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ABSTRACT 

 A number of series of two phase and three phase composites were synthesized and 

characterized, in order to induce high dielectric constant with low dielectric loss, using TiO2 and 

BaTiO3 as ceramic fillers and PVA as organic filler in low content (1 ̵ 5%) to avoid brittleness 

and film formation. The strategy of synthesis involved two steps, firstly the formation of 

suspensions of the fillers where TiO2 and BaTiO3 were prepared in acidic and aqueous medium 

at room temperature stirring magnetically overnight and PVA suspension was prepared at         

60-70oC in water. Secondly in situ polymerization of pyrrole into polypyrrole in the suspension 

of filler through chemical oxidation method using FeCl3.6H2O as oxidant. 

 Characterization techniques employed were FT-IR (in 400-4000 cm-1 range) and XRD 

(2θ= 5 to 85o) for structural analysis, TGA (25-600oC) for thermal stability behavior. The 

structural morphology was interpreted from the results of SEM images at different resolutions. 

Dielectric parameters were obtained using impedance analyzer which includes dielectric constant 

(ε՛), dissipation factor (tan δ), dielectric losses (εʺ) and the real and imaginary parts of the 

dielectric modulus (M՛ and Mʺ)  

 The FTIR data confirmed the in situ formation of polypyrrole with all the characteristic 

peaks of the components of the formulations. XRD results revealed that both amorphous regions 

and crystallites of nano sized particles are present which enhanced the interfacial polarization 

being the major reason of high dielectric constant. TGA results confirmed the increase in thermal 

stability first due to introduction of TiO2 then PVA. The stability was greatly enhanced with the 

doping of BaTiO3 which was more than 2 times to that of caused by TiO2 and similarly another 

small increase due to PVA. The composite with 5% BaTiO3+ 5%PVA in polypyrrole was found 

the most thermally stable blend. The SEM results broadly classified the composites into two 
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categories, the one containing TiO2 were found heterogeneous and the other containing BaTiO3 

were visualized as much homogeneous. The data obtained from dielectric measurements and 

calculations revealed that the dielectric constant (ε՛) decreases exponentially with increase in 

frequency of the applied electric field but increases with increase in the filler content for all the 

composites and at 1 MHz (where the value of ε՛ is usually reported in the literature) its value was 

284 with dissipation factor of 0.084 with PPy/ 5% TiO2 composition. The introduction of third 

phase also causes a further increase in the dielectric constant and the value reached 354 with 

(tanδ) at 0.0576. By changing the ceramic filler from TiO2 to BaTiO3 an increase in dielectric 

constant of about 2 times was observed and at 5% BaTiO3 in Ppy the ε՛ value was found 522 with 

little increase in dissipation factor to (tanδ) 1.01. The involvement of PVA affected both the 

parameters effectively and it increased the dielectric constant and decreased the (tanδ) to 595 and 

0.21 respectively. Hence the desired dielectric parameters were achieved in the formulation with 

composition of 5% BaTiO3/ 5% PVA in PPy matrix. Finally the dielectric modulus data 

confirmed the low conductivity in almost all the composites with negligible exceptions. The 

trend in all these properties concerned to the results of dielectric behavior of the composites 

could be explained in terms of Maxwell-Wagnar and Sillars theory and the presence of unique 

interfaces developed.   
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INTRODUCTION 

Dielectric constant of a material often referred as permittivity (symbols used are k or εr or ε՛) is 

the measure of extent to which a material polarizes in response to applied electric field of given 

strength. It is a relative quantity and the standard used is the permittivity of vacuum taken as 

unity. The available materials of somewhat high dielectric constant (Table 1.1) could not meet 

the requirements of different fields for which they were desired and it was soon realized that 

some synthetic materials are the solution to this problem. The progress in the electronic industry 

of the present in a short span of time is amazing, especially micro electronics, along some   other 

applications in the fields of Engineering, Bio-medicine and Military [1-6].High dielectric 

constant materials with low dielectric losses, easy in processing, and excellent thermal stability 

have always been a need for the electronic industry to utilize these materials in the  devices 

which can store electrical energy such as capacitors and batteries [7-8].Capacitors are 

categorized as passive components of an electronic circuit board and the inductors and resistors 

are the other two in this category. The ratio of this class to the accompanying one which includes 

active components is 20:1. Figure 1.2 shows the amount of the capacitors being employed in 

electronic systems [4].Besides energy storage, capacitors are used in AC / DC conversions, 

decoupling and termination etc. The energy stored by a capacitor termed as its capacitance (C) is 

directly related to the dielectric medium of thickness (d) placed between the two metallic plates 

of certain surface area (A) and is calculated by the relation C = ε՛εo A / d. Here only ε՛ (the 

dielectric constant) of the said medium can affect the value of (C) because “A” and “d” have to 

be fixed for a very small sized capacitor and εo is constant termed as permittivity of space. 
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Fig. 1.1: The consumption of capacitors [4] 
 

