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Abstract 

  Polypyrrole (PPy), as one of the most important intrinsically conducting polymers, 

is of great interest since its attractive merits such as high conductivity, ease of 

synthesis, excellent environmental stability, and appealing electrochemical behavior, 

which make it exhibit promising applications in energy storage, electromagnetic 

shielding, anticorrosion coatings, sensors, electrochemical displays and so on. 

However, the electrical conductivity of PPy without doping is unsatisfactory and the 

typical PPy suffers low processability, which hinders its potential applications. 

Inorganic acid with low molecular weight doped PPy may be subjected to dedoping 

process, which will decrease the electrical conductivity and cause the corrosion 

problem owing to the free acid. Moreover, the processability of PPy cannot be 

improved. In the present study, different kinds of dopant including aromatic 

multi-sulfonate dopant, solid dopant and polymeric dopant were used to dope PPy. 

The influence of different dopants on morphology, electrical property and other 

performance were investigated. Besides acting as dopant to enhance electrical 

conductivity of PPy, all the dopants show other effects to improve the performance of 

PPy.  

  In chapter 1, the research background, research purpose and the construction of this 

thesis are described.  

  In chapter 2, the properties of materials used in this thesis are presented. The 

experimental methods and characterization are also described in this chapter. 

  In chapter 3, PPy were prepared via chemical polymerization in the presence of 

aromatic multi-sulfonate acid dye (acid violet 19). Due to the unique structure of acid 

violet 19, it could play the role as dopant, surfactant and physical cross-linker for 

pyrrole polymerization, and has impact on the morphology, dispersion stability, 

thermal stability, electrical conductivity and electrochemical behavior of the samples. 

The thermal stability of the dye doped PPy is enhanced than pure PPy due to the 
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strong interactions between PPy and acid violet 19. The dispersion stability of the 

samples in water is also improved by incorporating an appropriate amount of acid 

violet 19. The sample with 20% of acid violet 19 shows granular morphology with 

the smallest diameter of ~50 nm and possesses the maximum electrical conductivity 

of 39.09 S/cm. The as-prepared multifunctional dye doped PPy samples are used to 

fabricate electrodes and exhibit a mass specific capacitance of 379-206 F/g in the 

current density range of 0.2-1.0 A/g. The results indicate that the multifunctional dye 

could improve the performances of PPy as electrode material for supercapacitors. The 

well dispersion stability and electrical properties also make it have the potential to 

prepare antistatic coatings, anticorrosion coatings and conductive ink. However, the 

relative higher cost (compared with polyaniline) needs to be improved. 

  In chapter 4, the budget spherical mesoporous silica has attracted our attention due 

to the unique mesoporous structure and large specific surface area. A series of PPy 

composites with different content of functionalized mesoporous silica, which 

functioned as the in-situ dopant and inorganic host, were prepared. The morphology, 

structure, thermal stability and electrical properties of the samples were characterized 

by scanning electron microscopy, Fourier transform infrared spectroscopy, X-ray 

diffraction, thermogravimetric analysis, cyclic voltammetry, and galvanostatic 

charge-discharge test. The content of functionalized mesoporous silica have been 

proved to have strongly impact on the morphology and electrical properties of the 

samples. When the value is 10%, the sample shows a bayberry-like morphology and 

possesses the maximum electrical conductivity of 33.33 S/cm. The sample with 

maximum electrical conductivity was used to fabricate electrodes and exhibited a best 

mass specific capacitance of 237.6 F/g. Due to the well mechanical properties of 

silica material, the as-prepared composites are thought to can be used as functional 

filler to mix with polymer matrix. The PPy layer coated on the surface of mesoporous 

silica is helpful to enhance the compatibility between mesoporous silica and polymer 

matrix. However, the micron-scale of the composite may hinder its application. 
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  In chapter 5, polymeric dopant — phosphorylated polyvinyl alcohol (PPVA) were 

synthesized and used to prepare attapulgite/PPy nanocomposite (PPVA-ATP/PPy). 

The nanorod-like structure of attapulgite clay (ATP) can form network consequently 

improve the performance of the nanocomposite. PPVA functioned as both the dopant 

for PPy and the dispersant for ATP and the as-prepared nanocomposite in this work. 

The composites possess good dispersion stability, high electrical conductivity at room 

temperature, and weak temperature dependence of the conductivity. Moreover, it is 

found that dispersion stability in water increased with the increasing feeding ratio of 

PPVA. In addition, the thermal stability of conductivity PPVA-ATP/PPy composites 

is also enhanced by PPVA. The nanorod-like structure, improved dispersion stability 

and thermal stability of conductivity can broaden its potential application in antistatic 

coatings, anticorrosion coatings, conductive ink and filler. 

  In chapter 6, general conclusions of the study are made.  
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Chapter 1 Introduction 

1.1 Background 

  According to the electrical conductivity, materials can be classified as insulators, 

semiconductors, metals and superconductors. Materials with conductivity less than 10-9 

S/cm is considered as insulators and conductivity of metals is larger than 102 S/cm; the 

semiconductors’ conductivities lie in the middle (10-9 ~ 102 S/cm) [1, 2]. 

 

 

Fig. 1-1 Range of conductivities for insulators, semiconductors and metals [2]. 

 

There are a number of polymer products around our daily life, such as plastic bottles, 

synthetic leather, plastic bags and so on (Fig. 1-2). Polymeric materials have long been 

regarded as insulators and most of their applications have based on their insulating 

properties [4]. The discovery and development of intrinsically conducting polymers 

(ICPs) changed the way people think about polymeric materials that can’t conduct 

electricity. In 1977, three scientists (Alan J. Heeger, Hideki Shirakawa and Alan G. 

MacDiarmid) discovered that a synthetic polymer (polyacetylene) could be conductive 

under certain conditions [5-8]. For the revolutionized discovery and development of 

conducting polymers, the Nobel Prize in Chemistry for 2000 was rewarded to the above 

three scientists [9-11]. Unlike traditional conducting material that disperses metal (or 

metal oxides) or carbon powder to insulated polymer, the structure and mechanism of 
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conduction of ICPs are completely different [12]. ICPs are classed as conjugated 

conducting polymers, charge transfer polymers and ionically conducting polymers. As 

the most studied ICPs, conjugated conducting polymers are discussed in more detail 

below.  

 

 

 Fig. 1-2 Household items made of various types of plastic [3]. 

 

1.1.1 Structure of conjugated conducting polymers 

The molecular structures of some typical conjugated conducting polymers in their 

neutral form are given in Fig. 1-3. Fig. 1-4 shows the conductivity of some conjugated 

conducting polymers in their doped form [13]. We can see from Fig. 1-3 that alternate 

single-double bonds along the backbone of the polymer is a key property for conjugated 

conducting polymers, which differentiates them from other polymers. The “sigma” (σ) 

electrons that form strong covalent bonds between the carbon atoms are localized, 

whereas the “pi” (π) electrons can be delocalized upon certain operation. In a word, 

conjugation is a sine qua non for making the polymer material conductive, but not a 

sufficient one. The other key factor for being conductive is discussed in 1.1.2. 
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Fig. 1-3 Molecular structures of some conjugated polymers in their neutral form. 

 

 

Fig. 1-4 The electrical conductivity of some doped conjugated polymers [13]. 
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1.1.2 Doping in conjugated conducting polymers 

  Most of the conjugated polymers are poorly conductive and unstable in their neutral 

form. However, the conductivity of conjugated polymers can be dramatically enhanced 

by many orders of magnitude through doping process. The doping process that can alter 

the number of electrons in the polymer chain, is essentially a charge transfer reaction by 

oxidation or reduction. The process is generally termed as redox doping and the added 

simple anionic or cationic species used to generate charge carriers are known as dopants 

[14-18]. Redox doping can be further classed into p-doping and n-doping [19]. For 

p-doping, the polymer chain performs oxidation, meaning electrons are removed from 

polymer chain, whereas n-doping means that the polymer chain conducts reduction and 

electrons are injected to polymer chain (less frequently). The charge neutrality of the 

doped conjugated polymer is maintained by the incorporation of the counter ions [20]. 

The simplified processes for p-doping and n-doping are given as follows: 

 

Cp             Cpn+(A-)n + ne-      (p-doping)

Cp + ne-            (C+)nCpn-       (n-doping)  

Fig. 1-5 Simplified processes for p-doping and n-doping. 

 

Unlike inorganic semiconductors, doping in conjugated polymers is, which means 

doped conjugated polymers can revert to pristine state with almost no degradation upon 

dedoping. Doping process can be carried out by both chemical and electrochemical 

method. Moreover, the conductivity of conjugated polymers can be easily adjusted by 

altering the doping level. Fully doped (high doping level) form possesses high 

conductivity and undoped one is insulating or semiconducting. 

1.1.3 Charge transport in conjugated conducting polymers 

 The conductivity (σ) of conjugated conducting polymers is proportional to carrier 
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concentration (n), the amount of electric charge a carrier transports (q) and the carrier 

mobility (µ) as shown in the following eq.: 

σ = q • n • µ 

The carrier concentration of doped conjugated conducting polymer is much higher 

than that of undoped one, resulting in high conductivity. The mechanism of carrier 

transport in conjugated conducting polymer is one of the most interesting theoretical 

problem of this field. Among various models, delocalized band model and chemical 

model are generally employed to explain the mechanism. The unique conjugated 

structure of conjugated conducting makes charge delocalization possible. For the 

delocalized band model, the charges and unpaired electrons are assumed to be 

delocalized over a large number of monomer units [21, 22]. The chemical model 

supposes that the charge is localized in the polymer chain [23], or at most only some 

monomer units. 

 

 

Fig. 1-6 Intra and inter chain charge transport in conjugated conducting polymers. 

 

There are two patterns for charge transport. The transport along the polymer chain is 

known as intra-chain charge transport, which provides the intrinsic conductivity. 

Intra-chain charge transport is described in terms of band theory [24, 25]. The other 

transport between polymer chains is called as inter-chain charge transport, which occurs 

by the movement of charge carriers from the localized defect states [26-31]. Thermally 

activated hopping or tunneling theory is explored to explain the inter-chain charge 
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transport, in which the charge carriers (soliton, polaron or bipolaron) hop across or 

tunnel through barriers created by the presence of isolated states or domains [32-35]. 

1.1.4 Applications of conjugated conducting polymers 

Conjugated conducting polymers have been widely applied in various fields based on 

their conductivity or electroactivity. Conductivity of conjugated conducting polymers 

can be adjusted from insulator to metal by controlling the doping level. Upon reversible 

doping and dedoping process, the electrical and optical properties of conjugated 

conducting polymers can be controlled. 

 

Table 1-1 Applications of conjugated conducting polymers 

Group 1 — Conductivity 

Antistatic materials Conducting adhesives 

Electromagnetic shielding Printed circuit boards 

Artificial nerves Anticorrosive coating 

Active electronics (diodes, transistors) Aircraft structures 

Group 2 — Electroactivity 

Molecular electronics Electrical displays 

Electrical displays Rechargeable batteries 

Drug release systems Ion exchange membranes 

Electromechanical actuators “Smart” structures 

 

Antistatic materials 

Static electricity may be prevented by blending conducting polymers with 

conventional polymers or coating a very thin layer of conducting polymer on the surface 

of an insulator. Martins et al. prepared antistatic thermoplastic blend of polyaniline and 

polystyrene in a double-screw extruder using the block copolymer of styrene and 
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butadiene as compatibilizer [36]. Sun et al. synthesized poly(3, 

4-ethylenedioxythiophene)/poly(styrenesulfonate) to prepare antistatic coating. The 

surface resistivity on different substrates such as polypropylene, amorphous 

polyethylene terephthalate and polystyrene were in the range of 107 - 108 Ω [37]. 

Conductive adhesives 

Conductive adhesives are used to stick conducting objects together. Polypyrrole was 

incorporated as a filler in an epoxy/anhydride system and its application as an isotropic 

conductive adhesive was studied by Mir. The results showed that they can be used as 

conductive adhesives in the electronics industry [38]. Kim synthesized a new 

nanocomposite for conductive transparent adhesives by emulsion polymerization of 

acrylate monomers dispersed with poly(3,4-ethylenedioxythiophene):poly(styrene 

sulfonate) [39]. 

Electromagnetic shielding 

Electromagnetic radiation can be absorbed by coating a conductive surface on the 

inside of the plastic casing. Conducting polymers and their composites are new 

alternative candidates for electromagnetic shielding applications due to their lightweight, 

corrosion resistance, ease of processing, and tunable conductivities as compared with 

typical metals. 

