy – SEM 

 

In this electron microscope technique, a beam of electrons is used to scan a 

sample in a raster mode. The beam of electron denoted the primary electrons, interact 

with the atoms that make up the sample and through this interaction, information on 

the topography, chemical constitution and sample features is obtained
282

. 

The sample assessment is attained through different processes, which are 

summarized as follows and depicted in Figure 2.8. 

The primary electrons direct to the samples passes through lenses and are 

scanned over the sample in a x and y direction with the help of coil collimators. The 

raster is performed in a rectangular shape and magnification is achieved by obtaining 

a raster in a smaller area. The primary electrons, produced in the electron gun, are 

high energy accelerated electrons with significant amount of kinetic energy. These 

electrons are decelerated in the sample and their kinetic energy is dissipated as a 

variety of signals by the electron sample interactions. Depending on the interaction of 

the electron beam in the samples, different types of images are obtained as 

summarized in Figure 2.10. The most common imaging mode in SEM are based on 

back scattered electrons and are available in the vast majority of the SEM machines 

commercially available. In this imaging process, low energy electrons (<50 eV) that 

are ejected from the k-shell of the specimen atoms by inelastic scattering interactions 

with the primary electrons are collected. These electrons are originated within a few 

nanometre from the sample surface and detected by some scintillator-photomultiplier 

system after being accelerated and amplified. The amplified electrical signal is 
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displayed as an intensity distribution and after the data treatment a three dimensional 

image is obtained. Backscattered electrons are high energy electrons resulted from the 

elastic scattering interaction of the electron beam with the specimen atoms. The 

intensity of the backscattered electron will depend on the atomic mass of the 

components in the analyzed sample as heavy elements backscattered electrons more 

strongly than light ones. Thus, difference in brightness will appear in the obtained 

image and the contrast between brighter and darker areas can be used to detect 

different chemical composition.  

 

 

Figure 2.10 – Electron beam interactions with samples in the Scanning Electron Microscopy 

imaging procedure. 
282

 

 

Another type of interaction of the sample with the primary beams of electrons 

is the formation of X-rays. These interactions happen from a few nanometre up to 5 
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µm. It is based on the fact that the emission of characteristic X-rays from a specimen 

can be stimulated by a beam of high-energy electrons. When the incident beam 

impinges the sample, an electron in the inner shell is ejected and creates a hole. Then, 

an outer shell electron, with higher energy, fills the hole and the difference in energy 

between the outer shell electron and the inner one ejected, is released in the form of 

X-rays. As each element presents a different atomic structure and energy levels, a 

different set of X-ray peaks will be created by each different chemical element. These 

X-rays are collected by a detector, and the elemental composition of the specimen are 

identified or mapped.   

Conducting polymers films were studied under SEM to obtain information 

about the films morphology, thickness and their elemental composition. SEM images 

were obtained with a Philips XL 30S FEG scanning electron microscope and EDS 

analysis was undertaken using a SiLi (Lithium drifted) with a super Ultra thin  

window.  Films were mounted onto Aluminum stubs covered with a double side 

carbon adhesive tape. For the thickness studies, the films were fractured in liquid 

nitrogen and mounted at 90
º
 in respect to the stub surface. It is worth mentioning that 

no coating of the sample by sputtering was applied, as the standard coating in use at 

the Scanning Electron Microscope laboratory was Pt sputtering. This would interfere 

in the chemical composition studies of the sample.   

2.4.2 - X Ray Diffraction 

 

 X-ray Diffraction is largely used to obtain information about a material 

crystallinity. In X-ray instruments X-rays are produced by the use of a heated 

tungsten lamp, which is used to emit electrons that are accelerated by very high 
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voltage (in the order of tens of kV) that are then bombarded at a metal target. Then 

the electrons in the inner core of the target are ejected and when the outer shell 

electrons fall in, X-rays are emitted. In X-ray diffraction, X-rays are directed towards 

the material under investigation. These X-ray will be diffracted or scattered forming 

different angles between the incident and the scattered beam, depending on the atoms 

arrangement in the material. Due to the high ordering of the atoms in crystalline 

materials, the diffraction is periodic and a pattern is obtained. Whereas the X-ray 

diffraction is mainly used for the analysis of crystalline materials it has also been 

proved to be useful in the studies of semi crystalline or even amorphous material. The 

X-ray refraction technique was used to access the structure of the Pt nanoparticles. 

The semi-crystalline character of the CP films was also investigated. XRD 

measurements were recorded on a Rigaku Rint 1200 diffractometer using Ni-filtered 

Cu Kα radiation (λ = 0.1541 nm) with a graphite monochromator operating at 30 kV 

and 100 mA.  

 

2.4.3 Raman Spectroscopy 

 

Similar to IR spectroscopy, this technique obtains information about the 

vibrational and rotational modes of chemical bonds.
283

 The technique is based on the 

inelastic scattering observed when a sample is illuminated with a laser beam. The 

change in the dipole mode results in a peak in the spectra at different regions 

depending on the chemical bond. Raman spectroscopy is a complementary technique 

to infrared spectroscopy and from this complementarity a full ―fingerprint‖ 

information of the molecules is obtained.    
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The Raman spectra were acquired on a Renishaw 1000 Raman imaging 

microscope using a Renishaw solid-state diode laser as an excitation source emitting a 

line in the near-infrared region at 785nm and a power of 26mW. A 50x objective was 

used.  

 

2.4.4 UV-vis absorbance spectroscopy 

 

Metal nanoparticles have the unique phenomenon of surface plasmon 

resonance. This phenomenon is due to the nanometric dimension of such particles, 

which results on the interaction of the nanoparticles electrons clouding with the 

electromagnetic field.  

The resonance of the surface localized plasmon can be detected by UV-visible 

measurements. As Mie
284

 predicted, important parameters can be obtained through 

these spectra. The resulting plasma resonance band positioned, intensity and shape is 

influenced by the particle size, particle concentration, particle-particle interaction, 

solvent and aggregation number.  

The UV-visible absorbance was used to characterise the Pt nanoparticles 

prepared for inclusion in the synthesis solution of conducting polymers. A Shimadzu 

equipment was used and 1 cm path cuvette cells were employed.    

          

2.4.5 – Transmission electron Microscopy (TEM) 

 

In this microscopy technique an electron beam is directed from above to a 

very thin sample. The images are formed from the interactions of the electrons 
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transmitted through the sample as the electron beam passes. The image is then 

magnified, focused and detected by an imaging device system such as a CCD camera.  

The small de Broglie wavelength of electrons allows this technique to obtain images 

at much higher resolution in comparison to light microscopes.
285

  

This microscopy technique makes possible the observation of fine structures 

as small as column of atoms. The Pt nanoparticles and the inclusion of the 

nanoparticles were investigated by this technique. Polymer films were ground and 

dispersed in an appropriate solvent. Colloidal Pt nanoparticles were dropcast onto 

copper grids coated with a thin layer of carbon, dried in the air and observed in the 

microscope.  

A FEI Tecnai T12 transmission electron microscope with point resolution of 

0.34 nm, line resolution of 0.2 nm and equipped with a Gatan Ultrascan 1000 4 

Mpixel digital camera was employed in this work. 

2.4.6 Particle analysis 

 

In order to obtain information about nanoparticles size and size distribution a 

nanosizer model ZS, Malvern Ltd was used. Differently from the data obtained by 

TEM, the particle size analysis contains information of the whole constituents of the 

nanoparticles. That is to say, not only the inner core metal, but also the outer layer of 

the particle, containing the capping agent, is evaluated in this technique. The zeta 

potential is also of great importance as the charges on the nanoparticles play an 

important role in nanoparticles association with the conducting polymer films.   

2.4.7 X-ray photoelectron spectroscopy (XPS) 
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X-ray photoelectron spectroscopy,
286

 also known as electron spectroscopy for 

chemical analysis (ESCA), is a surface sensitive spectroscopy technique used for 

chemical identification of the elements in the top atomic layers of a sample. The 

technique principle is based on the photoelectrical effect by irradiating the sample 

with X-rays and analysing the energy of the ejected electrons by recording the binding 

energies of the electrons associated with these atoms. 

Samples are measured under ultra high vaccuum and only the electrons that 

achieve the detector can be analyzed. The depth analysis is from 1-12 nm what makes 

this technique restricted to the information for the analysis of  a very short range into 

the sample. To overcome this issue, some equipment are combined with a sputter 

depth profiling, which makes use of an ion sputter to remove surface layers from the 

sample.  

The energy of the photoelectrons leaving the sample are determined by 

measuring the electron kinetic and number and this gives a spectrum with a series of 

photoelectron peaks. The binding energy of the peaks are characteristic of each 

element. From the peak areas the composition of the materials surface can be 

determined. The shape of each peak and the binding energy are in respect to each 

element can be altered by the chemical state of the emitting atom. Hence XPS can 

provide chemical bonding information as well 

The Kratos Axis DLD apparatus was used for the XPS studies. 
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Chapter 3 - Pt nanoparticle-conducting polymer 

nanocomposites obtained by electrochemical deposition of Pt 

precursors onto polypyrrole films 

 

The design and synthesis of polypyrrole conducting polymer films and their 

nanocomposite formation through the inclusion of Pt nanoparticles by 

electrodeposition are addressed in this chapter. The Pt nanoparticles were deposited 

under different conditions. The obtained materials were characterised by chemical, 

imaging techniques and electrochemical methods. The optimum Pt deposition 

parameters were used to fabricate polymer film strips and their actuating behavior 

was evaluated by electrochemomechanical deformation and compared to the 

unmodified films.  

 

3.1 Introduction 

 

The formation of nanoparticles by electrodeposition, sometimes also called 

electroplating, consists of a simple and fast way to obtain metal nanoparticles on a 

large range of substrates, such as metal surfaces,
287

 Indium Thin Oxide (ITO)
288

 and  

carbon materials.
289

 The procedure involves the dipping of a substrate in a solution 

containing the desired ionic species and the application of an electrical signal of 

magnitude high enough for the reduction of the ions to a different oxidation state. 
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A number of different electrochemical techniques have been applied for the 

metal deposition such as cyclic voltammetry (CV),
290

 chronopotentiometry (CP),
291

 

chronoamperometry (CA)
292

 and differential pulse techniques.
293,294

 The advantages 

of the electrodeposition technique for the synthesis of metal nanoparticles include: the 

one pot synthesis system, the lack of need of protecting agents to stabilize particles 

and prevent aggregation, the absence of purification steps and the instantaneous 

particle formation.
295,296

 

The development of this technique, when applied to polymeric surfaces, has 

focused on the deposition of metal nanoparticles in conducting polymers. The vast 

majority of the research on conducting polymers electroplated with metals deals with 

noble metals such as gold, platinum and palladium and silver.
297–301

 The reason for 

this interest in the synthesis of noble metal nanoparticles resides in the exploration of 

their catalytic properties.
302–304

  

The conducting polymers act not only as a conductive platform for the 

nanoparticles deposition, but also as an interconnect network for electronic transport 

between the nanoparticles.
305

 Hence, the intrinsic properties of nanoparticles and 

conducting polymers are synergistically improved.    

In the electrodeposition process, the nanoparticles are directly formed on the 

film surface; however, it is believed that the particles are also formed within the 

polymer films to some extent, due to the diffusion of the nanoparticles precursors 

during the dipping of the substrate and the application of the reducing potential.
306,307

 

The degree of nanoparticles deposition will depend on a number of parameters 

such as the precursor bath concentration, polymer thickness, immersion time in the 

bath solution before the application of potential and the porosity of the films. All 
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these parameters will influence the precursor ions diffusion into the polymer films and 

consequently, the penetration depth of the nanoparticles formation.     

As the extent of the deposition inside the polymer is still under discussion and 

scrutiny, the electrodeposition will be classified as deposition ―onto‖ the polymer 

films but it should be kept in mind that some degree of deposition ―into‖ the 

conducting polymer is also possible. 

Recently, control of the deposition potential of metal nanoparticles in 

conjugated polymers has been shown to play a crucial role in the nanoparticle 

morphology and, as anticipated, in the properties of the nanocomposite 

materials.
308,309

    

One of the major concerns in the electrodeposition, which is the distribution 

depth of nanoparticles into the polymer, has been recently solved by the precise 

control of the deposition parameters as described in a work by Armel et al.
310

  

Among the polymer actuators based on conducting polymer films, polypyrrole 

is by far the most researched system, due to its moderate to high strain, 

biocompatibility, and low polymerisation potential.  

As a front study in this research period, the electrodeposition of Pt 

nanoparticles onto polypyrrole films of well-established and characterised systems in 

the Polymer Electronic Research Centre (PERC) was carried out. The system 

composed of PPy and tetrabutylammonium trifluoromethanesulfonate (TBACF3SO3) 

has resulted in actuating films of large ultimate strain. The PPy/TBACF3SO3 was used 

to establish the parameters for the Pt nanoparticle electrodeposition. Despite the 

importance of the results obtained from this system, it did not show consistent results 

regarding their actuating behavior after the nanoparticles electrodeposition.  Thus, the 
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main studied system was redirected from the PPy/TBACF3SO3 to the aqueous 

PPy/DBS system.  

A special interest has been devoted to the synthesis and design of polypyrrole/ 

dodecylbenzenesulfonate (PPy/DBS) film actuators.
311

 Primarily, PPy/DBS systems 

have great appeal due to their ease and low cost fabrication, but their attractiveness is 

also a result of their ―greener‖ fabrication; where the material is polymerized from 

and actuated in aqueous solutions of commonly used salts. The linear displacement in 

this system, of 2 to 3%, is high enough to foresee for these materials commercial 

applications in the near future.
312,313

  

In the sequence of studies for this chapter, polypyrrole/ 

dodecylbenzenesulfonate (DBS) thin film were prepared, followed by the deposition 

of Pt nanoparticles onto the films attained.  

The chemical and morphological properties of the obtained nanocomposite 

material were thoroughly investigated to elucidate properties changes of the 

polypyrrole. The properties of the so prepared nanocomposite in respect to their 

actuation properties were also studied. 

 

3.2 Experimental 

 

3.2.1 Materials 

 

In this chapter all experiments were performed using milli-Q water of purity of 

18 M or better. Sodium chloride was obtained from Merck, propylene carbonate 

(PC), tetra-butyl-ammonium trifluoromethane sulfonate (TBACF3SO3), potassium 
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hexachloroplatinate (K2PtCl6), sodium hexafluorophosphate (NaPF6), potassium 

(K2PtCl4) and sodium dodecylbenzene sulfonate (NaDBS) were obtained from Sigma 

Aldrich and used as received. Pyrrole was obtained from Sigma Aldrich and was 

distilled under low pressure at 80° - 85°C. The distilled pyrrole was stored in a vial 

under N2 atmosphere in a commercial freezer (≈ -21°C). 

 

3.2.2 Polypyrrole /Tetrabutylammonium trifluoromethanesulfonate film 

fabrication 

 

Pyrrole and tetrabutylammonium trifluoromethanesulfonate (TBACF3SO3) 

were mixed in PC to form a solution of 0.25 M pyrrole and 0.1 M TBACF3SO3 in a 

beaker. A stainless steel (ss) sheet (5 cm
2
) was used the working electrode, a platinum 

mesh as the counter electrode and a modified non-aqueous Ag/AgCl as the reference 

electrode. The pyrrole solution was purged with nitrogen for at least 1 hour and 

consequently pyrrole was galvanostatically polymerized using a current density of 0.1 

mA/cm
2
 at -27 º C until the charge reached 3 C.  

 

3.2.3 Pt Deposition on PPy/ TBACF3SO3 

 

Pt nanoparticles were deposited onto some portion of the film by immersing 

the stainless steel sheets containing PPy film into a solution of 1mM of K2PtCl6 

dissolved in 0.5 M H2SO4(aq) and applying -0.1 V for  3, 6, 7.5 ,9 or 15 s. A Ag/AgCl 

was used as the refererence electrode, a platinum sheet as the counter and the stainless 

steel-PPy film as the working electrodes, respectively. After the deposition the films 
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washed with Milli-Q water in order to remove the excess of acid, then films were 

stored in a solution of TBACF3SO3 

 

3.2.4 Polypyrrole/ dodecylbenzene sulfonate films fabrication 

 

The polypyrrole films doped with DBS were obtained electrochemically in a 

three-electrode set up. 0.1 M sodium dodecylbenzenesulfonate solution was used as 

the source of doping ion followed by the addition of pyrrole monomer to obtain a 

final solution at a concentration of 0.1 M pyrrole, 0.1 M NaDBS.   

The polymerisation was carried out potentiostatically at 0.65 V until a charge 

density of 2.0 C/cm
2
 was obtained. The films were thoroughly washed with Milli-Q 

water. The films used for nanocomposites fabrication were subsequently immersed in 

the electroplating bath for Pt deposition.  

 

3.2.5 Pt deposition on PPy/DBS films 

 

Pt electrodeposition: a stock solution of Pt
II
 ions was prepared using 0.1 M 

H2SO4 and 10 mM K2PtCl4. Stainless steel electrodes containing PPy film were used 

as the working electrode. Another stainless still sheet and Ag/AgCl was used as the 

counter and reference electrodes, respectively. Immediately after the film 

polymerisation the three electrode system was mounted in a glass cell containing the 

Pt ion solution. The Pt was deposited by chronoamperometry at – 0.1 V for different 

periods of 5, 10 and 15 s.  The electrodes containing the nanocomposite were then 
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thoroughly washed with Milli-Q water and stored in a monomer free 0.1 M NaDBS 

solution. 

 

3.2.6 Polypyrrole films and Polypyrrole /Pt  nanocomposites Characterisation  

3.2.6 a) Chemical  

 

Raman spectra were obtained with the accumulation of 10 runs. The laser 

power was kept low to avoid film damage. A long-range objective lens of 50x was 

used to focus the laser beam in the sample. 