Ceramics which have long been used for this purpose have a major disadvantage that they are 

brittle and require very high temperatures to process. Parallel to this ceramics have low dielectric 

strength [9],contrary to these properties, polymers being mechanically flexible , require easy 

processing conditions, economical, stable to the environment with only one disadvantage that 

they have low dielectric constant usually less than 10,Table 1.2 give a comparison of these two 

media and the possible result of their combination. Considering these facts ceramics 

characterized with high dielectric constant have been blended with different polymers [10-12]. 

Such composites with polymers as matrix usually offer no difficulty in processing, posses good 

adhesion, resistant to the environment if corrosive and are applicable over a wide range of 

frequency of the applied electric field and temperature. 
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Table 1.1: Dielectric Constants of some materials of interest 

Material Dielectric Constant Material Dielectric Constant 

Air 1 Paper 1.5  ̶  3 

Asbestos Fibre 3  ̶  8 Paraffin 2  ̶  3 

Bakelite 5  ̶  22 Polyethylene 2.5 

BaTiO3 
100  ̶  1250 Polystyrene 2.5  ̶  3 

Epoxy Resin 3.4  ̶  3.7 Porcelain 5  ̶  6.5 

Glass 4  ̶  14.5 Quartz 5 

Kevlar 3.5  ̶  4.5 Rubber 2  ̶  4 

Mica 4  ̶  9 Teflon 2.1 

Neoprene 4  ̶  6.7 
TiO2 

80  ̶  100 

Nylon 3.4  ̶  22.4 Distilled water 34  ̶  78 

Silica 3.9 Alumina 3.9 

SrTiO3 2000 ZrO2 25 

 

The materials mentioned in Table 1.1 and many others reported in the relevant literature may be 

broadly classified into polar and non polar ones. Obviously polar materials are most suitable for 

their use as dielectric medium because they get instantly oriented in the applied electrical field 

and develop required interfacial polarization with the polymers with which their composites are 

formulated. The nature of these polar constituents is another matter of interest as ionic materials 

should have supporting crystallographic elements and covalent materials should posses polar 

groups with large value of dipole moment. 
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Table 1.2: Comparison between Ceramics, Polymers and their Composites 

Ceramics Polymers 
Ceramic /polymer 

Composites (PMCs) 

Hard to Process Easy to process Easy to process 

Difficult to press into 

thin films 
Easy to press into thin films 

Easy to press into thin 

films 

Brittle Flexible Flexible 

High Dielectric Constant Low Dielectric Constant High Dielectric Constant 

Low Dielectric Strength High Dielectric Strength High Dielectric Strength 

Costly Less Costly Economical 

High Environmental 

Contamination 

Low Environmental 

Contamination 

Low Environmental 

Contamination 

 

Ceramic fillers with ferroelectric nature have been preferred in the preparations of most of the 

composites , for instance, titanates of barium, calcium, and lead etc, with polymer matrix which 

have high dielectric strength, and are non conducting one, for example, polyvinylidene fluoride 

(PVDF) [13-14], epoxy resins [15-16], and polyvinyl chloride (PVC) [17]. 

1.1 Types of Composites with high Dielectric Constant 

The composites of such type may be divided into various categories depending upon the number 

of components, type of components, particle size of the components, structure of the components 

etc. Based on the number of components these are divided into two main categories which are 

the Two-Phase Composites and Three- Phase Composites. Both these categories may further be 

sub divided into following classes:   

i.   Ceramics-Ceramics Composites [18] 

ii.   Metal-Polymer Composites[19-22] 



CHAPTER – 1  INTRODUCTION 

 5 

iii.  Carbon nanotubes (NT) – Polymer Composites [23-26] 

iv. Conducting Polymer – Polymer Composites [27-29] 

v. Ceramics-Polymer  Composites     [30-33] 

Among the few types of composites mentioned above, the last mentioned i.e. Ceramics-Polymer 

Composites   has been most focused due to the best desired results obtained (Table 1.2). 