Artificial nerves 

Some conducting polymers possess biocompatibility may be used as artificial nerves 

to transport small electrical signals through the body. Nerve growth factor-immobilized 

polypyrrole exhibited enhanced neurite extension [40]. Xu et al. synthesized a 

conducting composite nerve conduit with polypyrrole and poly(d, l-lactic acid) for 

peripheral nerve regeneration [41]. 

Active electronics 
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Highly conductive poly(3,4-ethylenedioxythiophene) films by vapor phase 

polymerization for application in efficient organic light-emitting diodes have been 

prepared [42]. Quantum dot/conducting polymer hybrid films are used to prepare 

light-emitting diodes, exhibiting a turn-on voltage of 4 V, an external quantum 

efficiency greater than 1.5%, and almost pure-green quantum-dot electroluminescence 

[43]. 

Electrical displays 

  The color of conducting polymer can be tuned by reversible doping and dedoping 

process because the doped and undoped states show different color. Moreover, the color 

can be altered by using various dopants. Polypyrrole, polythiophenes, 

poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate), polyaniline and so on have 

been developed for display applications [44].  

Sensors 

The electrical properties of conducting polymers can be changed during reaction with 

diverse dopants or via their sensitivity to moisture and temperature. Such ability make 

them useful in sensors. By now, conducting polymers find application in chemical 

sensor, strain sensor, biological sensor, pH sensor, humidity sensor etc [45]. 

Rechargeable batteries 

The polymer battery works by the oxidation and reduction of the polymer backbone. 

Aligned perchloricacid-doped polyaniline nanotubes prepared by a simple alumina 

template method exhibit better electrode performances than their commercial 

counterparts because they possess more active sites, higher conductivity, and relative 

flexibility [46]. Highly stretchable 2D buckled polypyrrole film is prepared by a simple 

electropolymerization method  retains its electrochemical properties in Mg batteries 

after 2000 stretching cycles with 30% strain applied [47]. 



 

 9 

1.2 Polypyrrole 

In the early 1960s, Polypyrrole (PPy) that is an intrinsically conducting polymer with 

excellent electrical properties was firstly discovered and reported [48]. Polypyrrole 

(PPy) was initially formed due to the oxidation of pyrrole in air and known as “pyrrole 

black”. Diaz and his co-workers prepared free standing polypyrrole films by 

electrochemical polymerization [49, 50]. 

  Among conducting polymers, PPy is of particular interest due to its high electrical 

conductivity, environmental stability, biocompatibility and ease of synthesis [51-53]. 

PPy exhibit a wide range of conductivities (10-3 S/cm < σ < 102 S/cm) depending on the 

nature of the dopant and doping level and the substitution pattern of the monomer [54]. 

The unique properties provide it with wide potential applications, such as rechargeable 

batteries [55, 56], electrochemical actuators [57-59], field effect transistor [60-62], 

supercapacitors [63, 64], enzyme immobilization [65-67], sensors [68, 69], separation 

membranes [70, 71], biomedical [72], corrosion protection [73], electromagnetic 

interference shielding materials [74-76] etc. 

1.2.1 Mechanism of conduction 

Charge carriers in PPy are produced in the following way (Fig. 1-7). When PPy 

backbone losses an electron, a free radical and a spinless positive charge are generated. 

A sequence of quinoid-like rings is supposed through the coupling of the radical and 

cation via local resonance of the charge and the radical. The number of quinoid-like 

rings is limited due to higher energy is required to create these defects than the 

remaining portion of the chain. Generally, it is believed that the distortion extends over 

four pyrrole rings. This species combines a charge site and a radical (radical cation) is 

called as polaron. The formation of polarons creates two energy levels that are 

symmetrically located about 0.5 eV from the band edges and the lower energy state 

being occupied by a single unpaired electron (Fig. 1-8). Further oxidation creates a new 
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spinless defect of the coupled cations (dication) called a bipolaron. For PPy, the 

bipolarons are positioned symmetrically with a band gap of 0.7 eV from the band edges 

(Fig. 1-8). At higher doping levels the polarons are replaced with bipolarons because 

creation of a bipolaron requires lower energy than the creation of two polarons. In either 

case, the counterions are incorporated to keep the charge neutrality of the conducting 

polymer. With continued oxidation, the bipolaronic energy state overlaps and forms 

intermediate band structures. 

 

 

Fig. 1-7 Formation of polarons and bipolarons [77]. 
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Neutral Polaron Bipolaron Fully doped

PPy
 

Fig. 1-8 Bands in conducting polymer [77]. 

 

1.2.2 Routes to prepare polypyrrole 

PPy are prepared by the oxidation of pyrrole via chemical polymerization or 

electropolymerization. The former usually performs in solution using a chemical 

oxidant and results in an intractable powder. The latter carries out at a conductive 

substrate (electrode) through the application of an external potential and generates an 

insoluble film. 

(a) Chemical polymerization 

A chemical oxidant (FeCl3 or (NH4)2S2O8) is used to conduct chemical 

polymerization, which simultaneously oxidizes the monomer and provides the dopant 

anion. The PPy powder produced by chemical oxidation polymerization shows lower 

conductivity than electropolymerization prepared PPy [78]. It is difficult to control over 

the potential within the reaction mixture, leading to overoxidation of PPy and poor 

doping control [79]. Chemical polymerization is beneficial to mass production and 

extensively used in industry. However, additional dopant is usually used to improve the 
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conductivity of PPy due to the small number of oxidants that can both oxidize the 

monomer and provide a suitable dopant.  

(b) Electropolymerization 

Electropolymerization is the other used approach to prepare conducting polymer, 

which results in a film deposited on the surface of working electrode. Potentiostatic, 

galvanostatic and potential cycling methods can be used to perform 

electropolymerization of pyrrole. The rate of polymerization and doping process can be 

well controlled via electropolymerization. Various dopant anions can be incorporated 

into the polymer to maintain electrical neutrality. 

(c) Mechanism of polymerization 

The mechanism of chemical polymerization is thought to be similar to 

electropolymerization, including the following four steps [80, 81]: 

Step 1: The monomer is oxidized that forms a radical cation which exists in three 

pyrrole rings. 

Step 2: One radical cation couples with another radical cation resulting in a dicationic 

dimer. 

Step 3: The dicationic dimer losses two protons to form a neutral dimer. 

Step 4: The neutral dimer further undergoes oxidation to form a radical cation and 

subsequently couples with anther radical cation. This process is known as stepwise 

chain growth. As polymer chain increases to a certain length, PPy becomes insoluble in 

the medium and precipitates. 
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Fig. 1-9 Proposed mechanism for electropolymerization of pyrrole. 

 

1.2.3 Properties of polypyrrole 

(a) Electrical conductivity 

The good electrical conductivity of PPy individuate it from other polymers and is one 

of the most important properties for applications. As a widely accepted view, the 

movement of charge carriers along polymer chains and the hopping of these carriers 

between chains contribute to the conductivity in PPy [31, 82]. The preparation 

conditions such as the species and concentration of dopant, solvent and polymerization 

temperature have strongly influence on the electrical conductivity of PPy. Because of 

hydrophobic effects, PPy prepared in water by chemical polymerization shows a 

cauliflower structure [83] and relative low conductivity caused by unevenness. 

Polymerization in alcohols can obtain PPy with higher than that prepared under the 

same conditions in acetonitrile, benzene, tetrahydrofuran and chloroform. Low 
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temperature is conducive to obtaining PPy with longer conjugation length, more regular 

structure and higher conductivity. Chemical polymerization of pyrrole is usually carried 

out between 0°C and room temperature. The dopant counterions have dramatic effects 

on the properties of PPy such as conductivity, morphology and solubility [84-86]. The 

concentration of a given dopant [87] and the molecular structure [88] would affect the 

conductivity of the resultant PPy. Ordinarily the electron affinity of the dopant and PPy 

decreases conductivity of PPy since the movement of charge carriers are limited. 

(b) Electroactivity 

Reduction and oxidation process in PPy are reversible meaning charge can be 

reversibly added to or removed from PPy. Doped PPy have positive charges and 

electroneutrality is balanced by dopant anions. By applying a sufficient negative 

potential, PPy is reduced to the neutral state (dedoping) and electroneutrality is 

maintained either by expelling these anions or incorporating cations. On the contrary, 

PPy is oxidized (doping) and counterions are incorporated to maintain electroneutrality 

when a sufficient positive potential is applied. If the size of dopant anions is small, both 

the dopant anions and electrolyte anions can be incorporated during potential sweeping. 

If the dopant anions have large size such as negatively charged polyelectrolytes or large 

surfactant anions [89, 90], it is difficult to expel the incorporated dopant anions during 

electrochemical reduction process and the electroneutrality is kept by the movement of 

the electrolyte cations into the PPy matrix. Consequently, the stability and mechanical 

strength of the PPy film is improved attributing to strong interactions between dopants 

and PPy [89].  

(c) Stability 

Long term stability and thermal resistance are required if the conducting polymers are 

to be used for successful industrial applications in future. Stability consists of 

intrinsically thermodynamic stability and external environmental stability. The 
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incorporated dopant anions in PPy make the stability become more complex than other 

conventional polymers. The degradation may cause by several process, consisting of the 

reaction of the PPy backbone with the dopant anion and the reaction of the PPy 

backbone with oxygen or water. The dopant itself might also suffer thermal degradation 

and the resulting degradation products might react with the PPy backbone.  

(d) Processability 

  Generally, PPy powder obtained by chemical polymerization and PPy film produced 

by electropolymerization are infusible and insoluble in water and organic solvents due 

to the strong inter- and intra-molecular interactions. The poor processability hinders its 

applications, so preparation of processable PPy has attracted intense attention. Several 

methods have now been developed to improve the processability of PPy, which are 

discussed below. 

1.2.4 Development in more processable polypyrrole 

(a) Soluble PPy 

  The rigid structure of PPy which is attributed to the presence of strong interchain 

interactions results in poor solubility in water and common organic solvents. 

Developing soluble PPy has captured the attention of many researchers and some 

exciting results have been reported. By means of substituting the pyrrole ring at the 1, 3 

or 4-positions for alkyl or alkoxy groups, the PPy derivatives can become soluble in 

tetrahydrofuran, chloroform and o-dichlorobenzene [91, 92] due to the large side groups 

reduce interactions between PPy chains. Some studies proved that using functional 

dopants could improve the solubility in some organic solvents. PPy incorporated of long 

chain dopants such as β-naphthalenesulfonic acid, dodecylbenzenesulfonate, 

dis(2-ethylhexyl) sulfosuccinate and anthraquinonesulfonic acid are then soluble in 

m-cresol, dimethylsulfoxide, N-methyl-2-pyrrolodinone, N, N-dimethylformamide and 

tetrahydrofuran [93-96].  
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(b) Dispersions 

  PPy dispersions in several organic media were synthesized by using polymeric ionic 

liquids both as steric stabilizers and as phase transfer agents [97]. Wood derivatives 

(polystyrene sulfonic acid, lignosulfonic acid sodium salts and carboxymethylcellulose) 

were used as doping/dispersing agents in the chemical polymerization to prepare PPy 

aqueous dispersions [98]. PPy dispersions formed by the polymerization of pyrrole in 

the presence of polyvinyl alcohol, poly(vinyl alcohol-co-acetate), poly(2-vinyl 

pyridine-co-butyl methacrylate) also have been reported [99-101]. 

(c) Composites 

In order to expand the application of PPy, PPy composites that possess synergistic 

properties have been prepared by several ways. The substrate containing an appropriate 

oxidizing agent is exposed to pyrrole vapor and then the polymerization of PPy is 

induced on the substrate [102-106]. This method is modified by soaking the substrate 

with the pyrrole monomer and then immersing it in an oxidant solution [107]. By 

placing the object in a solution containing pyrrole and oxidant, PPy can be deposited 

directly onto/into fabrics or clay [108-111]. Especially, modification of substrate with 

functional groups can facilitate PPy-substrate adhesion and deposition [110, 112]. 

Sulphonated low density polyethylene has been used as a template for the 

polymerization of pyrrole, yielding PPy layers up to 80 nm thick [112].  