3.2.6 b) Morphological 

 

Scanning electron microcopy was used to image the films topography and 

thickness. 

 

3.2.7 Electrical Properties and Electrochemomechanical Deformation (ECMD)  

Measurements  

 

The conductivity of the films was measured by a four-probe conductivity 

meter as explained in the experimental general section. Current voltage measurements 

(I-V) were performed at room temperature from -2 V to 2 V.   

The ECMD measurements were performed as explained in the experimental 

chapter in section 2.3.1.  The films were cut and set in the ECMD rig with and 

exposed area of 3 mm x 3 mm and subjected to different electrochemical techniques.  
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The cyclic voltammetry measurements were performed in a potential window 

between – 0.85 to 0.10 at scan rates of 2 mV s
-1

, 5mV s
-1

 and 10 mV s
-1

.  

Chroamperometric experiments were performed with steps between -0.85 and 

0.10 V for 60 s at each potential. A total of 10 steps were recorded.      

 

3.3 Results and Discussion 

 

3.3.1 Polypyrrole/ TBACF3SO3 system 

3.3.1 a) Polypyrrole/ TBACF3SO3 synthesis  

 

Consideration must be taken when choosing the synthesis conditions for 

polypyrrole films. In this work, the films were prepared with a focus on actuating 

behavior. Thus the final films had to be easily removed from the electrodes and robust 

enough so that they did not break during their manipulation. For this purpose, 

stainless steel electrodes were used and the films were fabricated in the order of 5 µm 

to 8µm thickness. 

PPy/TBACF3SO3 films were prepared at a low temperature (-27º C) 

galvanostatically using a current density of 0.1 mA cm
-2

. A cross sectional image of 

the film was obtained by SEM and is shown in Figure 3.1. To obtain the cross 

sectional image of the PPy film, and avoiding errors with the cutting process, where 

the film could be squashed on the edge, the PPy films were freeze fractured in liquid 

nitrogen. The obtained films were compact and presented an average thickness of 7.5 

µm, which is in agreement with the synthesis condition. 
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Figure 3.1 – SEM cross section analysis of PPy/TBAC3F3SO3 film. 

 

 

3.3.1 b) Pt Nanoparticles deposition onto PPy/ TBACF3SO3 films and SEM 

investigation 

 

In order to investigate the best conditions for the preparation of the Pt 

nanoparticles, these were deposited for different times onto PPy films of the same 7.5 

m thickness from a 0.5M H2SO4 aqueous solution of 1 mM K2PtCl6. 

A large number of parameters will affect Pt nanonoparticle deposition. Thus the 

deposition potential and the salt concentration was kept constant while the deposition 

time was varied. The SEM images shown in Figure 3.2 revealed the successful 
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deposition of platinum nanoparticles onto the surface of the polypyrrole films. The 

deposition of nanoparticles for 7.5 s and 15 s showed a uniform distribution of 

particles all over the film surface, whereas when the particles were deposited for 30 s, 

larger and very scattered particles were observed.    

The presence of particles in the range of 30 to 50 nm was observed for samples 

deposited for 7.5 s and 15 s, while particles in the range of 100 nm – 500 nm were 

observed when the deposition time was 30 s. It was also noticed that sample where Pt 

was deposited for 7.5 s revealed the presence of regions in the film where the contrast 

of platinum species was represented by non-spherical particles, possibly indicating an 

incomplete reduction of the platinum salt. The Pt nanoparticle deposition onto 

polypyrrole film was investigated by different studies.
263,301

  

The electrodeposition of Pt nanoparticles onto polypyrrole films at different 

reducing potentials were studied by Zhang et al. from a solution of 3.0 mM 

H2PtCl6.
309

 The Pt deposited at -0.1V presented globular shape and non-aggregated 

particles similar to the ones we obtained in this work. 
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Figure 3.2 – SEM images of a) polypyrrole, b) polypyrrole/Pt 7.5 s, c) polypyrrole/Pt 15 s d) 

polypyrrole/ Pt 30 s  
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3.3.1 c)Transmission Electron Microscopy (TEM) studies 

 

To further assess the Pt nanoparticles formation and their average particles 

size, TEM micrographs were obtained. Polypyrrole films were ground in a mortar and 

dispersed in acetone. A droplet of the suspensions was deposited onto Cu grids, which 

were pre-coated with carbon. Figure 3.3 shows the TEM images for film containing 

particles deposited for 7.5, 15, and 30 s.  

 

 

 

 

 

 

 

       a     b         c 

Figure 3.3 – TEM Micrographs of samples deposited for a) 7.5 s, b) 15 s and c) 30 s  

 

All samples presented spherical particles of similar particle size within the 

same deposition condition, indicating a reasonably uniform deposition.  It is observed 

that the increase in the deposition increases the particles size. The observed average 

particle sizes are slightly smaller for the depositions of 7.5 s and 15 s and 

considerably smaller for the deposition for 30 s when compared to the SEM images. 

A possible reason for this is the fact that for the TEM measurements the sample 

containing particles had to be dispersed in acetone after grinding, thus only the parts 

or areas of the film which could be suspended in the liquid media were measured. In 

a c b 
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this case, the larger particles could not be either removed from the film due to the 

large anchoring area or they deposited on the bottom of the vial containing the 

suspension. The average particles size was calculated from the counting of 10 

particles at least, except for the deposition at 30 s, where only 4 particles could be 

identified, and is shown in Figure 3.3 accompanying each TEM Images.  

3.3.1 d) Energy Dispersive X-ray investigation (EDX) 

 

The EDX analysis was carried out by focusing the electron beam on the top of the 

nanoparticles during the SEM imaging. The analysis confirmed that particles are 

essentially constituted of elemental platinum (Figure 3.4). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 – EDS spectra of polypyrrole film containing nanoparticles deposited for 15 s 
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3.3.1 e) X-ray photoelectron spectroscopy 

 

To investigate the extent of the Pt reduction, X-ray photoelectron spectroscopy 

(XPS) was carried out to investigate the particle composition. As shown in Figure 3.5 

for particles deposited for 7.5 and 15 s the Pt 4f5/2 and 4f7/2 peaks were evident at 71.4 

and 74 eV, which are assigned to Pt
0
. The intensity of these peaks was stronger in the 

spectrum for the sample deposited for 15s. Two shoulders were also observed for both 

spectra at 73.1 and 76.3 eV. These two peaks are due to the Pt
II
 and Pt

IV
 in the films 

indicating the incomplete reduction of the platinum salt.
314

 

The deposition for 15 s, which represents the optimum deposition conditions, was 

used in subsequent experiments (see appendix A). While the study of the deposition 

of nanoparticles onto PPy/TBA C3F3SO3 was of valuable importance in determining 

the parameters for the Pt electrodeposition onto polypyrrole films, the 

electrochemomechanical deformation of such nanocomposites did not present 

satisfactory results, which were difficult to interpret.  In the subsequent experiments, 

the PPy films doped with NaDBS were used for the deposition of Pt nanoparticles 

with a few modifications, as explained in the experimental section. 
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Figure 3.5 – XPS spectra of Polypyrrole films with and without Pt nanoparticles 

 

3.3.2 Polypyrrole Sodiumdodecylbenzenesulfonate (PPy/DBS) system 

 

Polypyrrole is one of the few conducting polymer that can be synthesized in 

aqueous solutions and the films prepared in this media have adequate mechanical 

properties to be used as actuating strips.
315–317

 Polypyrrole films were synthesized on 

stainless steel electrodes from a starting solution of NaDBS and pyrrole monomer. 

The advantages of the aqueous solution rely on the fact that conventional ions 

can be incorporated in the films as dopants. This makes their preparation very 

attractive in the current debate of the necessity of more ―green chemistry‖ 

technologies. The aqueous electropolymerisation solution decreases environmental 

damage and their fabrication cost, compared to the organic solution synthesis. In the 
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organic synthesis, the disposal of byproducts and waste will be either detrimental to 

the environment if untreated, or cost ineffective if treated before disposal. 

Among the different aqueous synthese of conducting polymers, polypyrrole 

films containing DBS are one of the best, due to their ease of manufacture and 

ultimate actuating degree and performance.
318

 The NaDBS molecular structure is 

shown in Figure 3.6 a. However, as shown by some studies, the real structure in 

commercially available salts is a mixture of structures shown in Figure 3.6 a and b.  

 

          

 

a                   b  

Figure 3.6 Chemical structure of a) NaDBS, and b) a second NaDBS form in commercial 

products 

 

NaDBS has been successfully intercalated in PPy films by different 

techniques.
319–321

 The choice of the process in the fabrication depends on the final 

application, therefore an inadequate choice will result in material of low efficiency. 

 

3.3.2 a) PPy/DBS films fabrication and Pt nanoparticles electrodeposition 

The constant potential technique was used in the PPy polymerisation steps in 

this chapter. The constant potential technique was chosen as it produces robust films 

for the use in an actuation rig, and also assures a uniform distribution of the potential 

throughout the film. Thus, the obtained polymers will have a regular oxidation state 

along and through the films. This is of paramount interest in this study, as the 
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nanoparticle deposition will depend on the uniformity of the film structure and the 

oxidation state. The constant potential is also needed for the uniform metal deposition. 

On the other hand, in a galvanostatic polymerisation the developed polymerisation 

potential differs depending on a large number of parameters, such as the room 

temperature and working to counter electrode distances. The fluctuation in the final 

polymerisation potential would impose a problem as the deposited nanoparticles 

would be of different properties, such as size etc.  Such variations in the polymer 

oxidation state and conductivity would results in low repeatability and inaccurate 

interpretation.
137

 

The chronoamperometry plot for the polymerisation of polypyrrole at 0.65 V 

from an aqueous solution of NaDBS 0.1M and pyrrole 0.1M is shown in Figure 3.7. 

Figure 3.7 – Potentiogram of polypyrrole polymerisation 
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The data presents the developed current when a constant potential of 0.65 V 

was applied versus time. In order to better quantify and compare the results 

throughout this chapter, the current was normalized as a current density, in respect to 

the film area. The I-t curves recorded during the polymerisation of PPy usually 

followed the shape seen in the typical example presented in Figure 3.7. The graph 

shows that the synthesis started immediately after the potential was applied with a 

short current rise in the first few seconds due to capacitive properties of the film, and 

the monomer controlled diffusion as per Figure 3.7 inset, curve portion marked as ‗a‘. 

The following step is the nucleation growth as observed in ‗b‘ and the final step is the 

continuous polymer growth ‗c‘. 
322

 

The polymerisation was carried out until the charge consumed was of 2 Ccm
-2

. 

The film thickness (l) was calculated assuming a 100 % Faradaic efficiency and using 

the following relationship: 

 

           l (µm) = Q M / 2 F A      (3.1) 

 

where Q = total charge passed, M = molecular weight of the monomer (67 g 

mol
-1

) and  = density of polypyrrole (1.5 g cm
-3

). 

 

The obtained films thicknesses were calculated using the equation 3.1 and the 

results indicated the formation of films of 5.7 µm. The films thickness was set to that 

value for the efficient Pt deposition in the subsequent step. Very thick films would 

mean that a longer time would be necessary for the applied potential to go across the 

films to the solution interface, resulting in a decrease in the deposition efficiency. On 
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the other hand, thinner film could induce systematic problems with film handling, 

such as lack of grip when handling the films and films damage when they are 

stretched in the actuation rig. The obtained 5 µm films were also suitable for the 

actuation studies as they could sustain the force of 13 mN applied during the ECMD 

studies as discussed in the section 3.3.6. 

Immediately after the film polymerisation, the PPy films were used for the Pt 

NP deposition. The stainless steel containing the obtained PPy films was removed 

from the polymerisation solution and thoroughly washed with Milli-Q water in order 

to remove the NaDBS excess and the pyrrole monomer residue adsorbed on the 

polymer surface. The washed films were immersed in the electroplating solution of 

0.1 M H2SO4, containing the Pt
II 

ions
 
and were subjected to an applied potential of 

-0.1 V. At this potential the Pt
II
 ions are reduced to elemental Pt nanoparticles as 

shown in equation 3.2.  

   



PtCl
4(aq)

2
 2e


 Pt

(s)

0
 4 Cl

   
(3.2) 

The amount of Pt deposited was correlated to the deposition time, so three 

different deposition periods of 5, 10 and 15s were used.  
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Figure 3.8 – Chronoamperogram for the Pt deposition onto Polypyrrole films 

 

Periods longer than 15 s resulted in the formation of larger particles with poor 

surface coverage (see Figure 3.2), what is probably due to the Pt nanoparticles 

extended growth from the nucleation sites.
316,319

 The presence of very scattered 

particles in the polypyrrole films is an undesirable outcome, as the main aim of this 

study was to increase the molecular interconnects in the polymer network by using the 

nanoparticles as electrical junctions. Hence, deposition times longer than 15 s were 

not attempted. The deposition of Pt on the PPy films were achieved by applying a 

constant potential and I-t curves were recorded during the process, as shown in Figure 

3.8. 

The amperogram shows a sharp initial increase in the current followed by a 

decrease, which becomes constant after a certain time. Interestingly, when the 

observed transient current was normalized to the surface area of deposition, the 

obtained plateau fell in the same region for all films, indicating a similar electronic 



Chapter 3 

 

 89 

character in the PPy film, i.e. similar oxidation state, prior to the deposition process. 

The platinum load in the polypyrrole films can be calculated from the Faraday law 

equation, and assuming 100 % deposition efficiency from the following equations: 

                                           



n 
Q

neF
     (3.3) 

 

                                          



Q  idt                 (3.4) 

where n is the number of moles, Q is the total charge passed, which is the 

integral of the current i versus time,  ne
-
 is the number of electrons taking part in the 

reduction and F is the Faraday constant.  

The weight of the deposit can be obtained by the combination of equations 

(3.3) and (3.4) and expressed as: 

                                          



m 
Mw

nF
idt                                  (3.5) 

where Mw is the molecular weight of the deposited metal, which in this case is 

Pt (Mw = 195 g mol
-1

)  

The calculated amounts of deposited Pt normalized to the polymer area are 

shown in Table 3.1.  

Table 3.1 – Pt nanoparticle load in PPy films obtained by electrodeposition at different times 

 

 

PPy system PPy PPy/Pt  5s PPy/Pt 10s PPy/Pt 15s 

Pt load 

(g/cm
2
) 

0 0.25 0.60 1.0 
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The deposited films presented a greenish shinning, which remained after the 

washing with Milli-Q water. The observed shinning after the application the -0.1 V in 

the films immersed in the Pt salt bath is an indication of the successful deposition of 

Pt nanoparticles.  

To obtain good nanocomposites, it is paramount that the integrity of the 

chemical structures of the conjugated polymer be maintained, i.e. that there is no 

chemical or electrochemical degradation of the components of the PPy/PtNP 

composite in the formation process so that the electronic and ionic processes are not 

disrupted. To investigate the effect of the Pt deposition onto the polymer in the PPy/Pt 

NP nanocomposites, Raman Spectroscopy studies were performed. 

 

3.3.2 b) Raman Spectroscopy 

 

A large body of research work has investigated polypyrrole chemical structure 

and the interactions with surrounding environments by Raman spectroscopy.
327–329

 

The Raman spectra obtained for thin films are normally a complex function related to 

the laser excitation source, the film thickness and substrate. As the penetration depth 

of Raman is around 5 m, the obtained results will be also dependant on the substrate 

and the film thickness.  

The conducting polymer film will be at resonance or off-resonance for a 

particular excitation line, depending on its reduced, neutral or oxidized form. It has 

been shown in the literature that the oxidized state of PPy is at resonance with the 

Raman excitation line in the near-IR wavelength.
330

 Jendel et al. studied the doped 

and dedoped PPy films by Raman spectroscopy using a wavelength in the near-IR of 
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1.06 m. At this laser source, the bands related to the cation and dication species, 

which are presented in the oxidized forms of PPy, were dominant.  

The laser excitation line used in this study was in the near-IR region (785 nm), 

which is in resonance with the oxidized species in PPy and are governed by the NIR 

Raman resonance.
331

 The Raman spectra of the PPy/PtNP composites prepared in this 

study are presented in Figure 3.9 and the complete bands assignments, as per the 

literature
332

,  are summarized in Table 3.2. 

The Raman spectra revealed the presence of bands assigned to the typical 

structure of polypyrrole doped with DBS.
333

 The first striking difference between the 

polypyrrole and PPy/Pt nanocomposites is the band intensities, which were up to 3 

times stronger in the nanocomposites spectra in relation to the pristine PPy films. This 

effect is due to the surface enhancement of the Raman scattering by the presence of 

metal nanoparticles.
334

  

It was also observed that in the Raman spectra in Figure 3.9 that all 

polypyrrole/Pt nanocomposites presented the same number of bands as the pristine 

polypyrrole and also that the Raman shifts appear in most cases at similar frequencies. 

This indicates the chemical identity of all films is very similar, revealing the Pt 

deposition in a mild 0.1 M H2SO4 process did not induce damage in the films 

polymeric structures. 
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Table 3.2 – Raman assignments for polypyrrole and polypyrrole/Pt nanocomposites 

 

 

Species Assignment PPy PPy/Pt 5s PPy/Pt 10s PPy/Pt 15s 

- Ring torsion 612 610 616 619 

- C-H wagging 676 677 679 680 

Bipolaron C-H out-of-plane bending 875 781 878 865 

Neutral Ring deformation 957 962 958 963 

Polaron C-H in-plane bending 1073 1049 1050 1047 

Neutral C-H in plane bending 1109 1081 1088 1074 

Polaron N-H in plane bending 1269 1232 1236 1250 

Neutral C-C backbone stretching 1339 1318 1302 1312 

Polaron C-C backbone stretching 1406 1369 1367 1388 

Neutral C=C backbone stretching 1510 1481 1481 1480 

Bipolaron C=C backbone stretching 1610 1576 1587 1597 
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Figure 3.9 – Raman spectra of polypyrrole and polypyrrole/Pt nanocomposites obtained with 

785 nm Raman excitation line for a) PPy, b) PPy/Pt 5s, c) PPy/Pt 10 s, d) PPy/Pt 15 s 

 

The most important assignments for PPy conducting polymer films are 

observed from 600 cm
-1

 to 1200 cm
-1 

and between 1200 and 1700 cm
-1

.
335

 

 The strong peak at around 1600 cm
-1

 is assigned to the C=C bond. This peak 

is normally correlated to the polymer conjugation length and by extension, to the 

conductivity of PPy
135,327–329,335–338

.  