1.2 Theoretical Foundations 

We are living in an era where the definition of Science has changed as it was defined as the 

“knowledge based on observations and experimentations’ but now it may be defined as the 

“knowledge based on theoretical background inferred from previous observations and 

experimentations in addition to the new innovations”. The rapid progress in Computational 

sciences especially Computational/ Theoretical Physics and Computational Chemistry have 

revolutionary changed the direction of the research in these top most branches of Science. Here 

is being given a brief theoretical background of the research under discussion i.e. Synthesis of 

High dielectric Constant Polymer Composite.   

1.2.1 Fundamental Relationships 

The dielectric constant is a complex combination of a number of factors and hard to predict 

theoretically. Anyhow the complex dielectric function (ε*) is expressed as: 

𝜀∗  = έ − 𝑗𝜀ʺ         (1.1) 

έ = Real part referred as dielectric constant 

εʺ= Imaginary part referred as dielectric loss 

The ratio of these two pars is called the dissipation factor or the loss tangent (tan δ ) : 
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tan δ =
εʺ

έ
        (1.2) 

In an applied field of given strength, greater the polarization developed greater the dielectric 

constant. There is a well known relationship between these two which is called Clausius-

Mossotti equation given below: 

𝑃 =
ε՛−1

ε՛+2

M

ρ
 =    

NAα

3εo
      (1.3) 

Where 

P = Molar Polarizibility 

έ = Relative Permittivity or the dielectric constant of a material 

εo = Permittivity of vacuum /space  

ρ = Density of the material                      α = Polarizibility 

NA= Avogadro’s number 

M = Molar Mass 

Eq. 3 clearly shows that the net polarization (P) developed in a medium id directly proportional 

to its polarizibility.The polarization developed in turn is a combination of  

 Electronic Polarization 

  Atomic polarization  

  Orientation polarization. 
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When a material is under the influence of a field of AC, the polarization oscillates with the 

changing electric field and the frequency of the field will overall control the dielectric constant 

of the material. The order in which these polarizations are able to follow in phase with the 

changing electric field is  

Electronic Polarization>Atomic polarization > Orientation polarization 

The presence of aromatic rings, Sulpher, Bromine, Iodine and π bonds etc. induce an increase in 

dielectric constant due to increase in polarizibility.In an oscillating applied electric field, the 

dipoles have to change their orientation from ordered (Polarized) to random (Relaxed) 

periodically and most often these dipoles are unable to do this at same rate at which the field is 

changing. The result is that there is a dielectric loss and the time taken by the dipole to return to 

their original random orientation is called relaxation time (τ). 

There is a minimum dielectric loss if the relaxation time is comparable to the rate of oscillating 

electric field.  In the 1011  ̶  1012 Hz frequency region, most of the systems have their dipole or 

orientation polarization almost dropped and we get a minima for the dielectric constant and a 

maxima for dielectric loss as shown in Fig 1.1. Fortunately the frequency of the applied electric 

field is below this rang e.g. the dielectric constants of the materials listed in database are 

measured at 1 MHz (106Hz) frequency unless otherwise specified. 
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Fig. 1.2: Dielectric constant and loss factors against frequency 

 

In case of composites, especially Ceramic-Polymer Composites, the overall Polarization that 

controls the Polarizibility and in turn the dielectric constant is the interfacial polarization.  

The effective permittivity of the systems consisting of  two phase or multi phase composites is 

approximated on the basis of some mixing rules, the most famous and applied is Maxwell-Garnet 

equation which has different forms but the modified form of it is given below which is also given 

some other names as Maxwell-Wagner[34] or Rayleigh [35] or Lorentz-Lorenz [36] : 

kc−km

kc+2km
= 

k−km

k+2km
        (1.4) 
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This equation is applicable to spherical particles so in its more generalized form it is presented 

as: 

kc = km [1 +
(k− km)

A(1− )(k− km)+km
]  for < 0.1    (1.5) 

Here  kc is the effective dielectric constant of the composite, km is that of polymer matrix, kf is 

the dielectric of filler, “A” is called depolarization and φf is the volume fraction of filler. 

It is concluded from the literature study that no general rule is applicable to all the systems as  

the dielectric constant is a complicated function of many parameters. 