1.3 Aim of this research 

  As discussed above, dopant has dramatic influences on the properties of PPy, 

including morphology, electrical conductivity, electrochemical property, thermal 

stability and so on. On the other band, the poor processability and relative high cost 

hinder the application of PPy materials. The overall aim of this thesis work is to 

improve the performances and reduce the cost of PPy production by using different 

kinds of dopants. Macromolecular aromatic dopant, solid dopant and polymeric dopant 
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were chosen in this thesis work due to the following reasons: 

(1) Aromatic multi-sulfonate acid dye (acid violet 19, AV19) is attractive for being 

used as dopant to prepare PPy because of its unique structure. Sulfonate containing 

dopant is proved to be effective to improve the electrical conductivity of conjugated 

conducting polymer. And the multiple negative charge groups of AV19 could cause 

physical crosslinking of different polymer chains, which is helpful for interchain 

mobility of charge carriers. Moreover, the large conjugated system of AV19 would exert 

π–π stacking with PPy, which plays a part in improving the stabilization of AV19 within 

PPy. And the strong interaction between AV19 and PPy makes the resulting materials 

have enhanced aqueous dispersion. 

(2) Mesoporous silica was functionalized with –SO3H groups and then used as solid 

dopant and inorganic host to prepare mesoporous silica/PPy composite. The 

incorporation of low cost of mesoporous silica can cut cost of PPy production. At the 

same time, the broad applications of mesoporous silica may broaden the application of 

the resulting composite. Because the –SO3H groups are anchored on the mesoporous 

silica, it wouldn’t cause the corrosion problem owing to the release of strong inorganic 

acids like HCl doped conducting polymer. In addition, the relative large pore diameter 

as well as relative high oil absorption value of the mesoporous silica make it propitious 

to adsorb the pyrrole monomer to the surface and into the pore. When the mesoporous 

silica is used as reinforcing filler, the PPy layer coated on the surface of mesoporous 

silica can enhance compatibility between the mesoporous silica and polymer matrix as 

well as impart extra electrical and electrochemical properties to the composite. 

  (3) Phosphorylated polyvinyl alcohol (PPVA) was synthesized and applied as 

polymeric dopant. Considering the cost of PPy, cheap attapulgite clay with unique 

three-dimensional structure and fibrous morphology has been incorporated. PPVA 

contains a mass of hydroxyl groups and could improve the dispersing stability 

polypyrrole/attapulgite (PPy/ATP) nanocomposite. And the phosphate groups presented 

in PPVA could play the role as dopant so as to improve the electrical property of PPy. 
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The resulting composite also show a fibrous morphology owing to ATP. Such structure 

is in favor of formation of network, which can increase the electrical property. 

  The overall structure of the present study is presented in Fig. 1-10. 

 

 

Fig. 1-10 The overall structure of the present study. 
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Chapter 2 Materials, experimental methods 

and characterizations 

2.1 Materials 

2.1.1 Pyrrole 

 Pyrrole is a five-membered heterocyclic aromatic organic compound with the 

formula C4H4NH [1, 2]. It is a colorless liquid and the color will become darker when it 

is exposed to air. Usually, it is purified by distillation immediately prior to use. In this 

thesis, pyrrole was used as monomer to prepare polypyrrole by the oxidation of pyrrole. 

Pyrrole (analytical grade reagent) was purchased from Nacalai Tesque, Inc. (Kyoto, 

Japan) and freshly distilled under pressure before use. 

 

 

Fig. 2-1 Structure of pyrrole. 

 

2.1.2 Ammonium persulfate 

 Ammonium persulfate (APS, (NH4)2S2O8) is an inorganic compound that is highly 

soluble in water. It is a strong oxidizing agent and used as initiator in polymer chemistry. 

In this thesis, APS that purchased from Nacalai Tesque, Inc. (Kyoto, Japan) was used as 

an oxidant to prepare PPy without further purification. 

 

Fig. 2-2 Structure of ammonium persulfate. 
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2.1.3 Acid violet 19 

  Acid violet 19 (AV19, disodium 2-amino-5-[(Z)-(4-amino-3-sulfonatophenyl) 

(4-iminio-3-sulfonato-2,5-cyclohexadien-1-ylidene) methyl]-3-methylbenzenesulfonate) 

is an acid dye used in the Van Gieson method in conjunction with picric acid to 

demonstrate collagen fibers red, and in Masson's trichrome to stain smooth muscle in 

contrast to collagen [3]. It is also used as Andrade's indicator. It is a green crystalline 

powder and soluble in water. In chapter 3, AV19 was used as multi-sulfonate aromatic 

dopant. AV19 was purchased from Nacalai Tesque, Inc. (Kyoto, Japan) and used 

without further purification. 

 

 

Fig. 2-3 Structure of acid violet 19. 

 

2.1.4 Mesoporous silica 

  According to the pore size, porous materials can be divided into three classes: 

microporous, mesoporous and macroporous [4]. Microporous materials have pore 

diameters of less than 2 nm. Mesoporous materials have pore diameters ranging from 2 

to 50 nm. Macroporous category are those that have pore diameters of greater than 50 

nm. Mesoporous silica is one of the widely used mesoporous materials. Due to the large 

surface area and well-defined internal structure, mesoporous silica have widely 

applications in the fields of catalysis, adsorption, separation, sensor and drug delivery. 

  Mesoporous silica (MS) was purchased from AGC Si-Tech Co., Ltd and the technical 
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information of MS was listed in Table 2-1. MS was functionalized with –SO3H groups 

and then used as solid dopant and inorganic host to prepare mesoporous silica/PPy 

composite in Chapter 4. 

 

   

Fig. 2-4 SEM image (a) and diagrammatic sketch [5] (b) of mesoporous silica used in 

Chapter 4. 

 

Table 2-1 The technical information of MS used in Chapter 4 

Characteristics Value 

Mean particle size 3.2 μm 

Specific surface area 719 m2/g 

Pore volume 1.8 mL/g 

Pore diameter 25 nm 

Oil absorption 300 mL/100g 

 

2.1.5 Attapulgite 

Attapulgite (ATP) is also called palygorskite, which is a naturally needle-like clay 

mineral composed of magnesium-aluminum silicate. The ideal molecular formula of 

ATP is (Mg, Al)5Si8O20(OH)2(OH2)4•4H2O. Due to its unique three dimensional chain 

structure, ATP has very good colloidal and sorptive properties. It has a wide variety of 

applications such as: thickeners, anti-settling agent, binder, rheology modifier and 

catalyst carrier [6, 7]. 
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ATP was purchased from BASF Co. Ltd. (New Jessey, USA) and the technical 

information of ATP was listed in Table 2-2. 

 

  

Fig. 2-5 Photograph and structure [8] of attapulgite used in Chapter 5. 

 

Table 2-2 Composition and typical properties of ATP used in Chapter 5 

Composition 

SiO2 65.2% Al2O3 12.7% 

MgO 12.3% CaO 3.9% 

Fe2O3 3.5% P2O5 1.0% 

K2O 0.8% TiO2 0.5% 

Properties 

Specific gravity 2.4 Oil absorption 100 mL/100g 

Specific surface area 150 m2/g Color Light cream 

 

2.1.6 Polyvinyl alcohol 

Polyvinyl alcohol (PVA) is a water-soluble synthetic resin with an idealized formula 

CH2CH(OH)n [9, 10]. PVA shows excellent film forming, barrier, emulsifying and 

adhesive properties. The unique properties of PVA make it have a wide variety of 

applications in papermaking, textiles, and coatings. The molecular structure of PVA is 

given below: 
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Fig. 2-6 Structure of polyvinyl alcohol. 

 

  PVA with a degree of polymerization of 1,700 in the form of 99% hydrolyzed was 

supplied by Sinopharm Chemical Reagent Co., Ltd., China. Then it was used to prepare 

phosphorylated polyvinyl alcohol (PPVA) which was served as polymeric dopant to 

fabricate ATP/PPy composite in Chapter 5. 

2.1.7 Other materials 

Table 2-3 Other materials used in this thesis work 

Name Molecular structure Purity 

γ-Mercaptopropyltrimethoxysilane 

(MPTMS)  

96% 

Hydrogen peroxide (H2O2) 

 

30% 

Sulfuric acid (H2SO4) 

 

97% 

Urea 

 

98% 

Phosphoric acid (H3PO4) 

 

85% 

  

  MPTMS was provided by Shin-Etsu Chemical Co., Ltd (Tokyo, Japan) and others 

were purchased from Nacalai Tesque, Inc. (Kyoto, Japan) and used without further 

purification. 
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2.2 General experimental method 

PPy and its composite were synthesized by chemical oxidative polymerization of 

pyrrole monomer using ammonium peroxidisulphate (APS) as oxidant.  

 

 

 

 

 

Fig. 2-7 Schematic diagram of preparation of (a) multifunctional dye doped PPy, (b) 

F-MS/PPy and (c) ATP/PPy composites. 

 

For multifunctional dye doped PPy, dye was dissolved in 100 mL of double distilled 

water in a 250 mL round-bottom flask with stirring. Freshly distilled pyrrole (1 mL) was 

added to the solution with stirring for 30 min in ice-cold condition. Subsequently, 20 

mL of APS aqueous solution (containing 0.9 g of APS) was added drop by drop into the 

above mixture to initiate the oxidative polymerization. The reaction was performed at 

0 °C with vigorous stirring for 8 h under N2 atmosphere. The resultant PPy-AV19 was 
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filtered, and washed with distilled water until the filtrate become colorless. The product 

was dried under vacuum at 60 °C for 24 h prior to further analysis. 

For functionalized mesoporous silica/polypyrrole (F-MS/PPy) composites, F-MS was 

dispersed in 100 mL of deionized water with vigorous stirring for 30 min. The rest steps 

were similar to those of synthesis of multifunctional dye doped PPy. 

For attapulgite/polypyrrole (ATP/PPy) composites, phosphorylated polyvinyl alcohol 

(PPVA) and 1.45 g of ATP were added to 100 mL of water in a 250 mL round-bottom 

flask and stirred until PPVA was dissolved. The mixture was then ultrasonically dispersed 

for 30 min. The rest steps were similar to those of synthesis of multifunctional dye 

doped PPy. 

2.3 Characterizations 

2.3.1 Electrical conductivity 

The electrical conductivities of the samples were measured using SDY-4 four-point 

probe meter (Guangzhou Semiconductor Material Academe) at ambient temperature. 

The powdery samples were shaped into circular pellets with a diameter of 13 mm by 

subjecting the powder to a pressure of 30 MPa. The reproducibility of the result was 

checked by measuring the electrical conductivity three times for each pellet. The 

measurement principle is given in Fig. 2-8.  

 

 

Fig. 2-8 Schematic of a four-point resistance measurement. 
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The electrical conductivity of the sample can be obtained according the following 

formula: 

ρ 
I

V
 × F(D/S) × F(W/S) × W × Fsp  (Ω • cm) 

σ = 1/ρ      (S/cm) 

Where, V – the voltage between probe 2 and 3 (mV); 

      I – the current between probe 1 and 4 (mA); 

W – the thickness of the pallets (cm); 

 F(D/S) – the amendatory coefficient of the diameter of the pallets; 

 F(W/S) – the amendatory coefficient of the thickness of the pallets; 

Fsp – the amendatory coefficient of the space between the probes. 

2.3.2 Cyclic voltammetry (CV) and galvanostatic charge-discharge tests 

Cyclic voltammetry (CV) and galvanostatic charge-discharge tests that was 

performed with a CHI660A electrochemical working station in the potential window 

ranged from -0.6 to 0.4 V (vs. SCE). The mixture containing 80 wt.% of active 

materials, 15 wt.% carbon black, and 5 wt.% polytetrafluoroethylene (PTFE) was 

uniformly laid on a Ni foam that acted as a current collector (area was about 1 cm2). 

Then the Ni foam coating PPy-based composite was pressed under 1.0 MPa for 1 min 

and served as the working electrode. A typical three-electrode cell, containing a working 

electrode, a platinum foil counter electrode, a saturated calomel reference electrode, and 

a 0.5 M Na2SO4 aqueous solution as electrolyte was utilized to evaluate the 

electrochemical behavior of the composites. The specific capacitance (Cm) can be 

calculated from the equation:  

Vm

tI
C




m   (F/g) 

Where, I – the charge/discharge current (A); 

      Δt – the discharge time (S); 
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 ΔV – the potential drop during discharge (V); 

        m – the mass of active material (g). 

2.3.3 Scanning electron microscopy (SEM) 

  The samples covered with an ultra-thin layer of a gold/palladium alloy were analyzed 

by scanning electron microscope (SEM, Hitachi S-4300, Japan). 

2.3.4 Transmission electron microscopy (TEM) 

  The morphologies of the samples were also observed using a transmission electron 

microscope (TEM, Hitachi H-8100, Japan). Samples for TEM analysis were firstly 

dispersed by ultrasonic in distilled water. A drop of the suspension solution was placed 

on a porous carbon film grid and then dried on filter paper. 