The PPy/Pt Raman shift at 1600 cm
-1 

for all nanocomposites changes to lower 

wavelengths in comparison to PPy by 510 cm
-1

. This can be interpreted as an 

increase in the polymer conductivity.
339

 The relative conjugation length can be 

calculated by the ratio of the band at 1600 cm
-1

 related to the oxidized state of the 

skeletal C=C backbone stretching, and the C=C backbone stretching in its neutral 

form at 1500 cm
-1

. For the presented spectra, the obtained values I1600/I1500 are 
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shown in Table 3.3 and are 1.435, 1.540, 2.288 and 2.416 for PPy and PPy/Pt 5s, 

PPy/Pt 10 s and PPy/Pt 15 s respectively. A higher degree of polarizability 
340

 can be 

inferred from the larger relative conjugation lengths and can be directly correlated to a 

higher conductivity. The relative conjugation length increases with the deposition 

time of the Pt nanoparticles. 

Another common procedure when comparing Raman results is the relative 

intensity of the peaks. It is observed that the peak at 1600 cm
-1

 in the nanocomposite 

spectrum has an intensity increased in relation to all the other peaks, which is an 

indication of the increase in the conductivity in these nanocomposites.
333

   

 

Table 3.3 – Band intensity ratio of PPy and PPy/Pt  

 

 

 

 

 

 

 

It is also evident in the Raman spectra the slight intensity changes in the 

double peak at 1100 and 1033 cm
-1

. These peaks are assigned to the C-H in plane 

deformation
336

. It is noticed that the peak associated with the oxidized form of PPy 

335–337
 at 1101 cm

-1
 is more prominent in the films with Pt nanoparticles and the bands 

associated with the reduced or neutral forms, at 1043 cm
-1

, are decreased in the 

intensity. Similarly, the peaks at 1367 cm
-1

 and 1310 cm
-1

, associated with the 

System I1600/I1500 

PPy 1.435 

PPy/Pt 5s 1.540 

PPy/Pt 10s 2.288 

PPy/Pt 15s 2.416 
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oxidized and reduced forms of the ring stretching mode in the polypyrrole, present an 

enhancement in the intensity of the oxidized forms in the Pt containing films.   

The peaks at 943 and 990 cm
-1

, which are related to the ring deformation, can 

be divided into bipolaronic and the polaronic species respectively.
333

 In 

nanocomposite films, the radical cation intensity is diminished revealing that a higher 

degree of bipolaronic species is present in the Pt films.  

The overall analysis of the Raman spectra shows evidence of a higher degree 

of oxidized species, polarons and bipolarons, in the Pt plated films.
333,341

 This would 

lead to a higher conductivity in the films. The films containing Pt nanoparticles seem 

to retain the oxidation process better than the pristine films. 

 

3.3.2 c) Four point probe conductivity measurements 

To confirm the indicated increase in conductivity in the films, as per the 

Raman analysis, the four probe conductivity measurements were performed on the 

polypyrrole and polypyrrole nanocomposite films. The samples were cut into quasi-

circular pieces, to increase the reliability of the measurements, and placed on top of a 

glass slide. For each sample 10 measurements were performed in different areas of the 

films. A DC current of 100 µA was passed in the sample and developed potential 

difference measured. 

The conductivities were calculated following the procedure explained in the 

experimental section 2.2.3 and are shown in Table 3.4  
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Table 3.4 – Conductivity of polypyrrole and polypyrrole/Pt nanocomposites 

 

System Readings (mV) 

Conductivity 

(S cm
-1

) 

PPy 2.21 2.07 2.17 2.18 2.14 2.28 2.07 2.13 2.18 2.04 18.51  1.61 

PPy/Pt 10 s 1.74 1.30 1.50 1.30 1.30 1.48 1.42 1.46 1.52 1.38 31.25  2.93 

PPy/Pt 15 s 1.38 1.32 1.36 1.42 1.36 1.37 1.12 1.29 1.34 1.39 37.51  4.99 

 

 

The Pt electrodeposition promoted an increase in the conductivity in relation 

to the original films for films deposited at all different deposition times. These results 

indicate the beneficial effect of the Pt nanoparticles. To further understand the 

conductivity changes in the polypyrrole films I-V measurements were performed for 

the sample with the best performance, i.e for the 15 s Pt deposition time. 

 

3.3.2 d) Current-Voltage (I-V) Measurements 

 

In the current-voltage (I-V) measurements on polypyrrole and polypyrrole/Pt, 

the films were removed from the substrate, dried and placed on a glass slide. The 

measurements were performed by scanning the voltage from -2 to 2 V and the results 

are shown in Figure 3.10 A remarkable change in the electric behavior in the 

polymers after the nanoparticles deposition onto PPy films was observed. From the I-

V curve curves, it can be deduced that the polypyrrole films act more like a 

semiconductor than a well-defined resistor. Previous studies of current-voltage 

measurements in polypyrrole films revealed similar character for polypyrrole films
342
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The large difference in the I-V current plots between the unmodified PPy films 

and the nanocomposites films is an evidence of the increase in the metallic character 

of the Pt containing materials, indicating that the nanoparticles work effectively as 

electrical junctions in the polymer films.        

E (V vs. Ag/AgCl))

-2 -1 0 1 2

I 
(m

A
)

-0.4

-0.2

0.0

0.2

0.4
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Figure 3.10 -  I-V curves of polypyrrole and polypyrrole/Pt 15 s 

 

3.3.3 Proposed mechanism for the improvement in the metallic character of 

PPy films upon the electrodeposition of Pt nanoparticles 

 

The combination of the chemical and electrical measurements on the PPy/Pt 

nanocomposite materials evidenced an improved metallic character of the material 

with the incorporation of Pt NP.  

The reason behind this phenomenon can be rationalized by taking into 

consideration a few key points. The improvement of the electrical conductivity in 

some materials can be attained by electroplating. However, in most materials the 
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improvement is obtained through a percolation process.
343

 For instance, in 

nanocomposites of metal nanoparticles in a non-conducting polymer matrix, the 

conductivity remains unchanged until the percolation threshold is attained. The 

percolation threshold is related to a transport process, where the nanoparticles reach 

values high enough to provide conduction along the nanoparticles. In short, the plated 

surface achieves such a high concentration of the deposited metal particles that they 

are close enough to provide full contact between the metal atoms layer.  The 

drawback of this process is that normally the loading of metal particles required for 

the materials to achieve the percolation threshold are large and drastically 

compromise the flexibility of the polymers and other characteristics. As examples, the 

percolation threshold, normally studied for spherical nanoparticles, in nanocomposite 

films of Teflon and Au nanoparticles is reached at values around 30%
344

, and in 

polytetrafluoroethylene (PTFE) and Ag nanocomposites, the metal type 

characteristics are observed at concentrations around 7%.
345

  

In our case, the electroplating times and the calculated Pt nanoparticles mass 

distribution is low enough to rule out this postulation. Another possibility for the 

improvement in the metallic character of the conducting polymer materials is the 

increase of the conjugation length during the polymer synthesis.
346

 This can be 

achieved by a decrease in polymer defects through the selection of parameters, which 

leads to the slower and more organized deposition of films. In this study, the 

interfacial polymerisation process was used to obtain free standing PPy films through 

a freeze-thaw method with conductivities as high as 2000 S cm
-1

. The large 

conductivity in these materials was correlated to a high increase in the relative 

conjugation length.  
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 In this study all the films were polymerized under the same conditions, thus 

the same conjugation length, structural organizations and degree of defects are 

expected for all films. Here, the improvement of the electrical character in the 

nanocomposites films was obtained only by interaction of the polymer structure and 

the metal nanoparticles. 

 The mechanism of the improved properties in the PPy material here is 

assumed to be through an increase in the electrical junction in the polymer network. 

The bulk conductivity in the conducting polymer is still under debate but in the 

mostly discussed models, the hopping mechanism and the metal granular model, as 

discussed in the Introduction Chapter, it is assumed that the main electrical and 

electronic processes are made by the charges transport across the polymer network.
347

 

As the polymer network is composed of highly conducting moieties and insulating 

ones, the main hindrance is in the insulating areas of the conducting polymer as they 

impose the highest energetic electrical barrier for these materials. The insulating 

moieties in conducting polymers are formed by the presence of the disordered and 

defective polymer chains.
348

 The Pt nanoparticles likely act as the electrical junctions 

connecting the conducting chains, or conducting regions, in the polymer network.  A 

model is depicted in Figure 3.11.  This process explains the improved conductivities 

in the materials and the Raman results discussed above. A better electrical 

interconnection will improve the electron transport in the conductivity measurements.  
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Figure 3.11 – Conducting polymer / Pt nanoparticles model for the improvement of the 

electrical contact and the function of the nanoparticles as electrical junctions. 

 

Also it is the expected that the polymer network polarizability will be 

improved for the same reason, revealing the higher polaronic and bipolaronic 

character in the PPy/platinum composite materials.   

 

3.3.4 Electrochemomechanical Deformation Studies 

 

Another goal of this work was to test the ability of the PPy/Pt nanocomposites 

as actuating strips. The studies of the materials strains were performed as explained in 

the experimental chapter (section 2.3.1) and cycled at different CV scans rates and 

also studied by chronoamperometry measurements. 

The ECMD studies of PPy/DBS films have been extensively reported in the 

literature.
321,349

 Takashima et al.
350

 studied PPy/DBS films cycled in NaCl at 

concentrations from 0.005 M to 1 M and found out that the highest actuation was 

obtained for films cycled in 0.1 and 0.05 M NaCl. Therefore the electrolyte 
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concentration of 0.1 M NaCl was used in this study. Before starting each of the 

measurements, the films were pre-stretched by a force of 10 mN applied for 1 h.  

This process is a preconditioning of the film in order to remove the polymer 

film creases and to decrease the polymer stiffness and anisotropic stress.
12

 Figure 3.12 

shows the muscle analyzer arm deflection as a function of time for PPy and PPy/Pt 

15s in response to film expansion and contraction when studied by cyclic 

voltammetry at different scan rates. The number of cycles versus strain is shown at 

the right of each respective Figure.  

The observed strain changes are regarded as a cathodic actuation (cation 

driven process), where the expansion is observed upon the film reduction. This is a 

typical actuation mode for PPy/DBS systems
321,349

  and results from the presence of 

immobilized DBS anions, which are balanced by the cations from the solution upon 

the reduction of the polymer backbone. 

The full cycling was performed 3 to 4 times at different scan rates so that the 

ion flux in and out of the polymer achieves a steady state and the comparative strain 

was representative of this process. It is observed that at all measured scan rates an 

enhancement in the actuation was obtained after the Pt nanoparticle deposition. The 

increase in the actuation was not much pronounced at the lowest scan rate of 2mV s
-1

 

in comparison to the faster scan rates at 5 and 10 mV s
-1
. Skarup‘s group

351
 prepared 

polypyrrole and PEDOT films and studied the actuation properties of these materials 

at different scan rates. Interestingly, he could observe only a slight increase in the 

PPy/PEDOT in comparison to the pristine polypyrrole synthesized in similar 

conditions. However, even though the increase was of small magnitude it was 

reported that a higher difference in the actuation strains were obtained at high scan 

rates. This is probably an indication that at higher scan rates the Pt nanoparticles 
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containing films present a higher electrical connectivity, allowing a faster flow of the 

electrical signal through the film and resulting in an actuating site activation at a 

higher extent.   

It was also observed in Figure 3.12 that the first cycle showed a higher 

actuation magnitude for both films at scan rates of 5 and 10 mV s
-1

. At the very first 

cycle in a series of experiments, this can be explained by the initial release of loosely 

bound DBS
– 

ions and the incorporation of Na
+
 ions. This process is a competition 

process between the exiting of anions and the entering cations leading to an 

anomalous actuating strain  

This larger strain in the first cycle at scan rate of 5 mV s
-1 

for PPy/Pt  

(figure 3.12 c)  and PPy and PPy/Pt at scan rate of  10 mV s
-1

 (Figure 3.12 e) could be 

related to the initial positive polarization imposed in the conducting polymer films.  

Prior to the beginning of the cyclic voltammetry measurements, the films were 

set to a rest potential of 0 V for 60 s. At this potential the films were slightly oxidized 

so a gradual expulsion of Na
+
 out of the films from the deeper regions in the polymer 

network is expected. When the scan starts and proceeds to 0.1 V, an increased 

migration of ions outside the polymer is expected and as a large number of ions is 

already stationary in the polymer solution boundary, a faster and more efficient 

exclusion of Na
+
 happens. This can lead to a larger number of deeply included ions 

exiting the polymer network.  
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Figure 3.12 – a, c and e) ECMD response as percentage strain vs. time for PPy/Pt cycled at 

2mV s
-1

, 5mV s
-1

 and 10 mV s
-1

 respectively and b, d and f, the accompanying strain vs. cycle 

number plot. 
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During the other subsequent CV cycling, ions exchange occurs as a continuous 

process so the amount of expelled ions and the inserted ions are likely to be in the 

same narrow range in sequential cycling. Another possible reason is the short term 

unrecoverable stretching of the polymer bundles known as creep. The initial cycle 

imposes a large deformity in the polymer network that is not fully recovered by the 

end of the cycle resulting in the larger actuation in the first cycle.  

In Figure 3.13 a), the ultimate strain versus the potential for Ppy and PPy/Pt at 

a scan rate of 2mv s
-1

 is shown.  It was observed that the ultimate strain obtained in 

the 2
rd

 cycle was 2.7 % for PPy/Pt and 2.3% for PPy. This represents an increase of 

22% in the ultimate strain of the film upon the deposition of Pt nanoparticles for 15 s. 

In Figure 3.13 a, a typical PPy/DBS CV for films cycled in NaCl is shown.
352

 The 

oxidation and reduction peaks of the polypyrrole films occur at approximately -0.32 V 

and -0.43 V for PPy/Pt 15 s and -0.32 V and -0.58 V for PPy 15s respectively. This 

shift in the reduction potential peak of the PPy/Pt 15 s is an indication of a decrease in 

the energy necessary for this process to happen. The ∆Ep in the Pt containing films is 

decreased by 0.18 V in comparison to the ∆Ep in PPy films. The smaller ∆Ep in PPy 

containing Pt nanocomposites reveals the higher reversibility in the redox process.  

The area under the CV curve for the PPy /Pt nanocomposites is considerably 

smaller when compared to the area for PPy only. This can lead to the incorrect 

conclusion that the electronic activity in the PPy films is higher than the one in the 

nanocomposite films, however, the CVs are obtained from films stretched and under 

the load of 1 g and not films deposited on an electrode. Thus in fact the CV area will 

be proportional to the amount of energy used to produce the deformation in the film 

under stress load. Still, it is worthy observing that the reduction and oxidation peaks 
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are more pronounced in the nanocomposites indicating a higher electronic activity in 

these materials.   

 

 

 

 

 

 

 

 

a 

 

 

 

 

 

 

 

 

 

b 

 

Figure 3.13 – a) Cyclic voltammogram for PPy and PPy/Pt films cycled in 0.1M NaCl at 2mV 

s
-1

 and b) the ECMD vs. E (V vs. AgAgCl) 
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In Figure 3.14 b the ECMD response for films cycled at 5 mV s
-1

 is shown. At 

this scan rate, the actuating strain in both films decreased with an increase in scan rate 

from 2 mV s
-1

. This is commonly observed in conducting polymer actuation studies 

and is discussed in terms of the diffusion processes in these materials. At higher scan 

rates the oxidation and reduction states in the polymers are switched very quickly. In 

this scenario the ions in solution cannot penetrate into the films at the same rate to 

balance the charged species. Thus the decrease in the actuating strain is observed. 

The ultimate strains obtained from the 3
rd

 cycle at this scan rate was 3.0% for 

PPy/Pt and 1.8% for PPy. These values represent an increase of 68% in the actuating 

for strain for PPy/Pt in comparison with unmodified polypyrrole film. Interestingly, a 

decrease in the PPy films was observed when the scan rate was increased.  

The cyclic voltammogram in Figure 3.14 reveals similar characteristics to 

those obtained at 2 mV s
-1

, where the oxidation peak potential remains nearly the 

same for both PPy and PPy/Pt at around 0.2 V. However, the reduction peak potential 

was shifted to a higher potential in the PPy/Pt 15 s film moving from - 0.52 V in 

PPy/Pt to - 0.6 V in PPy. According to figure 3.16 b, at 10 mV s
-1

 an additional 

decrease of the actuations was observed for both films in relation to the previous scan 

rates due to the reasons explained above. The ultimate strain was also obtained from 

the 3
rd

 cycle and they are 1.4% for PPy/Pt and 1.1% for PPy. The improvement in the 

strain for the nanocomposite films was about 24.7%. As observed in Figure 3.15 a, at 

higher scan rates the peak potential for the reduction and oxidation become very 

broad, making their exact determination difficult.     
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Figure 3.14 – a) Cyclic voltammogram for PPy and PPy/Pt films cycled in 0.1M NaCl at 5mV 

s
-1

 and b) the ECMD vs. E (V vs. AgAgCl) 
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Figure 3.15 – a) Cyclic voltammogram for PPy and PPy/Pt films cycled in 0.1M NaCl at 

10mV s
-1

 and b) the ECMD vs. E (V vs. AgAgCl) 

 

 

 

E (V vs. Ag/AgCl)

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

I 
(A

)

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

PPy/Pt

PPy

E (V vs. Ag/AgCl)

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

S
tr

a
in

 (
%

)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

PPy/Pt

PPy



Chapter 3 

 

 109 

The maximum strain obtained in ECMD studies was improved at all measured 

scan rates for the Pt containing film. The results are summarized in Table 3 .5 and 

Figure 3.16. 