1.2.2 Interfacial polarization in Ceramics-PMCs 

There are two mechanisms which have been theoretically proposed for the enhancement of 

dielectric polymer composites especially when one of the component is conductive either slightly 

or in semi conducting range [37]. One of these is a micro capacitor mechanism which requires 

two parallel arranged fillers doped in an insulating polymer matrix. The contribution of each of 

these micro capacitors sum up into a high dielectric constant of the composite macroscopically. 

The increase in the filler content shall definitely increase the micro capacitor number but a stage 

will reach where the micro capacitors will interconnect and a sudden fall in the dielectric 

constant due to leakage of current is always observed [38-40]. The second one is known as 

Interfacial Polarization effect which is often termed as the Maxwell-Wagner- Sillars mechanism. 

This mechanism assumes that an accumulation of polarized charges happen at the interfaces of a 

resulted heterogeneous system [41]. This accumulation of the charges is the result of difference 

in permitvities and conductivities of the components[42]. Due to the lack in parallel arrangement 

of the fillers, this mechanism works well at lower frequencies. 
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The interfacial polarization is in turn a combined effect of the two factors, firstly the intrinsic 

physical and chemical properties/structures and secondly the polarizibility of the filler and matrix 

particles [43-44]. It has been found that the composites containing reduced graphene oxide have 

much higher dielectric constant than that of graphene oxide alone with the same amount as filler. 

The reason behind is that the reduction of graphene oxide results in restoration of the graphite 

structure which has higher interfacial polarization. Earlier literatures have treated the interfacial 

polarization phenomena theoretically [45-46]. 

1.3 Factors which control Dielectric Properties in Composites 

1.3.1  Concentration of the Filler 

With few exceptions an increase in the concentration of the filler results in enhancement of the 

dielectric constant and dielectric losses with decrease in dielectric strength. The increase in the 

dielectric constant is not significant as agglomeration of the particles of filler at their high 

loading results in porosity which contain air and the overall dielectric constant decrease from the 

expected value [47-48]. If the particles of the filler are not ideally separated, are interactive and 

have irregular shapes high dielectric constant composites cannot be achieved only by changing 

the nature of filler, processing conditions or the polymer matrix [49-50].   

1.3.2 Particle size of the Filler 

The size of the filler particles is the most important property that controls the bulk dielectric 

behavior of the composites and it abruptly approaches the molecular behavior when size changes 

from 100 to 1 nm. The dependency of the size of filler particles on the dielectric constant has 

been theoretically treated and many expressions have been reported[51]. The interfacial area 

which is considered the most important for polarization phenomena involved in dielectric 
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behavior becomes exceptionally large with the reduction in the size of the particles. A number of 

studies on the comparison of micro sized filler particles dispersed in polymer matrix with the 

nano sized particles have revealed that the lateral one have high polarizibility due to large charge 

accumulation at their high large surface area and very high dielectric constant can be achieved 

[52-53]. It should be kept in mind that the size and morphology of the particles in the final 

composites which is also referred as effective filler is responsible for the overall behavior of the 

composite under consideration and it is not the size of the particles in the powder that was 

initially introduced[54]. If the final composite contains a mixture of different sized particles then 

a higher dielectric constant has been reported as compared to those with single sized filler 

particles [55-58]. 

1.3.3 Shape of the Filler particles 

The shape of the filler which may be spherical, fiber shape, core shell type etc. also affects the 

final dielectric properties of the composites. The shapes of the particles of the original filler can 

be modified by suitable physical or chemical technique and then doped into the polymer matrix. 

The literature reveals that there is a direct effect of the shapes of fillers on the interfacial 

polarization and connectivity with the polymer matrix [59-61]  

1.3.4 Effect of Temperature 

The effect of temperature on the dielectric constant of the composites is complex and depends 

entirely on the physical and chemical characteristics of the components. In case of insulting 

fillers there is no appreciable change in the dielectric constant with temperature[62-63].In case of 

conducting fillers like metal particles, there is often a decrease in dielectric constant with 

increase in temperature at percolation concentration[64].  
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1.3.5 Frequency of the Applied Field 

Dielectric properties are highly dependent upon the frequency of the applied electric field and it 

is attributed to the response of the groups and structures in molecules and composites at different 

frequency which of characteristic of each. The nature of the filler and polymer matrix both has 

contribution to the overall response at a given frequency. For example in case of organic / filler 

composites a strong dependence of dielectric behavior on frequency has been observed [65-67]. 