2.3.5 Fourier transform infrared spectroscopy (FTIR) 

  The chemical structures of the nanoparticles were confirmed by Fourier transform 

infrared (FTIR, IRT-7000, Jasco, Japan) spectroscopy using KBr pellets. The FTIR 

spectra were recorded in the range of 4000-400 cm-1 at resolution 4 cm-1 with 30 scans. 

2.3.6 UV-visible spectroscopy 

  The powdery samples for UV-visible Spectroscopy analysis were prepared by 

dispersing ultrasonically in distilled water, then the obtained suspension was analyzed 

using a Lambda 950 UV/Vis/NIR spectrophotometer (PerkinElmer, USA). 

2.3.7 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA, Shimadzu DTG-60) was carried out at a heating 

rate of 10 °C/min from 30 to 700 °C under a nitrogen atmosphere. 

2.3.8 X-ray diffraction (XRD) 

The X-ray diffraction (XRD) patterns were recorded in the range of 2θ = 5–90° by 

step scanning with a PANalytical X’Pert Pro X-ray diffractometer with a Cu Kα 
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radiation source (λ=0.154 nm). 

2.3.9 X-ray photoelectron spectra (XPS) 

  X-ray photoelectron spectra (XPS) were obtained using a PHI 5000 Series XPS 

instrument. 

2.3.10 Temperature dependence of conductivity 

The temperature dependence of conductivity was determined by WDJ-1 temperature 

change resistance measuring instrument (Institute of Chemistry Chinese Academy of 

Sciences) at a heating rate of 10 °C/min from 25 to 150 °C. 

2.3.11 Thermal stability of conductivity 

The thermal stability of conductivity was evaluated according to electrical 

conductivity retention under isothermal aging at 50, 100 and 150 °C. The electrical 

conductivity measurements were performed at an interval of 1 h. 
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Chapter 3 Preparation and characterization 

of multifunctional dye doped polypyrrole 

3.1 Introduction 

As mentioned in Chapter 1, PPy is of great interest since its attractive merits such as 

high conductivity, facile synthesis, excellent environmental stability, biocompatibility, 

and appealing electrochemical behavior [1-3] as one of well-known conjugated 

conducting polymers. However, like other conducting polymers, PPy suffers from low 

electrical conductivity in its native state, which couldn’t come up to the level of desired 

performance. The poor processability of PPy also limit its application.  

To improve the electrical conductivity, an additional anionic compound (dopant) that 

can decrease the energy band gap is typically incorporated into the polymer matrix. 

Recently, various organic sulfonates (anthraquinone sulfonate, p-toluenesulfonate, 

poly(styrene sulfonate), lignosulfonate and so on) have been widely used in the in-situ 

doping polymerization to afford PPy with high conductivity, enhanced specific 

capacitance, good solubility, and improved cycle stability [4-8]. Dyes containing 

sulfonate groups are attractive for preparing conjugated conducting polymers. J.J. Zhu 

et al. used methyl orange as reactive template and dopant to prepare PPy-based 

composite microtube [9]; M.A. De Paoli used indigo carmine to ensure the 

photoelectrochemical property [10]; E.M. Girotto reported that bromophenol 

blue-doped polypyrrole showed optical pH sensitive property [11].  

Acid violet 19 (AV19) that has three branched sulfonate groups is widely used in 

histology as an acid dye [12]. The chemical structure of AV19 is shown in Fig. 2-3. 

Because of the multiple sulfonate groups of AV19, it was used as a dopant to improve 

the electrical conductivity and electrochemical performance of PPy in this chapter. The 

large conjugated system of AV19 would exert π–π stacking with PPy, which plays a part 

in improving the stabilization of AV19 within PPy [13], and the large molecular dopant 
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could show satisfactory stability during the charge–discharge process [14]. On the other 

hand, the multiple negative charge groups of AV19 and strong interaction between AV19 

and PPy make the resulting materials have enhanced aqueous dispersion based on 

electrostatic dispersion. Moreover, some studies reported that the dopant containing 

multiple anions could cause physical crosslinking of different polymer chains, and the 

cross-linked materials with open channels could achieve fast charge carriers motion and 

higher capacitance [15]. The morphology, structure, and electrical properties of the 

resultant composites were characterized by SEM, FTIR, UV-vis, TGA, CV and 

galvanostatic charge-discharge test. The effects of AV19 on the morphology and 

electrical properties were also studied. 

3.2 Experimental 

Preparation of AV19 Doped PPy 

A series of AV19 doped PPy (AV19/PPy) were prepared via chemical polymerization 

in the presence of varied concentration of AV19. The preparation method has been 

described in 2.2. The conditions of the polymerizations are given in Table 3-1. For 

comparison, pure PPy without any AV19 was synthesized in the same way. 

 

Table 3-1 The compositions of PPy-AV19 investigated in this work 

Samples Pyrrole (mL) AV19 (g) Theoretic AV19 content (%) 

S-1 1 0.051 5 

S-2 1 0.107 10 

S-3 1 0.242 20 

S-4 1 0.414 30 

S-5 1 0.937 50 
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3.3 Results and discussion 

3.3.1 Morphological analysis 

 The particle micrographs were investigated by SEM. The SEM images of pure PPy 

without any AV19 are shown in Fig. 3-1. It’s found that pure PPy showed a granular 

structure with the average diameter of ~200 nm. 

 

  

Fig. 3-1 SEM images of pure PPy nanoparticles. 

 

For the resulting AV19/PPy nanocomposites, they showed a series of differences 

which was dependent on the feeding ratio of AV19 and pyrrole monomer. When AV19 

was incorporated at low concentration, the sample also appeared as granular shape (S-1), 

but the diameter of the nanoparticles was much smaller than that of pure PPy. This is 

due to the AV19 with three branched sulfonate groups could also play the role as 

surfactant. Generally, the particle size decreased with increasing concentration of 

surfactant. Indeed, the diameter of the particle further decreased when the concentration 

of AV19 increased. When the content of AV19 increased to 20%, the sample (S-3) 

showed the smallest diameter of ~50 nm. 
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Fig. 3-2 SEM images of AV19/PPy samples with low concentration of AV19 (a, b: 

S-1; c, d: S-2; e, f: S-3). 

  

However, the sample exhibited more and more marked agglomeration with 

continuing increase of AV19. When the content of AV19 increased to 50% (S-5), the 

sample formed a block lamellar structure. This might be contributed to the strong 

interactions caused by three aspects: (1) The amino or imino groups presented in AV19 

might form hydrogen bonds with the amino group of pyrrole, which would increase the 

interaction between different PPy chains. (2) The AV19 containing multiple sulfonate 

groups could cause physical crosslinking of PPy [15]. (3) π–π stacking interactions 

occurred owing to the large conjugated system of PPy and AV19. The micrographs of 

the PPy-AV19 nanocomposites would affect the aqueous dispersion of PPy samples. 
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Fig. 3-3 SEM images of AV19/PPy samples with high concentration of AV19 (a, b: 

S-4; c, d: S-5). 

 

3.3.2 Aqueous dispersion stability 

The PPy is hard to disperse in water and the suspension of PPy shows rapid 

sedimentation immediately after ultrasonication due to the strong interactions between 

chains of PPy, which would limit its application. PPy-based materials that possess 

excellent dispersion stability may have more potential applications. The addition of 

AV19 allowed the formation of stable suspensions (Fig. 3-4a, S-1) since the 

multi-sulfonates of AV19 allowed electrostatic stabilization of PPy in the suspensions. 

S-3 exhibited the best dispersion that stabilized for more than one week in aqueous 

solution (Fig. 3-4b). This might be due to the relative small particle size and high 

content of AV19. For S-5, the excess AV19 led to PPy formation of block lamellar 

structure, and such agglomeration resulted in poor stability of PPy dispersion. 
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Fig. 3-4 The dispersion stability of AV19/PPy suspensions in water after (a) an hour 

and (b) a week. 

 

3.3.3 Spectral analyses 

(a) FTIR analysis 

  The FTIR spectra of PPy, AV19/PPy and AV19 are shown in Fig. 3-5. For PPy, the 

peaks at 1542 and 1464 cm-1 are associated with the C=C and C–N stretching vibration 

in the pyrrole ring [16]. Additionally, the strong peaks near 872 cm-1 present the doping 

state of PPy, and the broad band at 1030 and 1300 cm-1 demonstrates the C–H and C–N 

in-plane deformation vibration and stretching vibrations respectively. Basically, the 

results obtained in our FTIR study are consistent with those reported by others.  

For AV19/PPy samples, both of the characteristic peaks of PPy and the absorbance of 

S=O stretching at 1189 cm-1 of sulfonate appeared, which indicated that PPy was doped 

with AV19. As mentioned above, the content of AV19 plays a significant role in the 

morphology of the conducting polymer. So, it is important to inquire how PPy was 
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incorporated into PPy. We observed that the intensity for the 3400 cm-1 absorption band, 

which was attributed to the –OH, was reduced in AV19/PPy samples compared with 

pure PPy. And the absorption decreased with an increasing content of AV19 in 

AV19/PPy. It is inferred that instead of bound water, the amino or imino groups 

presented in AV19 would form hydrogen bonds with the secondary amine groups of PPy. 

And the absorption of –OH decreased when the content of AV19 was increased due to 

more amino and imino groups existed in the AV19/PPy nanocomposite. In addition, the 

C=C stretching vibration of pyrrole ring at 1542 cm-1 shifted to 1551 cm-1 after doping 

with AV19 (S-3), indicating the existence of the interaction between AV19 and pyrrole 

ring. 

 

 

Fig. 3-5 FTIR spectra of AV19, PPy and AV19/PPy samples (S-1, S-3 and S-5). 

(b) UV-vis analysis 

The UV-vis spectra of aqueous solution of AV19, aqueous dispersions of PPy samples 

in the absence of AV19 and in the presence of AV19 were recorded and presented in Fig. 

3-6. The absorption peak at around 460 nm for PPy samples in the absence of AV19 was 

observed, which was associated with the transition from valence band to bipolarons of 
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PPy [17, 18]. From the resolving of overlapping peak of AV19/PPy sample (S-3), we 

could observe that the absorption peak showed a red shift to 470 nm, revealing higher 

conjugation length conductivity [18]. Moreover, the characteristic peaks of AV19 at 494 

and 545 nm also presented in the spectrum of AV19/PPy samples and shifted to higher 

wavelength at 521 and 566 nm, respectively. It indicates that AV19 was well 

incorporated with PPy and there was strong conjugation between AV19 and PPy which 

would be conducive to the transition of the charge carrier due to a lower energy gap 

[19]. 
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Fig. 3-6 UV-vis spectra of (a) AV19, pure PPy and AV19/PPy and (b) the resolving of 

overlapping peak of AV19/PPy. 
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(c) XPS analysis 

  The XPS survey spectra of the resulting AV19/PPy samples are shown in Fig. 3-7. 

The main peaks at 168, 285, 400 and 531 eV corresponds to S2p, C1s, N1s and O1s, 

respectively. Table 3-2 lists surface chemical composition of AV19/PPy samples. We 

can know from the table that the atomic concentration ratio of S/N increases with 

increasing feeding ration of AV19, indicating that more AV19 has been incorporated in 

the sample. 
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Fig. 3-7 XPS survey spectra of AV19/PPy samples (S-1, S-3 and S-5). 

 

Table 3-2 Surface chemical composition of AV19/PPy samples determined by XPS 

Sample C (atom%) N (atom%) O (atom%) S (atom%) S/N 

S-1 71.72 12.31 13.45 2.52 0.2047 

S-3 71.38 9.01 16.64 2.98 0.3307 

S-5 69.15 11.18 15.37 4.31 0.3855 

 

3.3.4 Thermal analysis 

The thermal properties of the AV19/PPy samples were studied by TGA as shown in 

Fig. 3-8. The weight loss below 120 °C was caused by the release of water molecules 
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owing to the hygroscopic character of the samples. The AV19/PPy samples began to 

decompose at about 230 °C and the weight loss above 230 °C was attributed to 

decomposition of PPy and AV19. The residues of the AV19/PPy samples decreased with 

the increasing feeding ratio of the AV19 due to the low residue of AV19. 
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Fig. 3-8 TGA curves of AV19/PPy samples (S-1, S-3 and S-5). 

 

In order to obtain more information about the thermal properties of AV19/PPy 

nanocomposites, derivative thermogravimetric (DTG) curves were analyzed. For 

temperatures of 230-450 °C, the DTG curve of S-1 had two peaks at 276 and 335 °C, 

which was attributed to decomposition of PPy and AV19, respectively. However, for S-3, 

a wide peak at 338 °C was observed. It indicates that AV19 has strong interaction with 

PPy and PPy has been well doped by AV19, resulting in enhanced thermal stability. 