 

Table 3.5 – Results of ECMD studies of PPy and PPy/Pt 15s for the 2
nd

 (2mV s-1) and 3 rd 

CV cycle ( 5 and 10 mV s-
1
) 

 

System 2 mV s
-1

 (%) 5 mV s
-1

 (%) 10 mV s
-1(

%) 

PPy (strain) 2.3 1.8 1.1 

PPy/Pt15s (strain)  2.7 3.0 1.4 

 

 

 

Figure 3.16 – Strain versus scan rate for PPy/Pt 15 s and PPy for the 3
rd

 cycle 
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3.3.5  Chronoamperometric studies 

 

Chronoamperometric experiments are of high utility in the studies of the strain 

rates of conducting polymers. The strain rates are normally expressed as the ratio of 

the deformation change and the time necessary for this process to happen, and is 

commonly denominated as the actuation speed. In this study, the films were stepped 

by applying a potential of +0.1 V for 60 s, followed by an instant potential switch to 

-0.85 V where it was held for another 60 s.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17- Strain vs Time for PPy and PPy/Pt15 s during the potential step experiments. 

The blue dotted line represents the slope of the potential step.  
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The initial step was of positive polarization and the process was repeated for a 

total of 10 steps. The overall increase in the strain for Pt 15 s was observed in 

comparison to the pristine PPy films. The strain rates were calculated from the initial 

slopes in the first 10 s. The strain rates obtained from PPy and PPy/Pt 15s are 0.064% 

s 
-1 

and 0.105% s 
-1

, respectively as shown in Figure 3.17. The improved strain rates 

for PPy/Pt composites additionally confirms the synergistic effect between the PPy 

film and the Pt nanoparticles. 

3.3.6 Film actuation energy efficiency 

 

The energy efficiency conversion assessment is of essential importance in the 

fabrication of conducting polymers actuators.
353

 One of the main drawbacks in the 

application of conducting polymer actuators in commercial products is their extremely 

low energy conversion. The commonly measured energy efficiency conversion is of 

around 0.1 to 0.2% in relation to the input and output energies. The efficiency is 

calculated from the ratio of the amount of energy input and the work developed. 

The electrical input energy is calculated from: 



E
in
 Vidt                                        (3.6) 

where V is voltage, I is the current and t is the time. 

Ideally, the voltage should be given against the counter electrode, but as 

normally a 3- electrode system is used, it is given against the reference electrode.
8
  

 When cyclic voltammetry is used as the form of input energy, the calculation 

for the overall total input energy is obtained from the integral of the cyclic 

voltammogram multiplied by the total duration time in a full cycle. The mechanical 

output energy is calculated from the formula: 
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E
out
 mgl                                         (3.7) 

where m is mass of the weight imposed in the film during the cycling, g is 

gravity and ∆l is the linear change in the polymer film.   

 Hence, the developed energy by the system is proportional to the obtained 

strain. It is clearly observed that for the system containing Pt nanoparticles the 

integral of the CV area is smaller than the ones for pure PPy. This by itself represents 

an improvement in the efficiency of the systems containing nanoparticles. The 

increased strain in the systems containing Pt also represents the enhancement in the 

work performed by the nanocomposite films. The calculated energy efficiency 

conversion is presented in Table 3.6. Overall, the work density of PPy was 

remarkably improved, achieving an increase of 170% for the cycling at 2 mV s
-1

 and 

60% for the cycling at 5 mV s
-1

. 

 

Table 3.6– Energy conversion efficiency for PPy/Pt and PPy films cycled in 0.1 M NaCl. 

 

 Ppy Ppy/Pt 

Scan Rate 2mV s
-1

 5mV s
-1

 2mV s
-1

 5mV s
-1

 

Input energy (J) 10
-2

 14.60 9.87 6.29 5.92 

Output energy (J) 10
-6

 1.38 1.39 1.62 2.34 

Energy efficiency (%) 10
-3

 0.94 1.41 2.57 3.96 

 

These values are relatively low compared to the observed 0.05%
8
 efficiency in 

PPy NaDBS system, however the efficiency will depend on the synthetic procedure. 

Herein, constant potential polymerization was used at room temperature, thus the 

films present a poorly organized structure, probably decreasing their efficiencies. 
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The relatively large enhancement in the energy efficiency represents an 

outstanding improvement in the performance of conducting polymer film strips 

through a simple electrodeposition of Pt nanoparticles.   

 

3.4 Conclusions  

 

The nanoparticles deposition onto conducting polymers has been under 

investigation for more than two decades. However, the study of such composite 

materials as actuators is still lacking in both academic and industrial research. The 

main finding in the investigation of nanocomposites films of polypyrrole and Pt 

nanoparticle obtained from the electrodeposition are summarized below. 

The Pt deposition on PPy films can be achieved by the reduction of the films 

in a solution containing Pt 
II 

ions at a mild sulfuric acid (H2SO4) concentration. The 

duration of deposition was correlated to an improvement in the electrical 

conductivities of the material. When the deposition time was varied from 5 s to 15 s, 

the conductivity in the obtained films was increased accordingly.  

Raman spectroscopy revealed the enhancement of the intensities after the 

deposition of nanoparticles, showing the enhancement of the Raman signal by the 

addition of Pt nanoparticles at even very low loads. A higher degree of charged 

species was observed in the films after the film treatment by Pt electrodeposition. This 

is indication of an improvement in the films electrical properties after the 

nanoparticles formation. 

The electrochemomechanical deformation studies revealed a significant 

increase in the actuating ability of the Pt nanocomposite materials. At all the studied 
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scan rates for the nanocomposite obtained through the deposition of Pt nanoparticles 

for 15 s the increase in the strain was observed in comparison to unmodified PPy 

films when cycled in 0.1 M NaCl. The highest increase was observed when the PPy/Pt 

film was cycled at 5mV s
-1

, achieving up to 68% improvement. The strain rate was 

also remarkably increased in the Pt deposited films.  

Surprisingly, the work efficiency of the nanocomposites materials was 

enhanced by up to 180% in the nanocomposites materials. This is of great importance 

as the efficiency of the material brings them a step closer to their use in practical 

applications.  

As per the main goal in this chapter, the physicochemical properties of the 

polypyrrole films with Pt nanoparticles were greatly improved through the Pt 

electrodeposition technique. The new obtained nanocomposite materials presented 

augmented properties and enhanced actuation performance. 
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Chapter 4 - Fabrication of nanocomposite polypyrrole films 

through the addition of citrate stabilized Pt nanoparticles 

into the polymerisation solution and the study of their 

morphological, electrical and actuating properties 

 

The preparation of Pt/citrate nanoparticles was accomplished in aqueous 

solution with a few modifications of the Turkevich method. The Pt nanoparticles were 

chemically characterised and their characteristics assessed by microscopic and 

chemical techniques.  

The polypyrrole polymer films were fabricated from a solution of pyrrole from 

the solutions containing Pt nanoparticles in the solution at different molar ratios of 

polypyrrole:Pt nanocomposites.  

The performance of the new material in respect to their actuating ability was 

investigated by electrochemomechanical deformation measurements and the physical 

properties of the materials were investigated by spectroscopic techniques and 

conductivity measurements.     

 

4.1 Introduction 

 

One of the commonly used methods for the formation of nanocomposites of 

nanoparticles with a polymeric matrix is the in situ deposition, which consists of the 

inclusion of the nanoparticles in the polymerisation solution.
354–358

 This method is 
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widely used in the polymer nanocomposite fabrication as virtually any polymeric 

materials can be combined with metal nanoparticles to form new materials. In other 

techniques, such as the metal electrodeposition method,
309

 it is required for the 

material to which the nanoparticles are included to be conductive in most of the cases. 

The preparation of nanoparticles has been achieved by numerous procedures, 

with carbon based nanoparticles,
359–361

 quantum dots
362

 and metal nanoparticles
238,363

 

being commonly synthesized. 

The recent developments in the synthesis of metal nanoparticles provide a 

precise control of nanoparticle properties such as particle size, particle distribution 

and particle shape.
364,365

 The optical and electronic properties of metal nanoparticles 

are tuned by, among other parameters, the particle size distribution.
366

 These 

properties take into account not only the size of individual particles but their 

aggregation phenomenon as well.
367

  

In order to obtain nanoparticles with a narrow size distribution and prevent 

their aggregation a large number of protecting groups or capping agents are 

used.
368,369

 The capping agents are compounds which are strongly bound to the 

nanoparticles surface. The capping agents can function as micelles, limiting the 

nanoparticle growth to a confined region and regulating the final particle size. They 

can also prevent particle aggregation through the repulsion of charges normally 

present in their structures. 

The inclusion of nanoparticles into conductive polymers has been applied in 

the fabrication of dye-sensitized solar cell (DSSC),
370–373

 electrochromic devices
374

 

and sensors.
375

 Those nanocomposites have improved the charge transport as 

demonstrated by some researchers, for example, by decreasing their response time in 

electrochromic switches.
376
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Conducting polymer nanocomposites obtained by the nanoparticles inclusion 

in the polymer network in sensor platforms have resulted in an improved performance 

and sensitivity of these materials.
377

 

One of the most commonly used capping agents for the metal nanoparticles 

synthesis are citrates. Their utility in metal nanoparticles synthesis arises from their 

negatively charged nature, which sustains the nanoparticle‘s stability, and from being 

reducing agents at elevated temperatures.
378–380

  

The metal/citrate nanoparticles synthesis is very straightforward. The 

synthesis normally involves the mixing of the ionic solution of a salt containing the 

desired metal species, and a citrate compound (normally Na citrate), followed by the 

boiling of the reaction mixture.
381

 Normally no strong reducing agent is added what 

facilitates the purification steps.  

In this chapter, Pt nanoparticles were synthesized using the citrate method. A 

few different conditions were tested to get stable particles and narrow size 

distribution. Their dispersion in the pyrrole solution was followed by the 

polymerisation using a galvanostatic mode. The nanocomposites properties were 

assessed electrochemically and physically by electrochemomechanical deformation 

studies. Morphological and chemical characterisations were performed in order to 

elucidate the nanoparticles/ polypyrrole interaction mechanism.   
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4.2 Experimental 

 

4.2.1 Materials 

 

K2PtCl4 (99%), NaCl, trisodium citrate were obtained from Aldrich and used 

as received. NaDBS was obtained from Sigma-Aldrich and used without purification. 

Pyrrole was received from Aldrich, distilled under vacuum and stored under nitrogen 

atmosphere at -20
o
C. Milli-Q water purity higher than 18 MΩ.cm was used 

throughout the experiments.  

 

4.2.2 Electrodes 

Stainless steel sheets of marine grade (316) were used as the working and 

counter electrodes.  

 

4.2.3 Instrumentation 

 

All PPy film syntheses were performed using Biologic Instruments 

potentiostat. The films actuation experiments were performed using eDAQ or CHI, 

model 440 potentiostats.   

The platinum nanoparticles were imaged by TEM microscope as explained in 

the Experimental section 2.4.6. The images were analyzed with the use of the particle 

counting software Image J. A custom macro downloaded from 

http://code.google.com/p/psa-macro was used to perform the particle counting and 

sizing. The images were smoothed (3 × 3 median filter), the threshold was manually 
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adjusted using global threshold.  The particle size was calculated as circle-equivalent 

diameter from the area of each individual particle (d = 2(A/π)1/2). The calculation of 

the number averages from the entire population resulted in a histogram which was 

plotted and presented. 

UV-Vis measurements were performed to study the particle‘s formation and 

their aggregation mode in solution. 

 

4.2.4 Preparation of citrate protected nanoparticles  

 

100 mol K2PtCl4 (0.0415g) was dissolved in 15 ml of MilliQ water and 

stirred for 2 h at room temperature for complete dissolution. 

Citrate solution was prepared in a two neck round bottom flask connected to a 

condenser by dissolving 0.345 g of Na citrate (1000 mol) in 15 ml of MilliQ water. 

The citrate and Pt solutions were separately heated at 80 C for 15 min. After this 

period, the Pt precursor solution was slowly injected into the round bottom flask 

containing the citrate solution under vigorous stirring. The temperature was increased 

to 110 C and kept under reflux for 2 h. Gradually, the solution color turned from 

pink-orange to brown-gray indicating the Pt nanoparticle‘s formation.  

After the reaction time, the heating was removed and the reaction system 

cooled down. The nanoparticles were dialyzed against MiliQ water using dialysis 

membranes of 8 kDa cut off for a period of 24 hours. The outside water to internal 

volume nanoparticles volume was kept at a 40:1 ratio and the water exchanged 

approximately every 8 hours. After the dialysis period the particles were transferred to 

a container and their final volume adjusted to 50 ml.   
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4.2.5 Polypyrrole film fabrication 

 

In a three electrode electrochemical cell, as described in the general 

experimental section, 0.1 M of NaDBS was transferred to a glass cell and purged with 

N2 for at least 30 minutes. 

To this solution, a required amount of pyrrole was added to make up a solution 

with a final concentration of 0.1 M pyrrole and 0.1 M NaDBS. The polymerisation 

was carried out galvanostatically at a current density of 2 mA/cm
2
 until a charge 

consumption of 3 C/cm
2
 was attained. The stainless steel electrodes containing PPy 

films were thoroughly washed with MilliQ water and stored in a monomer free 

aqueous solution of NaDBS. 

 

4.2.6 Polypyrrole/Pt nanoparticles film preparation  

 

For the preparation of PPy/Pt nanocomposite films the in situ method was 

followed (as explained in section 1.9). The molar concentration of NP was calculated 

in reference to the Pt salt in moles. 100 moles of K2PtCl4 used was and the final 

volume was 50 ml, thus a 20 mM Pt nanoparticle solution was obtained to prepare the 

nanocomposites at different concentration loads. Nanoparticle solution aliquots were 

added to the pyrrole/DBS solution to form Pt NP at concentration of 0.1 mol%, 0.2 

mol% and 0.4 mol% in respect to the final pyrrole amount. The films were 

polymerized in the same way as described in section 4.2.5. After that, the electrodes 

containing PPy/Pt films were thoroughly washed with MilliQ water and stored in a 

monomer free aqueous solution of NaDBS. 
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4.2.7 Electrical Properties and Electrochemomechanical Deformation (ECMD)  

Measurements  

 

The conductivity of the films was measured by a four-probe conductivity 

meter as explained in the experimental general section. The ECMD measurements 

were performed as explained in the experimental chapter in section 2.3.1.  The films 

were cut and set in the ECMD rig with an exposed area of 3 mm x 3 mm and 

subjected to different electrochemical techniques.  

The cyclic voltammetry measurements were performed in a potential window 

between – 0.85 to 0.35 V for PPy and -0.85 to 0.10 V for PPy/Pt at scan rates of 2 mV 

s
-1

, 5mV s
-1

 and 10 mV s
-1

.  

 

4.3 Results and discussion 

 

4.3.1 Pt citrate capped nanoparticle synthesis 

 

The synthesis of metal nanoparticles by reduction of the metal salt solution 

with citrate was devised over 60 years ago. Turkevich and coworkers reported the 

synthesis of Au nanoparticles in 1951.
381

 The initially obtained Au particles by 

Turkevich were in the range of 10 nm; nonetheless by adjusting the synthetic 

parameters, the Turkevich route is used to produce particles with sizes ranging from 

10 to 100 nm.
381

 In the nanoparticle synthesis the molar ratio of citrate to the salt 

precursor is of crucial importance in the control of the final particle size.
382
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The Turkevich route has been used as a pivotal route for gold nanoparticle 

synthesis and has been continually used and studied over the past decades.
381

 The 

method is one of the most reliable methods for metal nanoparticle synthesis and has 

remained pertinently unchanged for a long time. Recently, a few modifications in the 

synthetic route have been undertaken to improve the nanoparticle size control.
383

 The 

outcome of such studies has been reports of successful improvements in the control of 

particle morphology and properties. The Turkevich method has been extended to the 

synthesis of other metal nanoparticles, such as Pt, as described in the literature.
384,385

  

Smaller particles present improved properties when used in catalytic 

processes.
234

 Even though this application is out of scope in this investigation, 

obtaining particles of very small size is expected to be of primordial importance for 

the diffusion of the metal nanoparticles to a conducting polymer film during their 

electrodeposition. The very small nanoparticles would also play a role in 

improvement of the electrical contact between the polymer chains at a quasi-

molecular level. Due to the negatively charged nature of Pt citrate and the positive 

charges in the polypyrrole units resulting from their oxidation during the 

polymerisation process, the electrostatic interaction between the citrate capped Pt and 

the oxidized polypyrrole is the driving process for the incorporation of the Pt 

nanoparticles in the film. The Pt nanoparticles capped with citrate would also act as 

an extra doping element during the PPy film synthesis.  

In the synthesis procedure used in this study, the inverse citrate addition,
383

 

where the Na citrate is added to the Pt precursor solution in opposition to the original 

addition order,  was used to produce metal nanoparticles, with an aimed size in the <5 

nm size range. 
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The metal reduction by citrate groups is a multi step mechanism. The initial 

process in the preparation of Pt citrate nanoparticles is the dissolutions of the Pt2Cl4 

salt and the exchange of the Pt ligands by H2O molecules. This process is known as 

solvolysis and promotes the chelation of the Pt atoms with water molecules. 