Such systems are usually heterogeneous compositions and “Maxwell-Wagner” conceptexplains 

the behavior [68]. For Ceramic / filler composites effect of frequency change seems to have 

become weak which may be attributed to dielectric relaxation at higher frequency[69]. For 

conducting filler / polymer composites like metals the electrode polarization with leakage current 

at low frequency can well explain their reported behavior[70]     

1.4 A Brief Chemistry of the Materials Used in the Present Research 

1.4.1 Titanium Dioxide (TiO2) 

Titanium dioxide (Titania) is commonly available, non-toxic, chemically stable, low cost and has 

a reasonable dielectric constant value. It can be crystallized into several crystalline polymorphs 

but two are most common namely anatase and rutile. The regulartetrahedral structure of rutile 

phase as compared to distorted  octahedral anatase exhibits higher dielectric constant value [71] 

which is clear in Fig 1.3. 
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Fig 1.3: Structures of anatase and rutile phases of TiO2 

 

TiO2 in rutile phase is called LTCC (Low Temperature Confired Ceramics) [71], it is utilized for 

its many properties in modern electronics[72]. 

1.4.2 Barium Titnate (BaTiO3) 

Barium titnate was first investigated in 1950s and presently it is the most investigated and 

practically used ceramic material for the purposes where high dielectric constant is required. The 

reason behind is its perovskite structure which is a family of ceramics of naturally inherited high 

dielectric constant.  Like TiO2 its two polymorphic forms are mostly under considerations which 

are face centered cubic and tetragonal. The tetragonal phase is stable and ferroelectric in its 

behavior. Ferroelectric materials have a structure in which their dipoles spontaneously align  

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwj6srm1qcnZAhXNyKQKHRpxA4YQjRx6BAgAEAY&url=http://www.nature.com/articles/srep01959/figures/5&psig=AOvVaw0mdByzQnTUMOrxI28eDFIo&ust=1519931796570524
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Fig 1.4: Tetragonal polymorph of BaTiO3 where a ═ b ≠ c 

1.4.3 Poly Vinyl Alcohol (PVA) 

This is a semi crystalline polymer with good solubility in slightly warm water, good adhesion 

with the matrix in which it is reinforced and environmentally friendly. PVA has also been used 

in a number of researches on polymer composites as matrix where thin films of the final product 

are required. It has renowned physical and chemical properties [73-74]   

PVA has been used in the present work in low concentrations due to the fact that the film 

formation was avoided and the final product was required in powder form . Its interaction with 

the polypyrrole may be depicted as shown in the following figure: 



CHAPTER – 1  INTRODUCTION 

 15 

 

Fig 1.5: Possible interaction between PVA and PPy 

1.4.4 Polypyrrole 

Polypyrrole is one of the most investigated polymer matrix due to its light weight, thermal and 

environmental stability, flexibility, ductility, malleability, high percentage yield and easy 

processing conditions associated with it. Actuators and super capacitors have been designed 

using this polymer [75]. Its composites have been synthesized and characterized to enhance its 

conductivity associated with it due to the presence of conjugated backbone in its structure. Its use 

as a matrix to prepare high dielectric constant composites has been avoided as the conducting 

polymers have also high dielectric losses associated with them and their use in energy storing 

devices especially capacitors has a risk of short circuiting dielectric breakdown. 

Polypyrrole may have very low conductivity which falls at the borderline of insulators to semi 

conductors if prepared under carefully controlled conditions.  
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Polypyrrole is prepared via oxidation of the monomer units using one of the following methods: 

i. Chemical polymerization of pyrrole  ̶  When amorphous powder is required 

This technique has a number of advantages such as the process is fast, simple, needs no 

special instruments and PPy can be prepared in bulk in aqueous or non aqueous solvents.   

Iron (III) chloride has been found to be the best oxidant from which Fe+3 ions gain electrons 

from a particular site on the pyrrole ring to get reduced to Fe+2ions. 

ii. Electro polymerization of pyrrole  ̶  when its thin films are required 

In this technique the polymer film is deposited on the electrode surface.  

Whichever technique is employed the oxidation mechanism involved is depicted in the Fig 1.6. 

 

Fig  1.6: Chemical oxidation Polymerization of Pyrrole to polypyrrole 
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The same process is repeated again and again to form the long chains of the Polymer (PPy). 