With an increase of AV19 in AV19/PPy nanocomposite, the DTG curve of S-5 showed a 

strong peak at 353 °C, which indicated that the thermal stability of the AV19/PPy 

nanocomposite has been further improved. This is because there are more functional 

groups in the AV19/PPy nanocomposite that could enhance the interaction with PPy.  
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Fig. 3-9 DTG curves of AV19/PPy samples (S-1, S-3 and S-5). 

 

3.3.5 Electrical conductivity 

The dopant we used in this work has three branched sulfonate groups, which is 

possible to improve the conductivity of PPy. The effect of the feeding ratio of AV19 on 

the electrical conductivity is summarized in Fig. 3-10. S-3 sample with the AV19 

feeding ratio of 20% presented granular shape with the smallest particle size ~50 nm of 

all samples and achieved the highest conductivity of 39.09 S/cm. This might be caused 

by a comprehensive effect. The doping level of the AV19/PPy nanocomposite increased 

and the particle size decreased with the increasing feeding ratio of AV19 at first, which 

were good for improving the electrical conductivity. On the other hand, with a further 

increase of AV19, the hydrogen bonds and π–π stacking interactions between AV19 and 

PPy prevented a number of AV19 from doping the PPy, and the extra AV19 molecules 

hindered charge carriers transmission between the conjugated chains. In addition, the 

block lamellar structure was harmful for forming dense conducting passage for charge 

carrier transfer. Based on the above reasons, with the increasing in the AV19 feeding 

ratio, the electrical conductivity of the AV19/PPy samples increased firstly and then 

decreased. 
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Fig. 3-10 The electrical conductivity of AV19/PPy samples. 

 

3.3.6 Electrochemical performance 

To further evaluate the applicability of the AV19/PPy in electrochemical energy 

storage devices, the cycling performance and the galvanostatic charge-discharge 

performances of the PPy-AV19 samples were investigated in three-electrode system. 

Fig. 3-11 shows the CV curves of the PPy-AV19 samples performed at a scan rate of 5 

mV/s. The nearly box shape of the CVs indicated good capacitive behavior of 

PPy-AV19 nanocomposite electrodes corresponding to the redox feature of conducting 

polymers. The deviation from rectangle was caused by the equivalent series resistance 

[20]. It is inferred that the three branched sulfonate groups existing in AV19 could not 

only play the role as dopant but also crosslinking agent through physical crosslinking of 

PPy. The schematic representation of doping mechanism is illustrated in Fig. 3-12. Such 

structure is beneficial for the diffusivity of electrolyte so as to make the nanocomposite 

possess good capacitive behavior.  
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Fig. 3-11 Cyclic voltammograms of AV19/PPy nanocomposite electrodes at a scan 

rate of 5 mV/s in 0.5 M Na2SO4 solution. 

 

 

Fig. 3-12 Schematic representation for doping mechanism of PPy using AV19 as 

dopant. 

 

  Galvanostatic charge-discharge curves of AV19/PPy nanocomposite electrodes with 

different content of AV19 were recorded (Fig. 3-13a) at a current density of 0.2 A/g 

within the potential window from -0.4 to 0.6 V. The specific capacitance (Cm) values of 
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S-1–S-5 calculated at a current density of 0.2 A/g is 131, 264, 379, 187, 97 F/g, 

respectively, which is plotted in Fig. 3-13b.  
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Fig. 3-13 Galvanostatic charge-discharge curves (a) and specific capacitances (b) of 

AV19/PPy electrodes at a current density of 0.2 A/g in 0.5 M Na2SO4 solution. 

 

  It is worth to note that with the increasing of AV19, the Cm increased firstly and then 

decreased. On the one hand, with the increasing of dopant, the doping level of the PPy 

and the electrical conductivity of the PPy-AV19 nanocomposite increased. And as the 

content of AV19 increased, the decreasing particle sizes can shorten the ion diffusion 

length [21, 22]. Moreover, the physical cross-linked caused by AV19 has open channels 
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that allow fast charge carriers motion. Based on these, the capacitance increased firstly. 

On the other hand, with a further increasing of AV19, the PPy-AV19 nanocomposite 

agglomerated to form a block lamellar structure which was detrimental to the diffusivity 

of electrolyte, resulting in decreasing capacitance. 
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Fig. 3-14 Galvanostatic charge-discharge curves (a) and specific capacitances (b) of 

AV19/PPy electrodes (S-3) at different current densities in 0.5 M Na2SO4 solution. 

 

  The galvanostatic charge-discharge performances of S-3 at different current densities 

from 0.2 to 1.0 A/g were also tested and the results were shown in Fig. 3-14a. The Cm 

calculated at 0.2, 0.4, 0.8 and 1.0 A/g is 379, 301, 233, 206 F/g, respectively. The 
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reduction of Cm possibly results from the diffusional limitation at high current density 

[23]. However, about 54.4% of Cm was retained when the current density increased five 

times, indicating the electrode material has good capacitance retention. 

3.4 Conclusions 

In this chapter, aromatic dye AV19 containing tri-sulfonate groups was used as 

dopant to prepare a series of AV19/PPy nanoparticles by chemical polymerization. 

Besides being served as dopant, AV19 also functions as surfactant and physical 

cross-linker. It was found that the morphology, thermal and electrical properties were 

affected by the content of AV19.  

(1) When the feeding ratio of AV19 was 20% (S-3), the sample composes of 

spherical granules showed the smallest diameter of ~50 nm. 

(2) Sample S-3 had maximum electrical conductivity of 39.09 S/cm. AV19 could 

cause physical crosslinking and make the material open the channels, which was 

conducive to the diffusivity of electrolyte and improved the capacitance value. 

Therefore, the sample with the smallest particle size also possessed the maximum 

specific capacitance of 379 F/g thanks to the large area expose to electrolyte. 

(3) The strong interactions between PPy and AV19 made the sample have enhanced 

thermal stability and dispersion stability in water. 

(4) The interactions between PPy and AV19 included: hydrogen bonds forming 

between the amino or imino groups presented in AV19 and the amino group of pyrrole; 

physical crosslinking of different PPy chains; π–π stacking interactions between the 

large conjugated system of PPy and AV19. 

Aromatic multi-sulfonate dopant is satisfying to prepare PPy nanoparticles with 

improved electrical properties and aqueous dispersion stability, which can broaden the 

applications of PPy materials in different fields. However, the cost of PPy production is 

unresolved.  
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Chapter 4 Preparation and characterization 

of bayberry-like mesoporous 

silica/polypyrrole composites 

4.1 Introduction 

In Chapter 3, aromatic multi-sulfonate dopant has been utilized to improve the 

performances of PPy, including enhanced electrical conductivity, aqueous dispersion 

stability and thermal stability. However, the relative high cost of PPy production is still 

a problem. So in this chapter, we used low-price component to prepare PPy-based 

composite material. Composites, composing of conducting polymers and inorganic 

component, possess unique electrical and mechanical properties based on synergy effect, 

and their characteristics differ from their individual particles. So far, numerous efforts 

have been devoted to the preparation of inorganic/PPy nanocomposites which contain 

various inorganic particles, such as MnO2, Fe3O4, WO3, mullite, graphite oxide and 

TiO2 [1-6]. Among inorganic particles, mesoporous silica (MS) materials are of 

particular interest due to the large surface area and well-defined internal structure [7, 8], 

which make them have widely applications in the fields of catalysis, adsorption, 

separation, sensing and drug delivery [9-14]. 

As mentioned before, the electrical conductivity of undoped PPy is unsatisfactory, so 

external dopants (usually HSO4
-, BF4

-, Cl-, p-toluenesulfonate, 

anthraquinone-2-sulfonate, and dyes) are used for doping to improve the electrical 

conductivity [15-20]. PPy doped with external dopants has high electrical conductivity, 

however, the PPy may be subjected to de-doping process as a result of poor 

environmental stability, which will decrease the electrical conductivity or cause the 

corrosion problem owing to the free acid. 

In this chapter, the MS with relative large pore diameter and high oil absorption value 
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was firstly functionalized with –SO3H groups (F-MS), and then was utilized to prepare 

F-MS/PPy composites via in-situ chemical polymerization. On the one hand, the F-MS 

played the role as the inorganic host that can improve the thermal stability of the 

resultant composites. On the other hand, the –SO3H groups presented on the surface of 

MS can make the F-MS function as the in-situ dopant to improve the electrical 

conductivity. Meanwhile, after silylation of MS, the compatibility of MS with organic 

polymer can be enhanced. In addition, the relative large pore diameter as well as relative 

high oil absorption value of the MS make it propitious to adsorb the pyrrole monomer to 

the surface and into the pore, and then carry out the polymerization of pyrrole to form 

composites. The morphology, structure, and electrical properties of the resultant 

composites were characterized by SEM, FTIR, XRD and TGA. The electrical 

conductivity of the composites were also investigated. 

4.2 Experimental 

4.2.1 Functionalization of mesoporous silica with –SO3H groups 

Functionalization of MS with –SO3H groups was carried out following the reported 

method [21] with some modifications. Typically, 1.0 g of MS and 2.0 mL of MPTMS in 

20 mL of dry toluene were refluxed for 10 h. The resulting product was filtered and then 

subjected to a Soxhlet apparatus to be extracted for 12 h in absolute ethanol. The 

obtained product was dried under vacuum at 60 °C for 24 h to obtain the 

thiol-functionalized MS. The thiol groups were then oxidized to –SO3H groups via 

being treated with 30% H2O2 (10 mL) and methanol (5 mL) for 24 h at room 

temperature. After filtered and washed with ethanol, the solid was suspended in a 35 mL 

of 10 wt.% H2SO4 solution for 1 h at room temperature. The obtained particles were 

filtered and washed with deionized water until the pH of the wash was 7, and then dried 

under vacuum for 24 h at 60 °C. 
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4.2.2 Preparation of F-MS/PPy composites 

  The F-MS/PPy composites were prepared by the in-situ chemical oxidative 

polymerization method and the mass fraction of F-MS in the composites was changed 

by altering the feeding mass of F-MS prepared above. The schematic representation for 

the synthetic procedure is shown in Fig. 4-1 and the compositions of the F-MS/PPy are 

listed in Table 4-1. In a typical procedure, the F-MS was dispersed in 100 mL of 

deionized water with vigorous stirring for 30 min. Then 1.0 mL of freshly distilled 

pyrrole was added to the mixture with vigorous stirring for another 30 min in ice–water 

bath to obtain a uniform suspension. Subsequently, 20 mL of APS aqueous solution 

(containing 0.9 g of APS) was added drop by drop into the above mixture to initiate the 

oxidative polymerization. The reaction was performed at 0 °C with vigorous stirring for 

10 h under N2 atmosphere. The resulting composites were filtered and washed with 

distilled water and ethanol for several times, and then dried under vacuum for 24 h at 

60 °C. For comparison, pure PPy was synthesized in the same way and the MS without 

functionalization was also used to prepare MS/PPy composites. 

 

Table 4-1 The compositions of F-MS/PPy composites investigated in this work 

Samples Pyrrole (mL) F-MS (g) Feeding ratio of F-MS (wt.%) 

S-1 1 0.051 5 

S-2 1 0.107 10 

S-3 1 0.242 20 

S-4 1 0.414 30 

S-5 1 0.645 40 

S-6 1 0.937 50 
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Fig. 4-1 Schematic illustration for the preparation of F-MS/PPy composites. 

 

4.3 Results and discussion 

4.3.1 Morphological analysis 

  The particle micrographs of MS and the F-MS/PPy composites were observed by 

SEM. Some reports pointed that not only the particle size but also the particle shape is 

influential in the characteristic properties of the composite [22, 23]. As shown in Fig. 

4-2, the MS was spherical and noncohesive with a mean particle size of 3 μm. The MS 

used in this work has relative high oil absorption value (300 mL/100g) and relative large 

pore diameter (25 nm) which is favorable for adsorbing pyrrole monomer and 

performing polymerization to form composites. From the SEM image with high 

magnification, rough surface of MS was found. 

 

  

Fig. 4-2 SEM images of MS particles. 
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The resulting F-MS/PPy composites showed different morphologies which was 

dependent on the feeding ratio of F-MS to pyrrole monomer. 

 

 

  

  

  

Fig. 4-3 SEM images of pure PPy nanoparticles (a) and F-MS/PPy composites (b, c: 

S-1; d, e: S-2; f, g: S-3). 