Systematic studies unraveled the importance of the dissolution time in preparation of 

Pt nanoparticles prepared either by K2PtCl4 or K2PtCl6.
386

 When the equilibrium is 

achieved a 1 mM solution of K2PtCl4 is composed of 5% PtCl4
-2

; 53% PtCl3(H2O)
-
 

and 42% PtCl2(H2O)2.
387

 The aging time improves the reduction speed by the 

formation of H2O ligand substitution in the PtCl4
-2

.
387

  

The dissolution process is as follows:
388

  

Pt
II
Cl4

-2
 + H2O  PtCl3(H2O) + Cl

-
                    (4.1) 

PtCl3(H2O
-
) + H2O PtCl2(H2O)2 + Cl

-                  
(4.2) 

During the synthesis experiments, a short time of dissolution and a 2-hour 

dissolution were investigated in comparison to the absence of dissolution time. The 

results revealed a much faster change in coloration of the Pt salt solution when 2 

hours solvolysis was used. The change in coloration is related to Pt nanoparticle 

formation, thus the dissolution time promoted the Pt nanoparticle formation.  

After the 2 h dissolution time, the platinum salt solution was heated up to 80 

C for 10 minutes to improve the solubility of the Pt
II
 ions and to increase their kinetic 

energy. After this, the Pt solution was injected slowly into the sodium citrate (NaCit) 

solution which was also heated to 80º C separately. The reaction mixture temperature 

was then increased to 110 C and left to react for a further 2 hours.  
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The following steps are a combination of organic reduction complexes‘ 

nucleation steps and their intricacies are still under investigation and debate.  At 

higher temperatures citrate molecules are converted to dicarboxy acetone according to 

the equation 4.3.
389,390

 

C3O6H
-3

     C2O5
-2

 + CO2 + H
+ 

 + 2e
-              

(4.3)        

According to the literature, the dicarboxy acetone is a reducing agent of 

potential high enough to reduce the Pt
II
(OH)2 Cl2 and the other solvated Pt species to 

Pt
0
.
390

 The main focus of this study is the influence of Pt nanoparticles, thus to attain 

nanoparticles of high purity, it is mandatory that the formed by-products are removed.  

 

 

 

 

 

         

 

 

Figure 4.1 – Digital images of Pt citrate capped nanoparticles 

 

Figure 4.1 shows a digital image of the obtained Pt nanoparticles solution. The 

nanoparticle formation is evidenced by the browning of the solution after the reaction 

time of 2 hours. The gray-brownish color obtained in these preparations is typical of 

the Pt nanoparticles and their coloration hue will depend on the starting Pt precursor 

and the stabilizing agents.
391

 Among the different purification process for 

nanoparticles, dialysis offers the gradual removal of the impurities in a controlled 
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manner. The dialysis process imposes less interference on the nanoparticles 

aggregation mode as opposed to centrifugation, where the nanoparticles have to be 

precipitated and re-dispersed.
392

  

The membrane of 8 kDa cut off, as used here, benefits the dialysis of 

nanoparticles by promoting a rapid exchange of the internal water from the 

considerably large pore size, which is however still small enough to prevent the 

majority of the particles from crossing the membrane into the dialysis solution. The 

initial volume before the dialysis process was 30 ml and was increased to 45 ml with 

the water entrance through the dialysis membrane in the dialysis step. The final 

solution volume was adjusted to 50 ml by adding Milli Q water.  

4.3.2 UV-Visible spectroscopy 

 

Metal nanoparticle interactions with the electromagnetic field result in optical 

properties, which are characteristic for each type of nanoparticle.
367

 Aditionally, the 

optical properties are also correlated to the particle size and nanoparticle interaction 

with each other and the medium.
364

 UV-Vis spectroscopy was used to assess the 

nanoparticle formation and the result is shown in Figure 4.2. The spectrum after the 

reduction presents a main broad band with max at 260-280 nm.  

The UV-Vis spectroscopy characterisation of Pt nanoparticles is widely 

discussed in the literature, however the interpretation UV/Vis band related to the 

reduction of Pt is mentioned to be at variable max values.
384,387,393

 

Mie and coworkers
284

 were very interested in the optical properties of 

nanoparticles and extensively studied such materials. The work done by Mie is 

credited as of great importance in the development of the nanoparticles synthesis and 
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characterisation. According to Mie‘s theory nanoparticles will present a plasmon band 

at 215 nm. Creighton and Eadon
394

 predicted the max for several metal nanoparticles 

applying the Mie theory to a system of a fairly diluted solution of around 50 

nanoparticles of 10 nm, including Pt NP. Their prediction for Pt NP resides at 232 nm 

and is valid for nanoparticles from 3-20 nm, which makes it applicable to this study as 

the obtained particles are between 3 - 10 nm (see TEM discussion). Nonetheless it is 

well documented that the max is strongly dependent on the particle shape.
394,395

 The 

deviation from spherical shapes shifts the max. Nanoparticles with a higher 

longitudinal to spherical aspect ratio shift the band to longer wavelengths, thus the 

shift observed in the UV-Vis spectra in Figure 4.2 is an indication that the obtained 

particles are distorted from a resolved spherical shape.   

 

 

 

 

 

 

 

 

 

Figure 4.2 – UV-vis spectrum of Pt citrate capped nanoparticles solution a) before and b) after 

the citrate reduction         

   
   

Another piece of information deduced from the UV-Vis spectra in figure 4.2 is 

the appearance of an increase in the baseline intensity or appearance of a broad peak 
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from 400nm to 700nm. This increase in the baseline intensity or the appearance of a 

weak broad peak from 400 nm to 600 nm has been also used as an evidence for the 

platinum reduction from its oxidized state Pt
+2 

to elemental Pt
0
.
384

 

 

 4.3.3 Transmission electron microscopy (TEM) micrographs  

 

The Pt nanoparticle size was estimated from TEM images of the Pt 

nanoparticle colloidal solution drop-cast onto Cu grids coated with a thin carbon 

layer. The nanoparticle counting and sizing was performed with Image J software as 

per section 4.2.3. 

The TEM images shown in Figure 4.3 revealed the presence of particles with 

different geometrical shapes but with a similar size range, inferring thst the particles 

present a low polydispersity.  

The micrographs revealed the presence of rectangular to spherical particles. 

Nonetheless due to the unclear distinction between Pt (darker) and citrate moieties, an 

exact particle size and shape is hard to resolve. The particle counting was performed 

on 656 particles and the results plotted as a histogram, which is presented in Figure 

4.3 c) with an average particle size of 1.93 ±0.6 nm. As observed in the histogram, the 

nanoparticles present a considerably narrow size distribution.  
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a        b  

 

Figure 4.3 – a)TEM of Pt/citrate nanoparticles and b) particle counting histogram 

 

4.3.4 PPy/Pt NP and PPy films characterisation  

 

The polypyrrole films were polymerized galvanostatically from a solution 

containing py and NaDBS. The resulting films are in the range of 9 µm, as calculated 

by the equation 3.1, what makes them suitable for the electrochemomechanical 

deformation studies as discussed in the actuation studies, section 2.3.1. The 

nanocomposite films were obtained using the same polymerisation parameters as the 

PPy films, except that the solutions contained nanoparticles in different molar ratios 

to the pyrrole monomer. The transient potential curves during the polymerisation time 

are shown in Figure 4.4. The polymerisation potential, at the steady-state, decreased 

b

 a) 

) 
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with the inclusion of the Pt NP in the polymerisation solution. This can be explained 

by a decrease of solution resistance according to Ohm‘s law             

 

      U=R.I     (4.3) 

 

As all the polymerisations were performed under the same conditions, the 

developed potential is directly proportional to the solution/film interface resistance. 

This can be considered as a result of the improvement of the conductivity of the film 

by the formation of less defective polymerisation layers, assuring a higher electrical 

contact through the polymer network. A similar observation was reported by Montoya 

et al.
396

 where nanocomposite films were prepared by the combination of iron oxide 

(Fe3O4) and PPy films. They also observed that the final polymerisation potential was 

decreased proportionally with the increase of the magnetite particles loading in the 

polymerisation solution. Montoya et al. proposed that this is due to the possible 

decrease in the energy necessary for the polymer formation and also that the particles 

could prevent the overoxidation of PPy.
397

 The same phenomenon was observed by 

other researchers when they prepared the same type of nanocomposites
398

 and even 

when graphite oxide was included in the polymerisation solution of PPy to form 

nanocomposites.
399

 

The observed polymerisation potential was around 0.75 V (Figure 4.4.), which 

is a high enough potential to fully oxidize pyrrole.
398
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Figure 4.4:  Polymerisation potential of a) PPy and b) PPy/Pt 0.2% films grown 

galvanostatically at 2 mA/cm
2
 from Py/DBS 

 

 

4.3.5 Raman Spectroscopy 

 

Raman spectroscopy has been used as one of the most useful techniques in the 

characterisation of PPy and PPy nanocomposites. It gives valuable information about 

the chemical structure of the polymer besides being of great importance in resolving 

the polymer changes upon different oxidation states. The oxidation state reveals the 

presence of the charge carriers in the polymers, which can be easily correlated to the 

polymers conductivity. Additionally, the Raman measurements in the oxidized state 

offer the possibility to relatively quantify the different types of charges carriers.
400

  

The difference in the PPy/Pt NP nanocomposite structure and oxidation state 

was studied here in comparison to the pristine PPy. A 785 nm laser excitation was 

employed for the Raman spectroscopy, which is in resonance with the bipolaron and 

polaron species.
401

 

a 

b 
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The Raman spectra revealed the presence of bands assigned to the typical 

structure of polypyrrole doped with DBS an shown by Cassidy et al.
333

 The Pt 

nanoparticle plasmon resonance frequencies also fall within the wavelength range of 

the NIR laser source which results in the signal enhancement of the Raman spectra by 

a process called surface enhanced raman spectroscopy (SERS). PPy/Pt nanocomposite 

band intensities were found to be approximately 3 times stronger than in the pristine 

PPy films which makes the bands identification and assignment easier.  

The most important peaks for PPy films, as observed in Figure 4.5, are 

assigned according to the relevant literature
335

 and given in Table 4.1. A closer 

inspection in the Raman spectra revealed that the bands in the PPy/Pt nanocomposite 

are less broad and more defined than the ones in the PPy film. This can be inferred as 

a more organized and stable structure for the films containing Pt nanoparticles.  

The PPy/Pt Raman shift at around 1580 cm
-1 

in the nanocomposites changes to 

lower wavelengths in PPy by 510 cm
-1

. This can be interpreted as an increase in the 

polymer conductivity.
339

 This band is related to the oxidized state of the skeletal C=C 

backbone stretching.
340

 At 1500 cm
-1

 is the band related to the C=C backbone 

stretching in its neutral form. The conjugation length is calculated by the ratio 

between the band intensities at 1580 and 1500 cm
-1

.
340

 A higher conjugation length 

infers a higher ordering in the polymer structure and in turn an improved 

conductivity. The values for the intensity ratio of I1580 / I1500 bands obtained from the 

spectra are 1.57 and 1.70 for PPy and PPy/Pt respectively as shown in Table 4.2. 
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Figure 4.5  Raman spectra of a) PPy b) PPy/Pt electrochemically synthesized at 2 mA/cm
2
 

from a solution of 0.1 M pyrrole and 0.1M NaDBS 

 

This represents an improvement in the conducting character in the 

nanocomposites. The bands at around 1378, 1089 and 1050 cm
-1 

represent the C=C, 

C-H and the C-C-C respectively,
333

 for both unmodified and Pt containing films. 

These band positions were blue shifted in respect to the PPy film. This could be a 

result of the Pt nanoparticle interaction with the polymer structure. The slight increase 

of the intensity of the band at 1580 cm
-1

 in relation to the band at 930 cm
-1

 (Table 

4.2.) and overall spectra for PPy/Pt is another indication of the increase in the 

polarizability of the polymer
330

  and, in turn, an increase in the film‘s conductivities.      
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Table 4.1: Raman assignments for PPy and PPy/Pt films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2 – Raman band intensity ratios for PPy and PPy/Pt NP films 

 

 

 

Species Assignment PPy PPy/Pt 0 .2% 

- Ring torsion 625 614 

- C-H wagging 686 684 

Bipolaron C-H out-of-plane bending 775 781 

Neutral Ring deformation 937 920 

Polaron C-H in-plane bending 1061 1046 

Neutral C-H in plane bending 1090 1086 

Polaron N-H in plane bending 1245 1232 

Neutral C-C backbone stretching 1326 1318 

Polaron C-C backbone stretching 1378 1379 

Neutral C=C backbone stretching 1495 1483 

Polaron C=C backbone stretching 1554 1539 

Bipolaron C=C backbone stretching 1584 1579 

System I1580/I930 I1580/I1500 

PPy 0.95 1.57 

PPy/Pt 0.2% 1.02 1.70 
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4.3.6 Conductivity measurements 

 

The conductivities of the polypyrrole films and polypyrrole/Pt 

nanocomposites were estimated using the four-probe method and the results are 

shown in Table 4.3 and Figure 4.6. An overall increase in the conductivity was 

observed in polypyrrole films after the nanoparticle inclusion in the polymerisation 

solution. The relative increase in the conductivities of nanocomposites in relation to 

the pristine PPy films are 32%, 35% and 43% for PPy/Pt 0.1 mol%, PPy/Pt 0.2 mol% 

and PPy/Pt 0.4 mol% respectively. This improvement in the conducting character of 

the PPy/Pt film can be thought of as related to an improvement in the molecular 

interconnects by the presence of Pt as molecular junctions. In this process, the Pt 

nanoparticle would improve the electrical and electronic transport in the intrachain 

interaction and the long range conducting processes such as electron hopping and 

electron tunneling. 

 

Table 4.3 - Conductivity of polypyrrole and polypyrrole/Pt nanocomposite films 

 

 

System Measurements 

Average 

(mV) 

Conductivity 

(S/cm) 

PPy 1.78 1.65 1.67 1.82 1.54 1.690.11 13.080.8 

PPy/Pt 0.1% 1.20 1.18 1.41 1.18 1.46 1.290.13 17.271.7 

PPy/Pt 0.2% 1.24 1.15 1.32 1.18 1.33 1.240.08 17.691.1 

PPy/Pt 0.4% 1.15 1.25 1.10 1.29 1.21 1.200.07 18.721.1 
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4.3.7 Film morphological study 

 

The morphology of the prepared materials was studied by SEM. The SEM  

images are shown in Figure 4.6. The top image is representative of a pristine PPy film 

and the two bottom images for the PPy/Pt 0.1 % and PPy/Pt 0.4%. The typical 

cauliflower structure
402

 is observed in all films. 

A closer inspection of the SEM images reveals the presence of large bumps in 

the PPy films, whereas a somewhat smoother surface is observed for the PPy/Pt films 

(Figure 4.6 b and c). This indicates an improvement in the morphology upon the 

addition of Pt nanoparticles. 

A possible explanation for the improved morphology is that the inclusion of Pt 

nanoparticles decreases the energy for the deposition of polymer layers and a more 

ordered and less defective film is obtained. 

Similar results were obtained when metal oxide nanoparticle or graphene 

oxide
403

 were included in the polymerisation solution of conducting polymers. The 

inclusion of TiO2 nanoparticles into PPy films resulted in films with denser and more 

compact morphology showing a higher degree of ordering promoted by the presence 

of nanoparticles. The SEM results can be translated into improved condauctivities
402

 

and such results are in an agreement with the observations in this study. 
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Figure 4.6 SEM images of a) polypyrrole, b) polypyrrole/Pt 0.1% and c) polypyrrole/Pt 0.4 %  
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a) PPy 

b) PPy/Pt 0.1% 

c) PPy/Pt 0.4% 
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4.3.8 Electrochemomechanical deformation studies on polypyrrole and 

polypyrrole/Pt NP films  

 

The performance of the polypyrrole films in respect to their actuating ability 

was evaluated by studying the linear displacement upon the application of different 

types of electrical stimuli.  

This decreases the error associated with these processes during the linear 

displacement measurements resulting in anomalous actuation. To pre-stretch the 

films, a force is applied longitudinally to the polymer measuring plane direction. 

Initially a force of 60 mN (6 g) was applied, however a large unrecoverable 

deformation in the film - creep, was observed. Additionally, at this applied force the 

rupture of the film during measurement was observed frequently. In the surge of these 

events a force was set to 10 mN (1 g) as the standard procedure. The films were 

cycled in NaCl solution at a concentration of 0.1 M. The benefit of this electrolyte is 

the similarity to the physiological media, what makes possible the use of this system 

in implantable body devices.
404

 

In Figures 4.7 the linear displacement of the polypyrrole and polypyrrole/Pt 

films in response to the cyclic voltammograms at different scan rates is shown.  
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Figure 4.7 – a, c and e) ECMD response as percentage strain vs. time for PPy/Pt cycled at 

2mV s
-1

, 5mV s
-1

 and 10 mV s
-1

 respectively and b, d and f, the accompanying strain vs. cycle 

number plot. 
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At 2 mV s
-1

, the actuation is increased by the addition of nanoparticles at all 

loadings in comparison to the pristine PPy films. The increase was the most 

pronounced at the inclusion of 0.2 % Pt and was of similar range for the 0.1% Pt 

inclusion.  

The observed strain changes are regarded as a cathodic actuation (cation 

driven process), as explained on section 3.3.4.  

At higher nanoparticle loading of 0.4%, a decrease in the actuation was 

observed when compared to the 0.1 % and 0.2 %. At this NP load, the high 

nanoparticle content likely induces a higher brittleness of the film, reducing its 

elasticity.  