As far as the structure of the Polymer is maintained to neutral, it is not conducting and it exhibits 

resonance with aromatic and quinoid contributing structures as shown in the Fig 1.7. 

 

Fig 1.7: The resonance non conducting forms of Polypyrrole 

In order to have a nearly non conducting polypyrrole the following reaction conditions are 

required: 

i. Low Redox potential  ̶   This is achieved in weaker acid anions [76], low concentration 

of strong acids [77] both of which make the Fe+3 unavailable for oxidation and aqueous 

medium.  

ii. Temperature    ̶  An increase in temperature decreases the conductivity which causes 

reduction in number of side reactions [78] 
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iii. Nature of the filler  ̶  The fillers with high dielectric constant like TiO2 and BaTiO3 

causes reduction in the conductivity of conducting polymers[79] 

 

1.5 Fabrication Processes for the Ceramic –PMCs of  High Dielectric 

Constant 

1.5.1 Direct Compounding 

In this technique the ceramic filler and polymer or nano particles of these are fabricated into a 

composite by direct mixing, hot pressing, aerosol deposition method, ball milling or high energy 

ball milling (HEBM)followed by relaxation assisted process. Deng et al. [80-83] synthesized a 

number of composites by direct mixing process using PVDF as the polymer matrix and 

introducing into it multi walled nano tubes (MWNT), Ni, BaTiO3  , PANI  separately and it was 

found that the dielectric behavior was highly dependent on the composition of the product.  

Haggenmuellera et al. [84] applied hot press technique on their pre prepared composite of 

MWNT and polymethyl methacrelate (PMMA) for homogeneity. A number of repeated attempts 

on the same sample gave better results . Azhdar et al.[85] obtained a formulation of NiFe2O4 

nano powder on PMAA surface compaction through high energy ball milling and it was found 

that for higher degree of dispersion longer time mixing was required.    

The risk of agglomeration of dispersing particles is always there while using this technique and 

even a pre treatment of the filler has found no beneficial effect on the method employed from the 

above mentioned routes. 
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1.5.2 Melt Compounding 

Polymers such as polyethylene (PE) and polystyrene (PS) when used as matrix to disperse fillers 

into these have to be melt which is a viscous fluid and the filler requires twin screw extruders for 

more viscous matrix and vigorous magnetic or mechanical stirring for less viscous melt. Carbon 

nano tube (CNT) based composites have been synthesized with better dispersion and less 

aggregate formation [86-89]. Safadi et al. employed ultra sonic agitation and the results were 

excellent for low viscosity melt of the medium such as acetone, aqueous media and 

dimethylformamide (DMF) [144]. The addition of filler content increases the viscosity of the 

melt when filler concentration is high so the method is not suitable in most of the cases.     

1.5.3 Liquid – Phase Assisted Dispersion 

Another solution to the problem of uniform distribution of filler into polymer is the use of a 

suitable liquid medium which assist in the dispersion of  both components and then can be 

evaporated to get the desired composite. Dang et al. utilized ethanol as such a medium to prepare 

BaTiO3 / PVDF nanocomposites [90]. The adsorption of nano particles of BaTiO3 onto the PVDF 

surface  produced a better homogeneous composite. The technique is limited to inorganic filler/ 

polymer composites. 

1.5.4 Solution Route 

This technique is particularly important when high concentration of the fillers has to be doped 

into polymer matrices. A large volume of a suitable solvent is required for the complete 

dissolution of both the filler and the polymer employed. Due to the toxicity of most of the 

organic solvents a number of aqueous systems have been developed. This technique has 



CHAPTER – 1  INTRODUCTION 

 20 

successfully been used to synthesize MWNT/ PS composites [91], MWNT/PVA [92] etc but it 

has been found most suitable for the synthesis of PVDF based composites[93-94] 

1.5.5 In Situ Polymerization 

This technique is the most preferred technique in the  present times as it is free from all the 

disadvantages found in above mentioned methods. A homogeneous composite with maximum  

filler to matrix interfacial interactions and minimum porosity leading to best electrical, 

mechanical and thermal properties can be achieved [95-100]. Cochet et al. succeed in preparing 

PANI/MWNT by in situ polymerization where the quinoid ring of PANI got interaction with 