 

PPy prepared without any F-MS were spherical granules with nano-scale (Fig. 4-3a). 
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When the feeding ratio of F-MS was 5% (S-1), all of the F-MS particles were coated 

with a large number of PPy nanoparticles (Fig. 4-3(b, c)). Meanwhile, many 

free-standing PPy nanoparticles which were uniform and spherical similar to those in 

pure PPy sample were also obtained. When the feeding ratio of F-MS was 10% (S-2), 

the sample showed a unique bayberry-like morphology (Fig. 4-3(d, e)). Comparing to 

S-1, although all of the F-MS particles were also uniformly coated with PPy 

nanoparticles, the number of PPy nanoparticles coated on the F-MS and the 

free-standing ones were lower than that of S-1. As the feeding ratio of F-MS increased, 

different morphologies were observed. When the value was 20% (S-3), a thin layer of 

PPy was coated on the surface of F-MS and only a small quantity of free-standing PPy 

nanoparticles were obtained in the sample (Fig. 4-3(f, g)).  

When the feeding ratio of F-MS further increased to 30% (S-4), only a part of the 

F-MS was coated with PPy nanoparticles (Fig. 4-4(a, b)). The tendency continues to 

grow with increasing feeding ratio of F-MS. Particularly, for S-6 (Fig. 4-4(e, f)), merely 

parts of the surface of the F-MS particles were adhered some PPy nanoparticles and 

many F-MS particles were as same as original. It is noteworthy that few free-standing 

PPy nanoparticles were observed when the content of F-MS was above 30%. It is 

speculated that: (1) The unique mesoporous features, large pore diameter as well as high 

oil absorption value of the MS make it propitious to adsorb the pyrrole monomer to the 

surface and into the pores to form composites. (2) There is hardly any pyrrole monomer 

drops in the system when the content of F-MS is higher than 30%. This speculation is in 

agreement with the surface polymerization theory [24-27]. The micrographs of the 

F-MS/PPy composites would affect the electrical conductivity which is discussed in the 

part of electrical conductivity analysis. 
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Fig. 4-4 SEM images of F-MS/PPy composites (a, b: S-4; c, d: S-5; e, f: S-6). 

 

4.3.2 FTIR studies 

The FTIR spectra of MS, F-MS, PPy and F-MS/PPy composite (S-2) are shown in 

Fig. 4-5. For MS, the Si–O–Si symmetrical stretching vibration at 1096 cm-1, Si–O–Si 

asymmetrical stretching vibration at 804 cm-1, and the characteristic peak at 965 cm-1 

for Si–OH appeared. As is clearly known, silane-coupling agents are often used to 

modify inorganic particles to make them have functional groups or improve the 

compatibility with organic polymer. After silylation with MPTMS and oxidation with 

H2O2, the characteristic C–H stretching peaks at 2850 and 2925 cm-1, and the S=O 

stretching peak at 1187 cm-1 arose, indicating the MS has been successfully 

functionalized with –SO3H groups. The –SO3H groups presented on the MS could play 
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the role as dopant to enhance the electrical properties of PPy. 

For the PPy prepared without any F-MS, the sharp absorption peaks at 1540 and 1460 

cm-1 could be assigned to the C=C stretching vibration and C–N stretching vibration of 

pyrrole ring, respectively [28]. The out of plane ring deformation vibration of C–H at 

960 and 785 cm-1 also appeared. For F-MS/PPy composite (S-2), all the characteristic 

peaks of PPy were observed. Additionally, the new peak of S=O stretching peak at 1185 

cm-1 appeared in the spectrum of F-MS/PPy composite, which can confirm that PPy has 

been doped with F-MS. 
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Fig. 4-5 FTIR spectra of MS, F-MS, PPy and F-MS/PPy (S-2). 

 

4.3.3 XRD analysis 

In order to investigate the structure of PPy after composed with F-MS, XRD 

measurements were performed. The XRD patterns of the PPy, MS and F-MS/PPy 

composites prepared at different contents of F-MS are shown in Fig. 4-6. The broad 

peak for the PPy at 2θ = 24.8° is attributed to the amorphous structure of PPy. After 

incorporating F-MS, the F-MS/PPy composites still keep the amorphous structure. 

However, the diffraction peak shifts to the low value (2θ = 22.5° for S-6) which is close 
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to the characteristic peak of MS with the increasing content of F-MS. This may be 

attributed to the high intensity of MS, and F-MS somewhat plays a part in improving 

the ordered structure of PPy. 
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Fig. 4-6 XRD patterns of the PPy, MS and F-MS/PPy samples. 

 

4.3.4 Thermal analysis 

The thermal properties of the particles were studied by TGA. As shown in Fig. 4-7, 

the weight loss below 120 °C was attributed to the release of water molecules owing to 

the hygroscopic character of the samples. MS was thermally stable, and weight loss 

from 120-700 °C was 3.70%. Whereas, the weight loss for F-MS from 120-700 °C was 

9.96%, which was attributed to decomposition of the alkylsulfonic acid groups [29]. It 

could be calculated that the content of organics covalently bound to MS was 6.26% 

after functionalization.  
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Fig. 4-7 TGA curves of MS and F-MS. 

 

Fig. 4-8 shows the thermal property of pure PPy and F-MS/PPy composites. The pure 

PPy sample showed two weight loss steps over the entire testing temperature range. The 

first step was attribute to the elimination of moisture and the major weight loss begins at 

higher than 220 °C was owing to the degradation of PPy chains. For all F-MS/PPy 

samples, principal weight losses from 230-700 °C were observed due to the thermal 

decomposition of PPy chains and the alkylsulfonic acid groups presented in MS [30, 

31]. 
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Fig. 4-8 TGA curves of PPy and F-MS/PPy samples. 
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The onset temperature, decomposition temperature of 5%, 10% and 20%, and residue 

weight at 700°C are listed in Table 4-2. It’s notable that the onset temperature of all the 

F-MS/PPy samples is higher than pure PPy and the onset temperature of the composite 

increases with the increasing feeding ratio of F-MS. For S-6, the onset temperature was 

25 °C higher than that of pure PPy. The residues of the F-MS/PPy samples also 

increased with the increasing feeding ratio of the F-MS due to the excellent thermal 

stability of silica material. In addition, the decomposition temperature of the composite 

at same weight loss also increased with the increasing feeding ratio of F-MS. For 

example, decomposition temperature of 10% for S-6 was 403 °C, whereas the value for 

PPy was 243 °C. It indicates that the F-MS could improve the thermal stability of the 

composites due to the presence of the thermally stable MS and the well compatibility 

between F/MS and PPy. 

 

Table 4-2 The onset temperature of F-MS/PPy composites and PPy 

Sample Tonset (°C) T5% (°C) T10% (°C) T20% (°C) Residue at 700°C (%) 

PPy 228.9 155.1 242.9 313.6 50.20 

S-1 230.5 215.4 274.2 373.6 61.61 

S-2 238.9 224.1 285.8 403.8 62.13 

S-3 245.4 240.7 304.2 464.4 65.32 

S-4 248.9 263.2 337.8 561.9 73.41 

S-5 250.9 272.7 365.0 583.5 74.52 

S-6 253.9 279.2 403.3 652.3 77.96 

 

4.3.5 Electrical conductivity 

In this chapter, F-MS was used as solid dopant and inorganic host. The doping 

mechanism of PPy using F-MS as dopant is shown in Fig. 4-9.  
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Fig. 4-9 Schematic representation for doping mechanism of PPy using F-MS as dopant. 

 

Fig. 4-10 plots electrical conductivity of the F-MS/PPy and MS/PPy samples with 

different F-MS or MS contents at room temperature. The conductivity of the MS/PPy 

sample decreased monotonously with the increasing content of MS since the MS was 

insulator. The conductivity of F-MS/PPy sample was significant higher than that of the 

MS/PPy sample which had the same content of inorganic component. It indicates that 

the doping level of PPy in F-MS/PPy composite is higher than that of MS/PPy 

composite. This is because the –SO3H groups functionalized MS could play the role as 

in-situ dopant to improve the electrical conductivity of the composites, however, the 

insulating MS without functionalization just functions as the inorganic host.  
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Fig. 4-10 The electrical conductivity of F-MS/PPy and MS/PPy samples. 

 



 

 71 

The electrical conductivity of the F-MS/PPy samples increased firstly and then 

decreased with the increasing feeding ratio of F-MS. The maximum electrical 

conductivity was 33.33 S/cm when the feeding ratio of F-MS in the composite was 10% 

(S-2). This tendency is a result of comprehensive effect of several factors, including the 

doping level of PPy, the content of conducting component and the morphology of the 

composite.  

The doping level of PPy in the F-MS/PPy composite has been heightened with the 

increasing F-MS due to more –SO3H groups in the composite, which is good for 

improving electrical conductivity. However, the content of conducting component PPy 

decreased with the increasing F-MS, which was disadvantageous to electrical 

conductivity. In addition, it’s speculated that the morphology of the composite has 

strong impact on electrical conductivity. From the SEM image of S-2, we can see that 

PPy uniformly coated on the F-MS with suitable thickness, and a small number of 

free-standing PPy nanoparticles also existed. The PPy coated on the F-MS has been 

doped with –SO3H groups, so the conductivity is enhanced. And the free-standing PPy 

particles with nanoscale could serve as conducting fillers to form dense conducting 

passage. Furthermore, it is reported that the polymerization of pyrrole happened on both 

inside the pores and outside the surface owing to the unique mesoporous features of 

F-MS [32], which would improve the alignment of PPy chains and hence to some extent 

enhance the conductivity. The result agrees with XRD analysis. For S-1, there wer many 

free-standing PPy nanoparticles in the system, and these PPy nanoparticles without 

doping would decrease the conductivity of the composite. When the content of F-MS 

was 20% (S-3), in spite of the sample had similar morphology with S-2, the large size of 

the composite was prejudicial to form dense conducting network (MS used in this work 

are microspheres with a mean particle size of 3 μm.) and the system lacked enough 

free-standing PPy nanoparticles to play the role as conducting fillers. With a further 

increase in content of F-MS, although all of the pyrrole has been polymerized inside the 

pores and outside the surface of the F-MS particles, the insulating character of the F-MS 
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particles is the main reason for the decreasing conductivity. 

4.3.6 Electrochemical studies 

  In order to further evaluate the electrochemical behavior of the F-MS/PPy composites, 

the mass specific capacitance and the cycling performance were investigated in 0.5 M 

Na2SO4 aqueous solution.  
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Fig. 4-11 Galvanostatic charge-discharge curves (a) and specific capacitances (b) of 

F-MS/PPy composite electrodes at a current density of 1.0 A/g in 0.5 M Na2SO4 

solution. 
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The charge-discharge curves of F-MS/PPy composite electrodes with different 

content of F-MS at a current density of 1.0 A/g are shown in Fig. 4-11a. The specific 

capacitance (Cm) of the F-MS/PPy composite electrodes with different feeding ratio of 

F-MS is plotted in Fig. 4-11b. It could be found that the Cm increased with the 

increasing content of F-MS at first, and reached a maximum of 200.0 F/g when the 

content of F-MS was 10%. Then with a further increase in the content of F-MS, the Cm 

of the composite sharply decreased. This phenomenon is also thought to be related to 

the morphology of the composite as discussed in Part 4.3.5. 
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Fig. 4-12 Galvanostatic charge-discharge curves (a) and specific capacitances (b) of S-2 

at different current densities in 0.5 M Na2SO4 solution. 
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For high energy and power density electrode materials, the materials should retain 

outstanding performance at high charge-discharge rate [33]. For this reason, the 

galvanostatic charge-discharge performance of the composite electrode containing 10% 

F-MS (S-2) at different current densities from 0.2 to 1.0 A/g were tested. The results are 

shown in Fig. 4-12a. The Cm calculated at corresponding current density is plotted in 

Fig. 4-12b. As shown in Fig. 4-12b, the Cm slightly decreased with the increase in 

current density, which possibly owe to the limited electronic conductivity of PPy 

[34-37]. The maximum Cm for S-2 was 237.6 F/g at a current density of 0.2 A/g, 

whereas the value at a current density of 1.0 A/g still obtained 84.2% of the maximum 

value. The results indicate that the F-MS/PPy composite electrodes retain satisfactory 

capacitance performance at high charge-discharge rate. 
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Fig. 4-13 Cyclic voltammograms of F-MS/PPy composite electrodes at a scan rate of 5 

mV/s in 0.5 M Na2SO4 solution. 