As the scan rate is increased, the ultimate strain decreases. This is due to the 

shorter time for the ion diffusion into the polymer films. Interestingly, the difference 

in the actuating strain of the nanocomposite is increased, except for the Pt 0.4%. As 

the scan rate is further increased to 10 mV s
-1

, the strain decreases accordingly due to 

the shorter ion diffusion time.
12

 The increased strain in comparison to the pristine 

films is even more pronounced at this scan rate for the Pt loads of 0.1%. 

The increase in the actuating strains, compared to the pristine film, is 

primarily ascribed to the presence of Pt nanoparticles that decrease the Ohmic-drop 

(IR drop) in the films and promote the oxidation/reduction processes in the material.   

Another possible reason is the presence of fewer defects in the polymer leading to a 

material of higher ordering and increased actuation.   

Figure 4.8 shows the cyclic voltammogram and the plot of the maximum 

strain versus potential at 2mV s
-1

 for PPy and PPy/Pt nanocomposites. The highest 

strain obtained for PPy/Pt 0.2% is of 3.88%, while the PPy‘s film ultimate strain 

reached only 2.76%. In the figure 4.8a, it can be observed that the presence of the 
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oxidation and reduction peaks occurs at very similar positions. The oxidation peaks 

appear at -0.15 V and the reduction peaks at – 0.5 V, respectively. In the cyclic 

voltammogram of PPy an extra peak is evidenced at -0.2 V. This peak has been 

reported as the insertion or exertion of OH
-  

into the PPy film
405

  and is not related to 

the film oxidation and reduction processes.  

In Figure 4.9, the cyclic voltammogram for PPy and PPy/Pt films cycled in 

0.1M NaCl at 5mV s
-1

 and the strain versus potential are shown. It is observed that the 

cyclic voltammograms present similar features and oxidation and reduction potentials, 

whereas the ultimate strain is increased upon the addition of the Pt nanoparticles, 

except for the PPy/Pt 0.4%.  

In Figure 4.10 the cyclic voltammograms and the strain versus E for the films 

cycled at 10 mV s
-1

 are shown. The most important information obtained at this scan 

rate is that the ultimate strain for PPy/Pt 0.1% is 2.36%, which represents an increase 

of around 120% in the increase of actuation when compared with the pristine PPy.The 

actuation studies results are summarized in table 4.4. 

Table 4.4 Ultimate Strain versus scan rates for PPy and PPy/Pt films 

 

 2mV s
-1

 5mV s
-1

 10mV s
-1

 

PPy 2.76 2.24 1.11 

PPy/Pt 0.1% 3.33 3.01 2.36 

PPy/Pt 0.2% 3.88 2.92 1.17 

PPy/Pt 0.4% 2.28 2.19 1.89 

 

The results are in accordance with the proposed improvement in the actuation 

of the films by inclusion of Pt nanoparticles.  
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Figure 4.8 – a) Cyclic voltammogram for PPy and PPy/Pt films cycled in 0.1M NaCl at 2mV 

s
-1

 and b) the ECMD vs. E (V vs. AgAgCl) 
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Figure 4.9 – a) Cyclic voltammogram for PPy and PPy/Pt films cycled in 0.1M NaCl at 5mV 

s
-1

 and b) the ECMD vs. E (V vs. AgAgCl) 
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Figure 4.10 – a) Cyclic voltammogram for PPy and PPy/Pt films cycled in 0.1M NaCl at 

10mV s
-1

 and b) the ECMD vs. E (V vs. AgAgCl) 
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4.3.9 Creep evaluation 

 

Due to their elastic behavior, conducting polymer films present unrecoverable 

elongation strains denominated creep. At high loads, the creep can have magnitudes 

even higher than the actuating strain. The creep development in the polymer films is 

seen as a drawback in the utilization of conducting polymers as seen in the figures 4.7 

to 4.9. The creep percentage is similar in the PPy/Pt films to the creep percentages of 

unmodified films. Studies regarding the decrease of the creep have been shown in the 

literature. However, in the available studies, when the creep percentage was 

decreased, the strain was sacrificed.
406,407

  

In this work the creep percentage was unchanged after the incorporation of Pt 

nanoparticles into the film. Moreover, the actuating strain was increased.  

 

4.3.10 Strain rate evaluation 

 

The strain rate, normally denoted actuation speed, was measured by stepping 

the potential between -0.85 V and 0.1 V in a 0.1M NaCl solution. 

The potential step experiments are shown in Figure 4.11. The first obvious 

observation is that when the potential is switched instantly from 0.1 V to -0.85 V in 

all films containing nanoparticles the strain developed is at least 2 times larger than 

that of pristine PPy. In the case of the inclusion of 0.1% Pt nanoparticles in the PPy 

polymerisation solution, the strain rate was nearly 3 times larger. From this 

observation, we can deduce that a much faster response of the film to the potential 

switch is attained by the films containing nanoparticles. As previously discussed, the 
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higher metallic character of the PPy films containing nanoparticles leads to a higher 

speed in the response to the applied potential. The higher degree of organization in the 

PPy structure, along with higher electronic conductivity, increases the number of 

actuating sites resulting in the increased actuation.  The actuation strain rate was 

improved upon the inclusion of nanoparticles for all nanocomposite materials. The 

strain rates, calculated from the slope of the first 10 s, are presented in Table 4.5. 

  

Table 4.5 – Strain rates for PPy and Ppy/Pt films‘ actuation 

 

 

 

 

 

 

 

 

 

In the development of conducting polymer films used for actuating purposes, a 

number of attempts have been made in order to improve the general performance of 

this type of material by increasing the parameters such as the strain, strain rate and 

decreasing the creep.  However, in most cases when one parameter is improved the 

others are sacrificed. Alici et al.
15

 used the ion implantation method to incorporate Au 

into PPy film strips and showed an improvement in the strain rate of the conducting 

polymer films. However, the maximum strain obtained was decreased in the PPy 

modified films. 

The possible reason for such decrease is the detrimental effect of the harsh 

conditions used for the ion implantation process, as explained by the authors. In 

 
Strain Rate upon oxidation 

(%/s) 

PPy 0.07 

PPy/Pt 0.1% 0.21 

PPy/Pt 0.2% 0.11 

PPy/Pt 0.4% 0.18 
a

) 
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another study
408

, silicon micro springs were used as a way to decrease the 

irrecoverable strain change (creep) in conducting polymer films. Even though a small 

decrease in the creep was observed, the maximum strain in the system was decreased 

from 15% to 13% upon the film modification. Hoshino et al.
409

 prepared PPy films 

and studied the addition of 2-propanol in an aqueous solution of lithium 

bis(trifluoromethanesulphonyl)imide (LiTFSI). They observed a large improvement 

in the strain rates for the films cycled in solution containing 2-propanol of certain 

concentrations. Nonetheless, they reported an increase in the creep.  
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Figure 4.11: Strain upon potential steps experiments from -0.65 V to 0.35 V of PPy and 

PPy/Pt films in 0.1 M NaCl.   

 

In comparison to these studies our approach presents a facile way to improve 

the general performance of conducting polymer actuators through the inclusion of Pt 

nanoparticles in the electropolymerisation solution of PPy. The small amount of Pt 



Chapter 4 

 

 147 

nanoparticles represents a cost-effective process, yet yields considerably improved 

results.  

 

4.5 Impedance 

 

Electrochemical impedance spectroscopy (EIS) has been used as a useful tool 

in the study of transport phenomena in conducting polymers. Redox couples such as 

Fe(CN)6
-3/-4 

are widely used in polypyrrole system studies of charge transfer processes 

at the solution/film interface by EIS. 

In this work, the use of impedance spectroscopy is helpful in understanding 

the enhancement of the linear actuation in the nanocomposites films. In order to 

investigate the transport processing in the PPy and PPy/Pt nanocomposites EIS was 

employed using the redox couple of Fe(CN)6
-3/-4

. Normally the impedance studies are 

performed in very thin films deposited onto rod electrodes of small surface area such 

as Pt, Au and glassy carbon electrodes.  

The first attempt was done on stainless steel plates containing electrically 

deposited PPy and PPy/Pt, however this system study was halt due to the frequent 

delamination observed. 

The PPy and PPy/Pt films were deposited under the same condition for the 

ECMD studies except that the polymerisation was carried out for only up to 20mC 

cm
-2

, resulting in films of around 40nm. 

Figure 4.12 shows the polymerisation plots for PPy and PPy/Pt. A decrease in 

the polymerisation potential is clearly observed in the nanocomposite films and 

confirms the results obtained for films polymerised on stainless steel in section4.3. 
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This decrease is considered as an improvement in the films polymerisation 

process, resulting in films with improved morphology. Interestingly, the decrease in 

the developed potential is larger as the Pt solution load is increased, except for the 

highest loading in these experiments (0.4%). The actuation studies showed at this load 

the enhancement of the actuating performance compared to pristine PPy is decreased 

in comparison to the 0.1% and 0.2% loads. This supports the idea that at this load the 

Pt interferes with the polymerisation process, which can be inferred as a saturation in 

the Pt loading content under the investigated conditions. 
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Figure 4.12 – Polymerisation potentiogram of PPy and PPy/Pt nanocomposites from a starting 

solution of 0.1M pyrrole and 0.1M NaDBS. 

 

After the polymerisation, the films were cycled in 0.1M NaCl, the same 

conditions used for the actuation studies, for 5 cycles in order to achieve a steady state 

in the films prior to the impedance measurements. The 4
th

 cycle was plotted and is 

presented in figure 4.13.   
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From the cyclic voltammograms, two important observations can be made. 

Upon the addition of nanoparticles in the polymerisation solution, the reduction peak 

is shifted in all nanocomposites to a higher value as seen in the bottom inset. It can be 

inferred from this result that the Pt nanoparticle nanocomposite films require a 

smaller energy to be reduced. It is also observed that the oxidation potential current is 

increased in the polymer nanocomposites. The currents (Ipc) increased proportionally 

to the amount of Pt nanoparticles included in the polymerisation solution. This is an 

indication that the PPy/Pt nanocomposites present a higher electrochemical activity.  

The impedance measurements were obtained by applying a sinusoidal wave 

with an amplitude of 10mV to the studied potential at frequencies ranging from1mHz 

to 1MHz in a solution of 0.1M KCl containing 5mMFe(CN)6
-3/-4

 
410

. The results are 

shown in figure 4.14 and Table 4.6. 

A large decrease in the transfer charge resistance is observed in the PPy/Pt 

films. This indicates that the solution film transport process happened at much higher 

rates in the nanocomposite films. These results support and help to understand the 

large increase in the actuation in PPy/Pt films. The decrease in the charge transfer 

resistance during the cycling of the films in electrolyte solution yields a faster 

diffusion of ions in the films, resulting in a higher degree of actuation.    
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Figure 4.13– Cyclic Voltammetry of PPy and PPy/Pt nanocomposites cycled in 0.1M NaCl 

 

E (V vs. Ag/AgCl )
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

I 
(m

A
)

-0.15

-0.10

-0.05

0.00

0.05

PPy 

PPy/Pt 0.1% 

PPy/Pt 0.2% 

PPy/Pt 0.4% 

E (V vs. Ag/AgCl)

-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2

I 
(m

A
)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

PPy 

PPy/Pt 0.1% 

PPy/Pt 0.2% 

PPy/Pt 0.4% 

E (V vs. Ag/AgCl)

-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2

I 
(m

A
)

-0.16

-0.14

-0.12

-0.10

-0.08

-0.06

PPy 

PPy/Pt 0.1% 

PPy/Pt 0.2% 

PPy/Pt 0.4% 



Chapter 4 

 

 151 

Zre/Ohm

0 1000 2000 3000 4000 5000

Z
im

/O
h
m

0

1000

2000

3000

4000

5000

Pt Bare 

PPy 

PPy/Pt 0.1% 

PPy/Pt 0.2% 

PPy/Pt 0.4% 

 

 

Zre/Ohm

0 100 200 300 400 500 600

Z
im

/O
h
m

0

100

200

300

400

500

600

Pt Bare 

PPy 

PPy/Pt 0.1% 

PPy/Pt 0.2% 

PPy/Pt 0.4% 

 

 

Figure 4.14  Impedance Nyquist plots for PPy and PPy/Pt films 
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 Table 4.6 – Rct values obtained for PPy and PPy/Pt  

 

 

 

 

 

 

 

4.6 Conclusions 

 

Pt nanoparticles capped with citrate were synthesized. The obtained particles 

presented a very small size 1.93 ±0.6 nm and low polydispersity by adjusting the 

synthetic parameters.  

The formation of nanocomposite films of polypyrrole and Pt nanoparticles 

was attained by the inclusion of different contents of nanoparticles in the 

polymerisation media. The presence of Pt nanoparticles in the aqueous polymerisation 

solution of pyrrole resulted in a decrease in the developed polymerisation potential. 

Such a decrease is likely to be due to the decrease in the energy necessary for the 

formation of PPy films in the presence of the Pt nanoparticles. The lower 

polymerisation potential developed for PPy/Pt in comparison to the polymerisation 

potential for PPy films hinders the overoxidation of PPy. The formed nanocomposites 

presented improved chemical and morphological properties. As evidenced by Raman 

spectroscopy, and proved by conductivity measurements, the films containing Pt 

System Rct 

PPy 133.5  

PPy 0.1% 128.3 

PPy0.2% 16.49  

PPy0.3% 12.00 
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nanoparticles presented a higher metallic characteristic. The sharpening of the Raman 

shifts observed in the Raman spectrum for PPy/Pt revealed a more ordered and 

regular polymerisation process in comparison to the PPy films.  

The SEM results evidenced the formation of smoother and less defective 

films. These results corroborated well with the Raman spectroscopy and the 

conductivity measurements, which translated into a higher conducting character in the 

metal nanoparticle containing polymer films.  

Electrochemomechanical deformation measurements showed an increase in 

the maximum strain for the nanocomposite films in comparison to the pristine 

polypyrrole at all measured scan rates.  The difference in the actuation was more 

pronounced at higher scan rates. This is probably due to the increase in electronic and 

electric transport properties in the materials containing nanoparticles.  

Step experiments showed an increase in the strain rate for all the 

nanocomposites films in comparison to the unmodified polypyrrole films.   
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Chapter 5: Nanocomposites of poly(3,4–ethylene 

dioxythiophene) (PEDOT) and Pt nanoparticles 

 

A new type of Pt nanoparticle was obtained in a propylene carbonate solution 

with the assistance of tetraoctylammonium bromide as a phase-transfer catalyst and a 

protecting agent. The nanoparticle characteristics were evaluated by physical 

chemical and imaging techniques. 

PEDOT films were fabricated by electropolymerisation in organic media of 

propylene carbonate (PC) solution with tetrabutylammonium 

trifluoromethanesulfonate (TBA triflate) as the dopant. For direct comparison of the 

PEDOT films with those containing metal nanoparticles, pre-synthesized Pt 

nanoparticles were included in the polymerisation solution of PEDOT.  

The incorporation of Pt nanoparticles into PEDOT films resulted in films with 

peculiar differences in their morphology and chemical characteristics.  

While the main focus in this chapter is to study the morphological differences 

imposed by the presence of Pt nanoparticles in PEDOT films, preliminary 

electrochemomechanical (ECMD) studies were also performed to measure the 

actuating ability of the PEDOT films containing Pt nanoparticles. A comparison of 

the results of the nanocomposite materials with pure PEDOT films showed an 

improvement in the ECMD responses.  
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5.1 Introduction 

 

Poly(3,4–ethylenedioxythiophene) is arguably one of the most commercially 

used conducting polymers, 1being industrially made on a large scale since the 

beginning of 1990s.
411,412

 

The immediate success of PEDOT soon after its development can be attributed 

to its outstanding properties such as: high electrical conductivity, good optical 

transmittance and thermal stability.
413

 These properties make PEDOT attractive for 

applications in electrochromic windows, organic electrodes for organic photovoltaic 

cells, injection layers (HIL) in organic light emitting diodes, and dye-sensitized solar 

cells.
414–416

 

Despite the tremendous range of successful applications of PEDOT, there is 

less research into this material as an actuator as compared to the amount of work that 

has been undertaken on PPy actuators.  As a comparison, in the search engine Scopus 

in January 2013, the term ―PPy actuators‖ yielded 246 entries whereas ―PEDOT 

actuators‖ only came up with 73.   

Research into PEDOT actuators was initially restricted to their study as an 

element in a multiphase material. For instance, the development of PEDOT/nitrite 

rubber actuators
417–419

 . Their practical application has been proposed for auto-focused 

lenses and gauge actuators.
420

 The actuators based on interpenetrating polymer 

networks of polyPEO
421

 and PEDOT have also been proved  successful, achieving 

strains in the order of 2%. Skarup el al have obtained a multilayer actuator of PEDOT 

and PPy.
422

 The results showed a slight improvement in the characteristics of the 

material with reference to PPy-only actuators. When purely PEDOT actuators are 



Chapter 5 

 

 156 

obtained they are made either by drop casting of their polymer solution
423

 or via 

electrochemical polymerisation.  

The first PEDOT-only actuator was reported only in 2003. By comparison, the 

first PPy actuator was reported in 1992. This PEDOT actuator was obtained 

electrochemically and showed strain in the order of 3% and stress of 20 MPa.
198

 

An investigation of the synthesis conditions of PEDOT actuators doped with 

TBA triflate, and their actuating ability, has been thoroughly carried out by Kiefer et 

al.
85,200,424

 These actuators exhibited high stability and moderate performance. The 

highest linear displacement obtained was of 4.5% when the PEDOT/TBA triflate 

films were cycled in a tetramethylammonium chloride (TMACl) solution of 

propylene carbonate (PC).
85

 These values are the highest linear actuation for PEDOT 

reported in the literature. Even though the strain achieved for PEDOT actuators is 

high enough for a range of applications, the strain and strain rates fall well behind 

those obtained for PPy actuators (up to 26 % and 10 %/s
-1

, respectively).
88

 

Presumably, the comparatively low strain and actuation speed values are the main 

reasons behind the lack of development of this material in actuating devices.  

Metal nanoparticle complexes with PEDOT have been the focus of various 

studies. The layered structure of the PEDOT films in corroboration with the presence 

of sulfur atoms in their molecular structure, make this polymer an excellent host for 

nanoparticles. Especially noble metal nanoparticle such as Au, Pt, Pd or Ag as these 

are suitably incorporated within PEDOT films through sulfur/metal interactions.
249,425

 

The improvement in the chemical and physical characteristics of PEDOT 

films after the nanoparticle inclusion is observed from as low as Pt 0.05 wt%.
247

 

Nanoparticles act as intermolecular junctions between the polymer chains, resulting in 

materials of higher conductivities and performance when compared to unmodified 
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PEDOT films. Electrical impedance spectroscopy studies have shown the beneficial 

effects of the nanoparticles in their interplay with PEDOT .
377

 These results suggest 

an improvement in the electronic and ionic transport in the nanocomposite materials. 

In this study it is expected that the improvement in the charge transport in PEDOT 

films will enhance the electrochemomechanical responses of these materials through 

the increase in the region accessed by the cycling electrolyte used for this operation. 

The nanoparticles would not only provide a path for a deeper ion insertion, but also 

provide a more rapid polymer chain interaction, due to their high conductivity, thus 

improving the linear displacement, out of plane actuation and strain rate.  

In this chapter the synthesis of PEDOT/Pt nanocomposite actuating strips was 

undertaken. The Pt nanoparticle synthesis was designed in a PC solution, that it is the 

same media as for PEDOT electropolymerisation. The nanoparticles were 

characterised and subsequently used in solution containing EDOT monomer. PEDOT 

was polymerized potentiostatically at 1.0 V (versus Ag/AgCl modified organic 

electrode). 

The obtained nanocomposites revealed unique characteristics with regards to 

their morphological and chemical character in contrast to the pristine films. The 

actuating ability of the films was studied and the results are discussed.    
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5.2 Experimental 

 

5.2.1 Materials 

 

Ethylenedioxythiophene (EDOT) was stored at approximately 4 C in a 

conventional fridge. The EDOT monomer and propylene carbonate, 

tetrabutylammonium trifluoromethane sulfonate, tetraoctylammonium bromide, 

K2PtCl4 (99%) and NaBH4 were obtained from Sigma Aldrich and all used as 

obtained. The chemical structure of the organic compounds used in this chapter is 

illustrated in Figure 5.1. 

 

 

 

 

 

 

 

 

Figure 5.1 - Chemical structure of a) TBA triflate, b) propylene carbonate, c) EDOT and d) 

tetraoctylammonium bromide.  

 

5.2.2 Nanoparticle Preparation  

 

100 mol of K2PtCl4(0.0415g) was dissolved in 10 ml of deionized water. To 

this solution, 300 mol of tetraoctylammonium Bromide (0.173g)in 10 ml of 

a

) 

b

) 

c

) 

d

) 
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propylene carbonate was added under vigorous magnetic stirring, afterwards 100 

mol of NaBH4 (0.0037g) dissolved in 5 ml of deionized water was slowly poured 

into the glass vial containing the Pt salt. The stirring was monitored and continued for 

an extra 48 hours. The color of the solution gradually charged from orange to dark 

gray brown. The water phase was removed and the particles stored in a sealed vial. 

 

5.2.3 PEDOT/Pt nanoparticle films 

 

The fabrication of PEDOT/Pt films was accomplished in the same way as for 

PEDOT films, except that prior to the EDOT monomer addition, a defined amount of 

Pt nanoparticle was added. Pt nanoparticle solution of 0.2 % wt was used to obtain Pt 

nanoparticle PEDOT nanocomposites. 

Tetrabutylammonium trifluoromethanesulfonate (triflate) was added in a glass 

cell containing 10 ml of propylene carbonate to make up solution of 0.1 M TBA 

triflate. This solution was purged with N2 gas to remove any dissolved O2. 

Immediately after the purging period, EDOT monomer was added to obtain a final 

monomer solution of 0.1 M EDOT.  

A three-electrode system comprising of a stainless steel working electrode, a 

silver wire pseudo-reference and stainless steel counter electrode was set in a beaker. 

A distance of 4.5 cm was kept constant between the working and the counter 

electrode. The polymerisation was performed potentiostatically at 1 V until the charge 

reached 3.5 C/cm
2
. The PEDOT/electrode were washed with PC and stored in a 

monomer free TBA PC/TBA solution. 
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5.3 Results and discussion 

 

5.3.1 Pt Nanoparticles synthesis in organic media 

A large amount of research has been devoted towards the preparation of 

nanoparticles due to their exceptional properties, such as optical and catalytic, which 

make them applicable in many different fields.
234,237

 From the technical point of view, 

most of the nanoparticles are prepared in aqueous solution due to the fact that the 

precursor and reducing agent (used to reduce metal salt solution to elemental metal 

particles) are inorganic salts. For the synthesis of metal nanoparticles in an organic 

media, a few different routes have been reported.
368,426

 In this study, Pt nanoparticles 

in propylene carbonate were prepared for the first time by an adaptation of the Brust 

method.
426

 

 At the very first stage of this research work the main challenge was to 

obtain nanoparticles in propylene carbonate solution. The use of PC as a solvent is 

due to the fact that the best actuating PEDOT films reported are prepared in this 

media or in sodium benzoate. Moreover, an attempt to obtain PEDOT films in 

aqueous solutions that could be adequately used in the actuating rig proved to be 

unsuccessful, as reported in the Appendix B. 

Therefore, a novel synthetic route for the synthesis of the Pt nanoparticles in 

PC was designed. As discussed in the literature, the salt precursor is normally 

dispersed in water and then transferred to an organic solvent, normally toluene, using 

different types of phase transfer agents. The initial challenge was to find a transfer 

agent which would be soluble in PC and with sufficient power to transfer the Pt 

precursor from an aqueous solution. Initially, tetrabutylammonium bromide was used 

as the transfer agent in a biphasic system of water and propylene carbonate containing 
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K2PtCl4. The solution was left to react for 1 hour and after this NaBH4 was added 

slowly. After a few minutes of reaction time, the formation of a black precipitate was 

observed. Thus, the tetrabutylammonium bromide was unsuccessful in transferring 

and maintaining the Pt nanoparticles in the PC phase. Brust developed the synthesis 

of Au nanoparticles in toluene by using tetraoctylammonium bromide, and Schiffrin 

adapted the synthesis by the addition of thiolated compounds as protecting agents.  

The second attempt for the synthesis Pt nanoparticles in a PC solution 

followed the Brust-Schiffrin method using dodecanethiol as stabilizer. However, the 

addition of dodecanethiol resulted in the formation of a yellow precipitate in the 

solution of PC after the addition of the reducing agent. It has been reported that the 

formation of metal nanoparticles with TOAB is possible, however without the use of 

any extra stabilizing agent the particles precipitate within a few days.  

 Finally, the synthesis of Pt nanoparticles was successfully achieved using a 

PC/water solution of TOAB and by adjusting the ratio of the reducing agent.  The 

procedure developed is as follows. Initially, to an aqueous solution of K2PtCl4, a 

freshly prepared solution of TOAB in PC was added. As seen in Figure 5.2, the 

instantaneous phase transfer occurred. After that, a NaBH4 solution was added under 

magnetic stirring. Gradually, a change in the coloration was observed. The stirring 

was kept for another 24 hours and stopped when the solution became completely dark 

indicating the formation of Pt nanoparticles. 
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a)               b) 

Figure 5.2 – Digital image of a) K2PtCl4 in H2O/propylene carbonate biphasic solution and b) 

phase transfer of K2PtCl4 to propylene carbonate 

 

The preparation of nanoparticles with a uniform, controlled and narrow size 

distribution is essential in nanocomposite fabrication, so that the changes in the new 

materials are isotropic. This should lead to materials preparation with high 

reproducibility. 

In order to obtain non-agglomerated particles, different capping agents are 

used to keep them physically separated and to prevent aggregation. TOAB acts as a 

good stabilizer by introducing electrostatic interactions of the negatively charged NP 

surfaces and the quaternary ammonium TOAB.
365,427

  

The addition of NABH4 resulted in the formation of Pt as described by the 

equation bellow:   

                  

 NaBH4+H2PtCl6+3H2O →Pt
0
+H3BO3+5HCl+NaCl+2H2             (5.1) 
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5.3.2 Pt nanoparticles UV-Vis characterisation 

 

The metal nanoparticles possess chemical and physical properties that are 

strictly dependent on their size and shape.  

The obtained nanoparticles were studied by means of UV-vis spectroscopy. 

Figure 5.3 shows the UV-vis spectrum of the Pt-TOAB nanoparticles prepared in 

propylene carbonate. The absorption peaks at 230 and 270 nm are assigned to Pt 

nanoparticles.
394

  As discussed in Chapter 4, the max position for the plasmon band of 

Pt nanoparticles will be the result of a combination of the particle size, the particle 

shape and the solvent interaction.
284

 This indicates the formation of very small 

nanoparticles with well-defined shapes. 
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Figure 5.3 – UV-Vis spectrum of Pt Nanoparticles after reduction with NaBH4 
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5.3.3 Pt Nanoparticle imaging by transmission electron microscopy (TEM) 

 

To assess the shape and size of the nanoparticles, TEM imaging was 

performed. The results are shown in Figure 5.4. In Figure 5.4 b, a high magnification 

TEM image is shown (the highest possible magnification of this instrument). The 

nanoparticles were of a narrow size distribution. The presence of the TOAB moieties 

is indicated by the particles bridging. To assess the nanoparticle size distribution, 

Image J software in combination with the PSA macro was employed (see section 

4.3.3).   

The obtained mean nanoparticle size was 2.32  1.14 nm. Nanoparticles of 

this size range present high surface area and exceptional optical and electronic 

properties. 
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Figure 5.4 – TEM micrograph of Pt nanoparticles capped with tetraoctylammonium bromide 

in PC solution at a) low and b) high magnification accompanied by c) the particle size 

histogram. 
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5.3.4 Pt nanoparticle size analysis 

 

The use of dynamic light scattering (DLS) techniques in the study of 

nanoparticles is essential in revealing the nanoparticle size. The main difference 

between the nanoparticle assessment by transmission electron microscopy and by 

means of light scattering techniques falls in the way the nanoparticle components are 

measured. In TEM, generally the inner core of the particles is imaged clearly due to 

the high molecular weight of the metallic components, resulting in a high contrast 

when the electron beam is directed to the sample. The outer core of the nanoparticles 

is distinguishable, depending on the molecular weight of capping agents and the 

driving voltage applied during the imaging. In practice the outer core is in most cases 

undefined due to the low contrast difference between the carbon present in the 

capping agent and the carbon coat in the copper grids.   

Figure 5.5 – Size distribution of Pt nanoparticles capped with tetraoctylammonium bromide 

by light scattering technique.  
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Light scattering techniques assess the particle size as a whole, i.e. with their 

constituents. Thus, not only the metal region is characterised, but the nanoparticle 

with the capping agent. Another positive aspect of these assessments relies on the fact 

that the aggregation mode of the particles in solution can be identified. 

A particle size analyzer was used to carry out experiments in order to analyze 

the nanoparticle bulk size. The results shown in Figure 5.5 reveal the mean particle 

size to be 7.1 nm. As the inner metal core of the particle mean size obtained by TEM 

was 2.32  1.14 nm, the TOAB layer is responsible for the outer core size of 4.78  

1.14 nm.  This indicates a TOAB layer to be of about 2.39  0.57 nm on both sides of 

the particles, proving complete capping of the metal nanoparticles. The particles were 

monitored for at least 6 months and did not show any degradation or precipitation. 

 

5.3.5 EDOT Polymerisation in Pt Containing Media 

 

          The polymerisation of EDOT was performed from a solution of 0.1 M 

EDOT and 0.1 M TBAtriflate in PC. The modification of PEDOT films was 

performed by the addition of Pt NP solution at 0.2 mol% (0.002 M). The 

amperometric I-t curves obtained for both electropolymerisations are showed in 

Figure 5.6. It can be clearly observed that the current evolved during polymerisation 

from the Pt containing solution was about 3 times larger than during the 

polymerisation from the unmodified solution. 

Following Ohm‘s law U = R.I, and taking into consideration that the potential 

applied is constant throughout the polymerisation, the difference in the developed 

current is directly correlated to the change in the solution resistance. As the current is 
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inversely proportional to the resistance, the solution containing Pt shows a lower 

resistance, thus higher conductivity. This is also an indication of a higher conducting 

character in the formed film by eletrodeposition, which can be corroborated to an 

improved morphology and chemical structure in the film. The preparation of 

conducting polymers in the presence of metal oxide and metal nanoparticles in other 

studies has resulted in similar observations.  

The PEDOT and PEDOT/Pt 0.2% films were polymerized until a charge of 3 

C cm
-2

 was achieved, resulting in approximately 14 µm thick films, according to the 

literature. 
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Figure 5.6 - Polymerisation plot of a) PEDOT/Pt 0.2% and b) PEDOT prepared 

potentiostatically at 1 V (versus Ag wire) 

 

5.3.6 Scanning electron microscopy images of PEDOT and PEDOT/Pt films 

 

To study the morphology of PEDOT and PEDOT/Pt films, SEM imaging was 

performed. In Figure 5.7, the typical grainy structure of PEDOT films was observed 
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for both films. Interestingly, the roughness/compactness of PEDOT films versus 

PEDOT/Pt showed noteworthy differences. As seen in Figure 5.7 (a), (c) and (e), the 

PEDOT films presented a less uniform structure with an increased surface roughness, 

whereas the PEDOT/Pt showed a more uniform structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 -  SEM images of  PEDOT(a, c, e) and PEDOT/Pt (b, d, f) 
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Figure 5.7 (b), (d) and (f) show detailed information of the  

polymer morphology at high magnification.  It can be seen that the platinum 

nanoparticle containing film has pores of a smaller size. It can also be noted that the 

pores are of a more regular size compared to PEDOT films.  

The NPs may direct the formation of the films by lowering the band gap in the 

polymerisation step and improving polymer chain inter conductivity. As a result, the 

polymer may present fewer defects and a higher compactness. These observations are 

indicative of the presence of the metallic nanoparticles. However, due to their very 

small dimension, the observation of the Pt nanoparticles in SEM images was 

impractical.  

The effect of metal particles on decreasing the band gap in the structure of the 

PEDOT films has been reported in similar systems. Deepa et al.
428

 prepared poly(3,4-

ethylenedioxypyrrole) (PEDOP) films electrochemically for electrochromic devices  

containing Au and Ag metal nanoparticles and observed an improvement in the 

charge transport in these materials. They calculated the band gap in the materials and 

obtained values of 1.83, 1.66 and 1.60 eV for PEDOP, PEDOP/Ag and PEDOP/Au. 

 

5.3.7 Energy Dispersive X-ray spectroscopy analysis 

 

Energy dispersive X-ray spectroscopy was performed on the prepared PEDOT 

films and the results are presented in Figure 5.8. A 0.05 at% of Pt in the composite 

films was observed.  
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 a)                                                                            b) 

Figure 5.8 – Energy Dispersive Spectroscopy (EDS) for a) PEDOT and b) PEDOT/Pt 

 

Lee et al.
247

 have studied the incorporation of Au nanoparticles into PEDOT 

films. The conductivities of PEDOT, PEDOT/Au (0.05 at.%) and PEDOT/Au (0.35 

at.%) films were obtained by I-V measurements and were 4.96, 5.64, and 5.1 S/cm, 

respectively. They explained the increase in the conductivity with the incorporation of 

Au NPs by improved hopping of the charges, but a lowering in conductivity with an 

increased quantity of Au NPs. Surprisingly, the switching time from dark blue to pale 

blue in the electrochromic device decreased progressively with the increasing Au 

nanoparticle loading from 2.03 s for PEDOT to 1.56 s for Au/PEDOT (0.05at.%) and 

to 1.01 s for Au/PEDOT (0.35 at.%), which represents an improvement of 30% for 

the 0.05 at% and 100% for the 0.35 at%. This is an indication that even small 
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quantities of NP induce significant change in the physical properties of composite 

films. 

5.3.8 Conductivity measurements 

 

The conductivity of the samples was measured by the four-point probe 

technique by passing a current of 100 A between the 2 outer pins and measuring the 

potential by the 2 inner pins. The results are presented in Table 5.1. The average of 

the 4 measurements showed conductivity of 60.25 S/cm and 98.3 for PEDOT and 

PEDOT/Pt, respectively. These values represent an improvement in the conductivity 

of 63  15% for the composite films upon the inclusion of just 0.2% Pt nanoparticles.  

 

Table 5.1 – Conductivity of PEDOT and PEDOT/Pt films 

 

 

5.3.9 Raman spectroscopy of PEDOT and PEDOT/Pt 

 

Spectroscopic analysis in conducting polymers gives crucial information about 

the polymer oxidation state and doping. In order to assess this information Raman 

spectra were obtained. In Figure 5.9 the characteristic peaks for PEDOT are seen. A 

System 

Mea.1 

(mV) 

Mea.2 

(mV) 

Mea.3  

(mV) 

Mea.4  

(mV) 

Avg 

Conductivity 

S/cm 

PEDOT 0.215 0.25 0.26 0.30 0.250.03 60.257.2 

PEDOT/Pt 0.15 0.15 0.11 0.20 0.150.03 98.319.6 
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closer look at the spectra reveals significant differences, which are presented in Table 

5.2. The main spectral changes are in the region 1000 to 2000 cm
-1

.
429–431

 The main 

strong peak at 1429 cm
-1

 is red shifted to 1425 cm
-1

 in the PEDOT/Pt. Additionally, 

the peak intensity at high-vibration frequencies (1450 cm
-1

 to 1500 cm
-1

) are 

decreased. The peak at around 1425 cm
-1

 represents the C- C bond and the shift is 

an indication of a higher level of quinoid units present in the PEDOT/Pt films related 

to the polaronic and bipolaronic oxidation structures in the polymer.  