 

The cyclic voltammograms of F-MS/PPy composite electrodes at a scan rate of 5 

mV/s between -0.6 to 0.4 V are presented in Fig. 4-13. In general, the box shape of the 

CV curves indicates good capacitance behavior, and the large area of CV curves 

indicates high capacitance [38]. The CV curves of the F-MS/PPy composite electrodes 
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showed a quasi-box shape, indicating that the F-MS/PPy composites were desirable as 

capacitor electrode material. The deviation from the box shape may cause by resistance 

of the electrode [39]. The area of CV curves decreased in the order of S-2 ˃ S-3 ˃ S-1 ˃ 

S-4 ˃ S-5 ˃ S-6, which was consistent with the Cm that calculated by galvanostatic 

discharge curves. 

4.4 Conclusions 

In this chapter, sulfonic acid groups functionalized mesoporous silica (F-MS) was 

used as both the in-situ solid dopant and the inorganic host to prepare a series of 

F-MS/PPy composites by chemical polymerization. It is found that: 

(1) When the feeding ratio of F-MS was 10%, the electrical conductivity of the 

sample reached the maximum value about 33.33 S/cm at room temperature. The 

maximum specific capacitance of F-MS/PPy composite electrodes was 237.6 F/g, and 

the composite electrodes retains satisfactory capacitance performance at high 

charge-discharge rate. 

(2) The morphology are affected by the content of F-MS in the composites. When the 

feeding ratio of F-MS was below 20%, the composite showed a bayberry-like 

morphology accompanying unfixed number of free-standing PPy nanoparticles. When 

the feeding ratio of F-MS was above 30%, only a part of the F-MS was coated with PPy 

nanoparticles and few free-standing PPy nanoparticles were observed. 

(3) We speculate that the morphology of the composite has strong influence on the 

electrical properties. The free-standing PPy nanoparticles play the role as conducting 

fillers to form dense conducting passage which is favorable for improving the 

conductivity.  

(4) The thermal stability of the composite is significantly preferable to the pure PPy 

due to the outstanding thermal stability of MS as well as the well compatibility between 

F/MS and PPy.  

(5) The appealing properties of the F-MS/PPy composite make it have potential 
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applications in capacitors, sensors, catalysts, sorption and separation.  

The low cost of F-MS used as in-situ solid dopant and the inorganic host is satisfying 

to prepare PPy composite with improved electrical properties and reduced cost. 

Moreover, the composite wouldn’t cause corrosion problem that often appears at 

hydrochloric acid doped conjugated conducting polymer, because sulfonic acid groups 

are covalently bonded to MS. However, the micron scale of the resulting composite and 

the decreased dispersity may hinder its application. 
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Chapter 5 Preparation and characterization 

of attapulgite/polypyrrole nanorod 

composites 

5.1 Introduction 

Chapter 4 proved that composing PPy with the low cost inorganic host is an effective 

method to induce cost of PPy production. Meanwhile, F-MS also can dope PPy to 

improve its electrical properties. However, the micron scale of the resulting composite 

may and the poor dispersion stability hinder its potential applications.  

Attapulgite is of particular interest due to its unique three-dimensional structure and 

fibrous morphology (10~30 nm in width and ~500 nm in length). 

Attapulgite/polypyrrole (ATP/PPy) nanocomposite which is well-defined with 

nanoscale fibrous morphology has high conductivity, good thermal stability and large 

surface area [1-3]. However, its dispersion stability hasn’t been improved. To improve 

its dispersion stability while retaining unique three-dimensional structure and 

conductivity, the method of preparing dispersible PPy powders by adding appropriate 

dopants is considered.  

Polyvinyl alcohol (PVA) contains a mass of hydroxyl groups and could improve 

dispersion stability of the conducting polymers [4]. However, due to its neutral character, 

it cannot play the role as the dopant that can enhance the electrical conductivity of PPy 

[5]. On the other hand, the phosphate is usually used as the dopant, but it cannot provide 

the product with adequate dispersion stability in water. For this reason, phosphorylated 

polyvinyl alcohol (PPVA) could be taken into account [6]. Especially, there is no work 

reported about the high dispersible ATP/conducting polymer nanocomposite to our 

knowledge. 

In this chapter, PPy was located on the surface of the ATP in the presence of PPVA by 
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the in-situ chemical polymerization of pyrrole. PPVA (Fig. 5-1), a polyanion with a 

mass of phosphate and hydroxyl groups, was used as dopant and dispersant for ATP/PPy 

nanocomposite. And its effects on the dispersion stability, thermal stability, electrical 

conductivity and temperature dependence of electrical conductivity of PPVA-ATP/PPy 

nanocomposites were discussed. The synthesized composites were characterized by 

FTIR, XRD and TGA. The electrical conductivities and temperature dependence of 

electrical conductivity were measured using four-point probe meter. In addition, 

morphological analyses were investigated by TEM. 

5.2 Experimental 

5.2.1 Preparation of phosphorylated polyvinyl alcohol (PPVA) 

PPVA was prepared by the phosphorylation of PVA with phosphoric acid in an aqueous 

media according to the method of the related references [7, 8]. To a solution of 

dicyandiamide (10 g) and urea (15 g) in 50 mL of DMF, phosphoric acid (10 mL) was 

added. The solution was heated to 140 °C and PVA (6 g) was then added. The reaction 

solution was stirred for 80 min at 140 °C under a stream of argon. The resulting solution 

was dialysed against distilled water through dialysis membrane for 72 h to remove any 

surplus reagents. To this solution, 95 mL of aqueous HCl (6M) solution was added and 

the solution was dialysed against distilled water again for 1 week in order to remove 

water-soluble impurities. A powder of PPVA was obtained by slowly adding acetone to 

the dialysed PPVA aqueous solution with vigorous agitation. The precipitate was filtered, 

washed with acetone, and then dried at 30 °C (in vacuum) for 3 days over P2O5. The 

degree of phosphorylation (23 mol%) was determined by pH titration. 
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Fig. 5-1 Synthetic route for phosphorylated polyvinyl alcohol (PPVA). 

 

5.2.2 Preparation of conducting polymer nanorod 

A typical procedure for the preparation PPVA-ATP/PPy nanocomposite is given for 

samples. PPVA and 1.45 g of ATP were added to 100 mL of water in a 250 mL 

round-bottom flask and stirred until PPVA was dissolved. The mixture was then 

ultrasonically dispersed, and freshly distilled pyrrole (1.0 mL, 14.4 mmol) was added to 

the above beige white suspension. The mixture was stirred for 45 min in ice-cold 

condition. The conditions of the polymerizations are given in Table 5-1. APS (3.3 g, 14.4 

mmol) dissolved in 20 mL of double distilled water was added drop by drop to the above 

suspension, and stirring was continued for 10 h under ice-cold condition. The resulting 

product was purified by being filtered and washed with distilled water and ethanol until 

the filtrate became colorless. The black powder samples were dried under vacuum (0.1 

mm of Hg) at 60 °C for 24 h prior to further analysis. 

 

Table 5-1 The conditions of the polymerizations investigated in this work. 

Sample Pyrrole (mL) PPVA (g) PPVA Feeding Ratio (%) ATP (g) 

S-1 1.0 0.13 5 1.45 

S-2 1.0 0.27 10 1.45 

S-3 1.0 0.43 15 1.45 

S-4 1.0 0.61 20 1.45 

S-5 1.0 1.04 30 1.45 
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5.3 Results and discussion 

5.3.1 Morphological analysis 

To characterize the size and shape of the presented PPVA-ATP/PPy nanocomposites, 

TEM was conducted. It is seen from the micrographs (Fig. 5-2) that the ATP showed 

rod-like structure. The width was ~20 nm and the length was ~500 nm. It is observed 

that the feeding ratio of PPVA has considerable influence on the morphology of the 

nanocomposites. For the PPVA-ATP/PPy nanocomposites with low PPVA feeding ratio, 

the serious aggregation of ATP and PPy particles were observed. However, with the 

increasing feeding ratio of PPVA, the dispersibility of the PPVA-ATP/PPy sample 

increased (Fig. 5-2 (c, d)), and the smaller PPy nanoparticles were uniformly coated on 

the surface of ATP forming a coaxial nanorod morphology.  

 

  

  

 Fig. 5-2 TEM images of raw-ATP (a) and PPVA-ATP/PPy nanocomposites ((b) S-1, (c) 

S-3, and (d) S-5). 
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The fabrication process of PPVA-ATP/PPy nanocomposites with different feeding 

ratio of PPVA is illustrated in Fig. 5-3. PPVA is anionic polymer with a number of 

phosphate groups, which could play the role as dispersant of ATP due to steric and 

electrostatic repulsion. When the feeding ratio of PPVA is low, ATP could not be 

dispersed well and masses of ATP connect each other by amorphous aggregate PPy 

particles to become one big mass, as shown in Fig. 5-2b. In contrast, high feeding ratio is 

beneficial for dispersing ATP. In addition, the smaller PPy particles were produced in 

high PPVA feeding ratio. The subsequent of experiment, which focused on the aqueous 

dispersion stability PPVA-ATP/PPy nanocomposites, has similar results. 

  

 

Fig. 5-3 Illustration of the PPVA-ATP/PPy nanocomposites fabrication process with 

different feeding ratios of PPVA. 

 

5.3.2 FTIR analysis 

 FTIR spectra of PVA, PPVA, ATP and PPVA-ATP/PPy nanocomposite (S-3) are 

displayed in Fig. 5-4. The spectrum of PVA showed the typical peaks which were 
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attributed to the –OH stretching vibrations at 3200-3400 cm-1, alkyl stretching 

vibrations at 2850-2900 cm-1, –CH2 bending absorptions at 1424 cm-1, and –C–O–H 

stretching at 1097 cm-1 position [7]. Teeny peak at 1730 cm-1 appeared due to residual 

vinyl acetate groups. For the PPVA, the new peaks could be distinctly identified at 1286, 

994 and 853 cm-1 assigned to introduction of P=O, P–O and P–OH groups in the 

polymer [8]. In addition, –OH stretching region was broadened compared to PVA, due 

to more number of –OH groups in PPVA and increased hydrogen bonds.  
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Fig. 5-4 FTIR spectra of the PVA, PPVA, ATP and PPVA-ATP/PPy (S-3). 

 

For the PPVA-ATP/PPy samples, the band at 1542 cm-1 was assigned to the pyrrole 

ring, i.e., the combination of C=C and C–C stretching vibrations and the peak at 1468 

cm-1 was associated with the C–N stretching vibration [9]. The peaks at 1294 and 1179 

cm-1 were attributed to the in-plain vibrations of C–H. The 1114 cm-1 was assigned to 

the overlap peaks of the Si–O–Si symmetric stretching mode and the C–H in-plane 

bending. The band at 817 cm-1 was assigned to the overlap peaks of Si–O and C–H out 

of plane bending. The band associated to Si–O bending vibration was located at 467 

cm−1. All results demonstrated almost the same peak positions of the main IR bands, 
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which were associated with the structure of the PPy [10]. The absorbance of P=O, P–O 

stretching at 1286 and 853 cm-1 of phosphate, indicated that PPy has been doped with 

PPVA. 

5.3.3 XRD analysis 

 Fig. 5-5 shows the XRD patterns of the PPy and PPVA-ATP/PPy nanocomposites 

prepared at different feeding ratios of PPVA. For the XRD patterns of the 

PPVA-ATP/PPy nanocomposites, the broad peak for the PPy at 25° which belonged to 

the characteristic amorphous structure of PPy appeared. The peaks at 8.4°, 13.8°, 19.8° 

and 26.6° corresponded to the primary diffraction of the (110), (200), (040) and (400) 

planes of ATP, respectively [11, 12]. The main peaks for the nanocomposites were 

similar to the ones of ATP, which revealed that the crystal structure of ATP was well 

maintained after incorporating of PPVA and PPy. 
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Fig. 5-5 XRD patterns of PPy, ATP and the PPVA-ATP/PPy samples. 

 

5.3.4 Aqueous dispersion stability 

The PPVA-ATP/PPy samples were dispersed in vial containing distilled water in 

ultrasonic bath for 30 min. Then, the dispersion and stability were characterized by 
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standing observation. The dispersion stability of the PPVA-ATP/PPy samples in water 

was also found to be improved with the increasing feeding ratio of PPVA. The 

sedimentation was found in S-1, S-2, and S-3 in less than an hour. However, as shown 

in Fig. 4-6a, S-4 had been well-dispersed for more than 1 week. Especially for S-5, the 

suspension has been stable for more than 6 weeks. Obviously, the dispersion stability of 

the PPVA-ATP/PPy samples prepared in higher PPVA feeding ratios was improved. It is 

due to electrostatic repulsive force and stereo-hindrance effect of linear PPVA which 

contains a large number of phosphate and hydroxyl groups. The results also indicate 

that PPVA is an effective polymeric dispersant for the nanocomposite. 