The benzoid structure in PEDOT films favors a coiled conformation and the 

quinoid structure favors the linear or expanded coiled conformation.
432

 In the coiled 

conformation the conjugated  bond presents a low density of conjugated  electrons, 

which are not completely delocalized in the benzoid structure. In the linear or 

expanded coil conformation the thiophene rings in the PEDOT structure are normally 

oriented in nearly the same plane, increasing the delocalization of the  electrons. A 

higher level of quinoid units present in the PEDOT/Pt films is therefore an indication 

of the higher planarity of chains in the polymer films containing Pt nanoparticles. 
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Figure 5.9 – Raman spectra of a) PEDOT and PEDOT/Pt and b) zoomed image of a) 

Raman Shift (cm-1)
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Table 5.2 – Raman assignments for PEDOT and PEDOT/Pt nanocomposites 

 

Assignement PEDOT PEDOT/ Pt 

Asymmetric C=C stretching 1530 1523 

Symmetric C=C (-O stretching) 1432 1418 

C=C stretching 1387 1386 

C=C(inter-ring) stretching 1260 1261 

C – O – C deformation 989 987 

Oxyethylene ring deformation 580 579 

 

 

5.3.10 X-ray Diffraction (XRD) analysis  

  

With the use of XRD analysis, important information about the molecular 

packing and crystallinity of films can be obtained.
433

 In Figure 5.10 the strong peaks 

at 12
o
 and 22.15

o
 for PEDOT and 12.4

o
 and 22.60

o
 for PEDOT/Pt are indexed as the 

parameters c and b in an orthorhombic unit cell.
89

 The parameter b/2 is the double 

interlayer  stacking which is at 3.4 Å. The main peak in the spectra is the 

interchain distance between the PEDOT  stacks.
434

 It is observed that a shift to a 

smaller angle for the PEDOT films in comparison to the PEDOT/Pt film is an 

indication of a shorter interchain distance, resulting in an improvement in the 

electrical and electronic character in the PEDOT films containing nanoparticles. A 

broadening of this peak in relation to the Pt containing films also indicates a higher 

disordering in the mentioned interchain distance. 
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Figure 5.10 – X-ray diffraction of PEDOT and PEDOT/Pt 

 

5.3.11 Electrochemomechanical deformation (ECMD) of PEDOT and 

PEDOT/Pt 0.2% 

 

The ECMD studies were investigated by cycling the PEDOT and PEDOT/Pt 

0.2% films in a solution of 0.1M TBA triflate in a potential window from -1 V to 1 V 

at the scan rates of 2 mV s
-1

 and 5 mV s
-1

. 

The cycling of PEDOT film at different scan rates is shown in Figure 5.11. 

The maximum strain obtained for PEDOT was 3.02%, whereas the ultimate strain 

obtained for nthe PEDOT/Pt nanocomposites was 5.10%. Both are presented in table 

5.3. 

 It can be clearly seen that after the inclusion of 0.2 mol% Pt nanoparticles in 

the PEDOT films polymerisation solution, an increase of 70 % in the actuation was 
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attained. These results are a reflection of the improved morphology and conducting 

character of PEDOT films with the inclusion of Pt nanoparticles.  
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Figure 5.11– ECMD measurements of PEDOT films cycled in 0.1 M TBA triflate at 2 mV/s 

 

 

Taking into consideration all of the results for the characterisation of the 

PEDOT containing Pt nanoparticles in comparison to pristine PEDOT, the increase in 

actuation can be linked to an improvement of the PEDOT polymerisation when the Pt 

nanoparticles are included in the polymerisation solution. The nanoparticles direct 

polymerisation and lower the band gap for the polymerisation, decreasing the number 

of the defects in the polymer chains, leading to a higher formation of bipolaronic 

units, as revealed from Raman spectra. 

 The nanoparticles also act as electrical contacts along and through the film, 

improving the electron hopping along the polymer chains and increasing the ionic 

mobility, as discussed in Chapters 3 and 4.  
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Table 5.3 – Strain (%) obtained in ECMD measurements of PEDOT and PEDOT/Pt films 

  

 

 

 

 

 

5.4 Conclusions 

 

The preparation of Pt nanoparticles in propylene carbonate solutions with 

TOAB was performed for the first time. Various techniques were used to probe the 

NP formation and to assess the size and properties of this new material. The obtained 

Pt nanoparticles were of a very small dimension (<3 nm). This new synthetic method 

is an advancement in the design of Pt nanoparticles in organic media. 

The incorporation of the nanoparticles into conducting polymer films of 

PEDOT was successfully attained. Morphological and physical characterisation of the 

films was undertaken using different techniques. Raman spectroscopy showed a 

higher degree of quinoid units in the polymer films upon incorporation of Pt 

nanoparticles. The incorporation of Pt NP resulted in an increase in the metallic 

character of the material, which was confirmed by conductivity measurements. X-ray 

diffraction evidenced a higher degree of ordering and an increased interchain distance 

in the PEDOT/Pt material. These results corroborate well with the SEM 

morphological studies. Combining all of the results, an improvement was seen in the 

System 
2 mV/s 5 mV/s 

PEDOT 3.0 3.0 

PEDOT/Pt 2% 5.1 4.9 
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polymer chain formation, resulting in films with a higher number of charged units, 

less defects and increased stability.  

The ECMD results showed a large increase in the strain actuation. The 

obtained strains of 5.1 % represents the highest linear actuation ever reported for free-

standing PEDOT films.  
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Chapter 6 - General conclusions   

Electrically active polymer materials have become very important in the 

development of nanotechnology with practical applications in mind. Conducting 

polymer films, in particular, have been studied as actuating devices for nearly two 

decades. In parallel, the development of metal nanoparticles has also gone through a 

large leap in its design and manipulation. The combination of metal nanoparticles and 

conducting polymers to form nanocomposites has resulted in materials with 

exceptional characteristics. Yet, this type of nanocomposite is rarely studied in 

regards to the use of this material in actuating devices. 

The work of this thesis has demonstrated the possibility of modifying the 

chemical and physical properties of conducting polymers through the incorporation of 

metal nanoparticles. Additionally, it has established the use of nanocomposites of 

conducting polymers and metal nanoparticles as actuators with improved 

performance. This was achieved in a simple and yet cost-effective way when 

compared to some new developments such as the use of ionic liquids, ion 

implantation techniques and complex synthesis procedures.   

The fabrication of nanocomposite materials through the combination of Pt 

nanoparticles and PPy and PEDOT films was successfully achieved. The Pt 

nanoparticles were combined with the conducting polymer films through different 

routes: metal electrodeposition and inclusion of Pt nanoparticles in the polymerisation 

solution. All tested conducting polymer films studied in this work showed an 

improvement in the morphological, physical and chemical properties after being 

combined with Pt nanoparticles. The overall results are summarized below: 
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The electrodeposition of Pt nanoparticles onto polypyrrole films (Chapter 3) 

was used as a means of increasing the conductivity of the films. The obtained 

nanocomposite films revealed a greatly increased signal intensity in Raman 

spectroscopy through the surface enhanced Raman phenomenon. Yet, no damage was 

imposed on the films in the electrodeposition step, as investigated by Raman 

spectroscopy. The Pt electrodeposition from a mild (0.1 M) sulfuric acid solution was 

used to obtain a better and more qualitative study of the chemical structure of 

different types of polypyrrole films, polypyrrole nanocomposites and polypyrrole 

copolymers. The electrochemomechanical deformation study of the PPy films 

containing nanoparticles revealed improvements in the ultimate strain at all studied 

scan rates in comparison to the pristine polypyrrole, by an average of 40%. The strain 

rate was improved by 60% after the deposition of Pt nanoparticles for 15 s.  

The inclusion of citrate stabilized Pt nanoparticles in the polymerisation 

solution of polypyrrole was carried out and the results presented in Chapter 4. The 

SEM imaging of the films revealed an improvement in the morphology, indicated by 

a smoother surface in the nanocomposite films. After the addition of Pt nanoparticles 

in the synthesis solution of PPy, the conducting character of the nanocomposite films 

was enhanced, as demonstrated by the Raman studies and the conductivity 

measurements. The maximum strain of the nanocomposite films was enhanced in all 

films prepared at different compositions; however the inclusion of 0.4 mol% Pt did 

not show further improvement when compared to the inclusion of smaller amount of 

0.2 mol%. The strain rates were greatly improved in the nanocomposite films, 

achieving up to 0.21 % s
-1

, which is a threefold increase in the response time 

compared to the unmodified films (0.07 % s
-1

). 
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In Chapter 5, a novel synthetic procedure for Pt nanoparticles in an organic 

media was developed. Pt nanoparticles prepared in propylene carbonate solution, 

using tetraoctylammonium bromide as the transfer catalyst and the capping agent, 

were fabricated. The obtained nanoparticles were of a regular size with an average 

dimension of 2.32  1.14 nm as revealed by TEM studies. The incorporation of the 

prepared Pt nanoparticles in PEDOT films was accomplished by the addition of 0.2 

mol% in the PEDOT polymerisation solution. The obtained PEDOT/Pt 

nanocomposites presented improved morphology and enhanced metallic character 

when probed by SEM, Raman spectroscopy and conductivity measurements. The 

structural change in the PEDOT film after the inclusion of Pt nanoparticles was also 

evidenced by X-ray diffraction. The study of the actuating ability of the PEDOT/Pt 

film was improved by up to 72% in comparison with pristine PEDOT films.     

In general, the fabricated nanocomposites with Pt nanoparticles showed higher 

conductivity, which can be interpreted as a higher degree of charge carrier mobility. 

Additionally, it was observed that the obtained nanocomposite materials presented 

fewer defects when compared to the pristine conducting polymer materials.  

The above-mentioned results resonate well with an enhancement in the 

general performance of these materials as actuating devices. The results obtained in 

this work represent a considerable advancement in the development of conducting 

polymers, bringing them a step closer to their commercial application.  

The positive outcomes in this research are encouraging for further studies as 

outlined below. 
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Future work suggestions 

 

PPy and PEDOT are representative of the most widely-studied systems of 

conducting polymers used as actuating devices. However, other systems have also 

shown promise in such applications. Polyaniline (PANI) films have been fabricated 

with their use as actuating strips in mind. The inclusion of Pt nanoparticles in PANI 

could result in an enhancement in the performance of this type of material. Due to the 

different number of oxidation states in PANI films, the presence of Pt nanoparticles 

could result in very interesting outcomes.  

Another plausible suggestion based on the study presented in this thesis, is the 

out of plane actuation in different conducting polymer systems. Considering that the 

out of plane actuation normally reported in the literature is of a larger magnitude in 

comparison to the linear actuation, the out of plane study in the systems could lead to 

surprising results. An atomic force microscope (AFM) study could be used to 

investigate the out of plane actuation in the nanocomposite films of metal 

nanoparticles and different types of CP. 

Regarding the improvement in the morphology of the CP after the inclusion of 

Pt NP, a systematic study of the crystalline and amorphous domain could also reveal 

important information to resolve the intricacies in the transport phenomenon. Small 

angle X-ray scattering or neutron scattering sourced by synchrotron facilities would 

provide very useful information to further characterise these materials. 
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Appendix A – PPy/TBA/C3F3SO3 Transmission electron 

microscopy and ECMD studies 

  

As explained in Chapter 3 section 3.3.1, Pt nanoparticles were deposited onto 

PPy/TBA/C3F3SO3 films. 

 

A.1 Actuation Studies 

Films were cycled in 0.5 M and 1 M NaPF6 solutions while the strains obtained due 

to the expansion and contraction of the films were recorded using a muscle analyzer 

as seen in Figure A1. Films cycled at 0.5 M NaPF6 solutions showed a maximum 

strain of 4.27 % whereas for films cycled in 1 M NaPF6 solutions a maximum of 

5.09% was obtained. Even though the electrolyte concentration was doubled only an 

increase of 19% was  observed. The cycling of films in 0.5 M NaPF6 solutions 

represents the most efficient electrolyte concentration considering the actuation. 

Herein the 0.5 M NaPF6 solutions was used in all subsequent experiments. 
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Figure A1 – Strains of actuation of pure polypyrrole cycled from -0.65 V to 0.65 V in 

concentrations of 0.5 and 1M aqueous NaPF6 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  A2 – ECMD results of polypyrrole and PPy/Pt film cycled from -0.3 V to 0.65 V in 

NaPF6 
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Electrochemomechanical (ECMD) results, as seen in Figure A2, were recorded 

during cycling in NaPF6. The maximum strain for PPy was 3.57 % and PPy/Pt 15s 

was 4.7 %. This represents an improvement of 31.65%. 

 

To investigate the speed of actuation and compare the results in films containing 

NP, potential step experiments were performed. In these experiments, the films were 

held at -0.65 V for 60 s seconds and then at 0.65 V for another 60 s.  

This procedure was repeated for 5 times while the ECMD was recorded. Results 

are presented in Figure A3.  

 

 

 

 

 

 

 

 

 

 

 

Figure A3 – Potential steps results of polypyrrole and polypyrrole/Pt nanoparticles films 
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A.2 Rationale 

 

In this research system the increase of actuation was observed upon the Pt 

nanoparticle deposition and the results were encouraging for further investigations. 

However, in the following experiments the reproducibility of the data was proven to 

be difficult to achieve. Although an average increase of 30% in the actuation strain 

was observed in the main experiment, the subsequent experiments presented mixed 

results. In some cases, increases in actuating strain higher than 30% were obtained, 

but also no net increase in the strain upon the particle deposition was observed 

frequently, when using the same conditions. The possible reasons for such poor 

reproducibility could be: 

a) The films were polymerized using a very low current density, which could 

make them very compact and result in an inefficient metal deposition within 

the short period of Pt deposition time.  

b)  The PPy films were electropolymerized in an organic media and proceeded 

for the Pt electropolymerisation in an aqueous solution of 0.1 M H2SO4. 

Although the films were thoroughly washed before the Pt electrodeposition, 

some organic solvent could still be present in the film, hindering the 

efficiency of the Pt electrodeposition.  

c) Another possible reason for the low repeatability in the actuation experiments 

is that the films were polymerized galvanostatically. This could imply that the 

polymerisation potential developed by the film would differ at each different 

preparation. The ambient temperature variation and working to counter 

electrode distance are examples of parameters that could influence the final 

oxidation state of the film.  



Appendix B 

 

 188 

Appendix B: Electropolymerisation of 3,4 ethylene 

dioxythiophene in aqueous solutions 

 

Following the successful results of the incorporation into PPy of Pt 

nanoparticles produced with citrate, an attempt to obtain a nanocomposite material 

of PEDOT with Pt-citrate nanoparticles was tried. The main challenge was to obtain 

PEDOT films of large enough thickness to be employed in an actuating rig. A series 

of experiments were tried, however obtaining thick films by the polymerisation of 

PEDOT in a aqueous system or in solvents where the inorganic nanoparticles could 

be solubilized was unsuccessful.       

 

         In order to prove and extend the concept of an increase in actuation 

strain observed in PPy films upon incorporation of Pt NP, Pt nanoparticles were 

prepared beforehand and included in the polymerisation solution of 3,4 ethylene 

dioxythiophene (EDOT). Pt nanoparticles were prepared as reported in Chapter 4 by 

mixing a solution of sodium citrate and K2PtCl4 at a ratio 10:1 and heating the 

solution up to 110 
o
C. After dialyzing for a couple of days, the nanoparticles were 

used in a series of experiments, as shown in Table B.1. 

 Due to the aqueous nature of the citrate capped Pt nanoparticles, a 

series of experiments were performed in aqueous solutions regarding the 

electrochemical polymerisation of EDOT. Most of the films were very thin at the end 

of the polymerisation and a darkening of the polymerisation solution was observed. 
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Table B.1 – Preparation conditions for poly(3,4-ethylene dioxythiopene) films 

   

Dopant Technique Solvent Condition 

1) NaDBS Chronopotentiometry Water:ethanol 

70% : 30% 

Current density 

2mA cm-
2
 , 

final charge 3 C cm
-2

 

2) NaDBS Chronopotentiometry Water:ethanol 

30% : 70% 

Current density 

2 mA/cm
-2

 , 

final charge 3 C/cm2 

3) NaDBS Cyclic voltammetry Water:ethanol 

70% : 30% 

20 cycles 

4) NaDBS Chronoamperometry Water:ethanol 

70% : 30% 

Potential1 V 

Final charge 3 C cm
-2

 

5) TBATriflate Chronopotentiometry ACN 2 mA/cm2 

Final charge 3 C cm
-2

 

6) LiClO4 Chronopotentiometry ACN 2 mA/cm2 

Final charge 3 C cm
-2

 

7) LiClO4 Chronoamperometry ACN Potential 1.2 V 

Final charge 3 C cm
-2

 

8) LiClO4 Chronoamperometry ACN Potential 1.5 V 

Final charge 3 C cm
-2

 

 

 

This may be representative of the low adherence of the PEDOT films to the 

stainless steel electrodes. Also, the high potential and current density used for the 

experiments could be detrimental to the formation of robust films. The Pt citrate 

nanoparticles proved to be soluble in acetonitrile (ACN), therefore another set of 

experiments were performed in this solvent as shown in Table C.1. Even though 

thicker films were obtained, most of them were very sponge-like (damp). The films 
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obtained at higher potential were more uniform and more robust, but brittle. All the 

sets of experiments considering the incorporation of Pt citrate NP into PEDOT 

resulted in films which were not supportive for electrochemomechanical studies.
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