 

 

Fig. 5-6 Stability of the PPVA-ATP/PPy nanocomposites in water for (a) a week and (b) 

6 weeks. 

 

5.3.5 Thermal analysis 

 Fig. 5-7 illustrates the results of the TGA curves of PPVA and the PPVA-ATP/PPy 
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nanocomposites. For the PPVA sample, the weight loss over the entire testing 

temperature range was caused mainly by three steps. The first step was attributed to the 

release of adsorbed water. The second step at about 236 °C was owing to the 

degradation of side chain of PVA, whereas the third step at about 437 °C was due to the 

breakage of the main chain [13].  

For the nanocomposites, the TG curves showed the same tendency. The initial weight 

loss below 120 °C was mainly caused by the hygroscopic character of the samples. The 

sharp weight loss from 230 °C was attributed to the thermal decomposition of polymer 

chains. The residues of the samples were higher than the feeding ratio of ATP because 

PPy and PPVA could not completely decompose in nitrogen and were carbonized to 

form graphitic structures [14].  
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Fig. 5-7 TGA curves of PPVA and PPVA-ATP/PPy samples. 

 

  In order to obtain more information about the thermal properties of PPVA-ATP/PPy 

nanocomposites, the corresponding differential thermogravimetric (DTG) curves were 

analyzed (Fig. 5-8). For S-1, the DTG curve in the temperature range of 150~400 °C, a 

weak peak at about 190 °C and a strong peak at about 285 °C were observed. The 

former was attributed to the release of water that formed hydrogen bonds with the 

secondary amine groups of PPy, and the latter was caused by the decomposition of PPy 
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and PPVA. However, for S-3, the weak peak at about 190 °C disappeared and only a 

wide peak at about 270 °C was observed. It indicates that PPy could be well doped by 

PPVA, and instead of water, the large number of phosphate and hydroxyl groups in 

PPVA formed hydrogen bonds with PPy. With an increase of PPVA, the DTG curve of 

S-5 showed two peaks at 238 and 280 °C, which was ascribed to decomposition of 

PPVA and PPy, respectively. This is because the excessive PPVA could not play the part 

of dopant and it interacted with PPy through the formation of hydrogen bonds. 

 

150 200 250 300 350 400

 

 

Temperature (C)

S-3

S-5

S-1

D
T

G

 

Fig. 5-8 DTG curves of PPVA-ATP/PPy samples. 

 

5.3.6 Electrical conductivity 

The effect of feeding ratio of PPVA on the electrical conductivity of PPVA-ATP/PPy 

nanocomposites is plotted in Fig. 5-9. The electrical conductivities of the samples at 

room temperature clearly depend on the feeding ratio of PPVA. In the present study, the 

conductivity slightly increased to a maximum of 28.57 S/cm when the feeding ratio of 

PPVA was 15%. Generally, the factors that influence the electrical conductivity include 

two aspects as follows: (1) microscopic conductivity, which depends upon the doping 

level, conjugation length, chain length, etc. and (2) macroscopic conductivity, which is 
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determined by external factors such as the compactness of the samples. The increase in 

the PPVA content caused two contrary effects on the conductivity of PPVA-ATP/PPy 

nanocomposite. On the one hand, the doping level of PPy and the compactness of the 

samples increased with the increasing feeding ratio of PPVA, which were beneficial to 

improve the electrical conductivity. On the other hand, the content of PPy in the 

nanocomposite decreased with the increasing feeding ratio of PPVA, which was 

responsible for the decreasing electrical conductivity. Based on the above reasons, the 

conductivity firstly increased and then decreased with the increase in the feeding ratio 

of PPVA. 
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Fig. 5-9 The electrical conductivity of PPVA-ATP/PPy samples at room temperature. 

 

The temperature dependence of the electrical conductivity for the samples is also 

studied and shown in Fig. 5-10. For a better comparison of temperature dependence of 

conductivity, we chose temperature coefficient of resistance (TCR) rather than the 

absolute value of the conductivity (σ) [15]. The TCR could be calculated according to 

the equation as follows: 
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Where R is the resistance at corresponding temperature T. In this work, T1 and T2 was 

298 and 423 K, respectively. As the temperature increased from 298 to 423 K, all of the 

TCR were negative numbers, meaning that conductivity increased with the increasing 

temperature. It’s worth noting that absolute value of TCR decreased with an increase in 

PPVA content, indicating that it was not sensitive to temperature. It is thought that the 

increasing PPVA was beneficial to the movement of charge carriers along PPy chains 

but would hindered the hopping of these carriers between PPy chains. When the PPVA 

content was low, the movement of charge carriers along PPy chains was the dominant 

factor for the relative high value of TCR, whereas the hopping of these carriers between 

PPy chains was the dominant factor for the relative low value of TCR when the PPVA 

content was high. 
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Fig. 5-10 Temperature dependence of electrical conductivity of PPVA-ATP/PPy samples 

 

Fig. 5-11 shows the thermal stability of electrical conductivity for PPVA-ATP/PPy 

samples during 5 h isothermal ageing test at 50, 100 and 150 °C. The electrical 

conductivity was measured at an interval of 1 h in the isothermal ageing experiments. 

All the samples showed stable electrical conductivity at 50 °C over the entire testing 

time range. As the isothermal ageing temperature increased to 100 °C, the electrical 
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conductivity decreased with ageing time. However, the sample prepared with higher 

feeding ratio of PPVA exhibited lower conductivity decrement rate. After isothermal 

ageing at 100 °C for 5 h, the electrical conductivity retention of S-5 was about 47.2%, 

whereas, S-1 kept only 33%. The electrical conductivity of all the samples sharply 

decreased at 150 °C with testing time. However, the sample with the highest content of 

PPVA (S-5) showed maximum stability. It indicated that the presence of PPVA had a 

vital effect on the thermal stability of electrical conductivity. In this chapter, polymeric 

PPVA was employed as dopant and it had strong interactions with PPy chains. When it 

well-incorporated into PPy, the polymer chain structure was conducive to preventing 

deprotonation and improving electrical stability at isothermal ageing [16]. 
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Fig. 5-11 Thermal stability of electrical conductivity of S-1 (squares), S-3 (circles) and 

S-5 (triangles) in air at 50 (dot lines), 100 (dash lines) and 150 °C (solid lines). 

 

5.4 Conclusions 

 In this chapter, phosphorylated polyvinyl alcohol (PPVA) was served as polymeric 

dopant and dispersant to prepare PPy/inorganic nanocomposite. ATP clay that possessed 

unique fibrous morphology and properties were chosen as inorganic host. The main 

results in this chapter include: 
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(1) Owing to the unique structure of ATP, the resulting PPVA-ATP/PPy 

nanocomposites also had rod-like structures.  

(2) The crystal structure of ATP in the composite was well-maintained, which was 

confirmed by XRD. 

(3) The feeding ratio of PPVA had strong influence on the electrical conductivity of 

the resulting composite. The conductivity firstly increased and then decreased with the 

increase in the feeding ratio of PPVA, and the maximum value was 28.57 S/cm at room 

temperature when the feeding ratio of PPVA was15 %. 

(4) The incorporation of PPVA could improve the thermal stability of conductivity, 

which was attributed to the strong interaction between PPVA and PPy. 

(5) The electrostatic repulsive force and stereo-hindrance effect of linear PPVA 

impart excellent dispersion stability to the PPVA-ATP/PPy nanocomposite. The sample 

with the highest feeding ratio of PPVA showed the best aqueous dispersion stability for 

more than 6 weeks. 

The cost can be considerably reduced by incorporating cheap ATP clay. The 

PPVA-ATP/PPy nanocomposite with good dispersion stability and electrical 

conductivity has broad potential applications in antistatic coatings, anticorrosion 

coatings, catalysts, sorption, etc. Moreover, the nanorod morphology and appealing 

mechanical property of ATP make it can be used as conducting reinforcing filler like 

carbon nanotube. 
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Chapter 6 Conclusions 

Polypyrrole (PPy) is a promising intrinsically conducting polymer because of its 

attractive merits such as high conductivity, ease of synthesis, excellent environmental 

stability and appealing electrochemical behavior. However, the poor processability and 

relative high cost of PPy limit its potential applications. To overcome these problems 

while retaining the excellent electrical properties, different kinds of dopants were used 

to dope PPy in this thesis. The dopants have strong influences on morphology, electrical 

property and other performance of the conducting PPy composites.  

In chapter 1, the research background and the construction of this thesis are described. 

The objectives of the research are to study the influences of different kinds of dopants 

on the properties of PPy composite, and improve the processability as well as reduce the 

cost. 

In chapter 2, the properties of materials used in this thesis, experimental methods and 

characterization are presented. 

In chapter 3, aromatic dye AV19 containing tri-sulfonate groups was used as dopant 

to prepare a series of AV19/PPy nanoparticles by chemical polymerization. AV19 

functions as dopant, surfactant and physical cross-linker. The AV19/PPy nanoparticles 

are spherical granules with the smallest diameter of ~50 nm when the feeding ration of 

AV19 is 20%. This sample also has maximum electrical conductivity and specific 

capacitance of 39.09 S/cm and 379 F/g, respectively. AV19 has strong interactions with 

PPy, including hydrogen bonds forming between the amino or imino groups presented 

in AV19 and the amino group of pyrrole; physical crosslinking of different PPy chains; 

π–π stacking interactions between the large conjugated system of PPy and AV19. The 

strong interactions between PPy and AV19 make the sample have enhanced electrical 

properties, thermal stability and aqueous dispersion stability. Thus aromatic 

multi-sulfonate dopant is satisfying to prepare PPy nanoparticles with improved 

electrical properties and processability, which can broaden the applications of PPy 
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materials in different fields. 

In chapter 4, the budget spherical mesoporous silica was functionalized with –SO3H 

groups and used as in-situ solid dopant and the inorganic host to prepare a series of 

F-MS/PPy composites by chemical polymerization. The feeding ratio of functionalized 

mesoporous silica has strongly impact on the morphology and electrical properties of 

the samples. When the value is 10%, the sample shows a bayberry-like morphology 

accompanying a number of free-standing PPy nanoparticles. This sample possesses the 

maximum electrical conductivity and specific capacitance of 33.33 S/cm and 237.6 F/g, 

respectively. The composite electrodes retains satisfactory capacitance performance at 

high charge-discharge rate. The morphology of the composite has strong influence on 

the electrical properties. The PPy coated on the F-MS are well doped and the 

free-standing PPy nanoparticles play the role as conducting fillers to form dense 

conducting passage which is favorable for improving the conductivity. The thermal 

stability of the composite is also enhanced due to the outstanding thermal stability of 

MS as well as the well compatibility between F/MS and PPy. Since the –SO3H groups 

are covalently bonded to MS, the problems that caused by release of micromolecular 

acid such as corrosion and poor cycle stability would be abated. The unique properties 

of MS and PPy make the composite have potential applications in capacitors, sensors, 

catalysts, sorption and separation based on synergy effect. The cost can be reduced by 

incorporating MS.  

In chapter 5, phosphorylated polyvinyl alcohol (PPVA) were synthesized and used as 

polymeric dopant and dispersant to prepare attapulgite/PPy nanocomposite 

(PPVA-ATP/PPy). The nanorod-like structure of attapulgite clay (ATP) can form 

network consequently improve the performance of the nanocomposite. The conductivity 

firstly increases and then decreases with the increase in the feeding ratio of PPVA, and 

the maximum value is 28.57 S/cm at room temperature when the feeding ratio of PPVA 

is 15%. PPVA can impart excellent dispersion stability to the PPVA-ATP/PPy 

nanocomposite due to the electrostatic repulsive force and stereo-hindrance effect. The 
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sample with the highest feeding ratio of PPVA (30%) shows the best aqueous dispersion 

stability for more than 6 weeks. The thermal stability of conductivity is also improved 

by incorporating PPVA. The PPVA-ATP/PPy nanocomposite with good dispersion 

stability and electrical conductivity has broad potential applications in antistatic 

coatings, anticorrosion coatings, catalysts, sorption, etc. Moreover, the nanorod 

morphology and appealing mechanical property of ATP make it can be used as 

conducting reinforcing filler like carbon nanotube. And the PPy layer coated on the 

surface of ATP can enhance the compatibility between ATP and polymer matrix. The 

cost also can be considerably reduced by incorporating cheap ATP clay. 
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