MWNT and improved dielectric behavior was observed as compared to the previous work with 

the same materials[100] Xiao and Zhou deposited polypyrrole on MWNT by this technique and 

got advantage of super conductor formation proposed by Faraday [101]Diang et al. prepared 

BaTiO3/ Polyimide composites via in situ polymerization with high dielectric constant and high 

thermal stability [102]. Comparing all the techniques discussed above the in situ polymerization 

technique was selected as a best tool to prepare all the composites and their series reported in 

this work. The work has been based on the hypothesis that in situ polymerization of  pyrrole 

matrix in a homogeneous suspension of the fillers in low percentages (1 to 5%) shall create an 

atmosphere where a number of micro capacitor structures may develop as shown in the 

following figure 1.8. 
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Fig 1.8: A Schematic diagram with (a) 0 %  (b) 1%      (c)  5% of filler 

 

Figure 1.8 (c) depicts that an increase in number of particles of the dopant may cause their 

aggregate formation and the expected micro capacitor structure shall be changed into 

macroscopic behavior of the filler. 

Another advantage of this technique of composite formation is the development of very large 

interfacial regions of charge interaction for polarization and relaxation phenomena under an 

electric field that the required high dielectric behavior is most probable to be achieved and this 

idea is elaborated in the figure 1.9. 

 

 

Fig 1.9: A hypothetical model of interfacial interaction and polarization 
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1.5.6  An Overview of the Presented Work 

 

From the above mentioned information   we reach the following conclusions: 

1. Dielectric constant of a material is directly related to its polarizability in the applied field 

of given strength and is a complex function of a number of variable factors, in addition to 

the nature of the filler and polymer. Among these, the most important are concentration 

and particle size of the filler which directly influence the polarization developed at the 

interfaces.  

2. Higher concentrations of ceramic fillers induce brittleness in the ceramic/polymer hybrids 

which restrict their applications to limited fields especially when such hybrids are 

prepared for their use as dielectrics. It also causes severe deterioration of mechanical 

properties and flexibility. 

3. The size and morphology of the particles in the final composites, also referred as 

effective filler, is responsible for the overall behavior of the composite under 

consideration and it is not the size of the particles in the powdered filler that was initially 

introduced. 

4. Ceramics such as TiO2 and BaTiO3 carry the properties like ferroelectricity, Perovskite 

structure and high dielectric constant. 

5. Polypyrrole possess the unique properties such as environmental and thermal stability, 

easy to prepare and exhibits pseudo capacitance. It is light weight, inexpensive and 

usually wrap the reinforced ceramic particles. 

6. The introduction of a third phase in  two phase composites improves its dielectric, 

mechanical and thermal properties. 
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In the present work different series of ceramics(TiO2 or BaTiO2)/ polymer two phase and 

three phase composites were prepared. All the composites were prepared using  in-situ 

polymerization of pyrrole in an aqueous dispersion of low content of   the ceramics and 

PVA, in case of three phase composites,  in the presence of small amount of  

Hydrochloric acid. These composites were characterized for their microstructure and 

crystallinity by X-Ray diffractometer (XRD), Fourier transform infrared (FT-IR) 

spectroscopy and scanning electron microscopy (SEM) while thermal stability by thermo 

gravimetric (TGA) analysis. An impedance analyzer (LCR meter) was utilized to 

investigate the dielectric parameters. FT-IR data confirmed the presence of the two 

phases and their interaction, inferred from the shifting of normal PPy peaks. The results 

have been discussed in the following order: 

Chapter 3 deals with the methodology adopted for synthesis and characterization of all 

the series prepared.  

In Chapter 4, the results of above mentioned characterizations for a series of five 

TiO2/PPy composites in the weight ratio 0.01:1 to 0.05:1. The successive addition of the 

ceramics introduced thermal stability and enhancement in the dielectric behavior. The       

effect of 5 wt% of TiO2 on the above said properties was desirable and it was decided 

that fixing this concentration and introducing a third phase would definitely improve the 

properties further. 

Chapter 5 gives the results and discussions of the characterizations of PVA/5% TiO2/PPy 

where a set of three composites have been focused with the amounts of PVA (1%,3%and 

5%). Again the composite with weight ratio of PVA:TiO2:PPy as 0.05:0.05:1was found 

to have highest thermal stability, high dielectric constant and low dielectric losses.  
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On successful synthesis and characterization of these two series, the ceramics with very 

high dielectric constant (BaTiO3) was selected and another  set of five composites with 

composition of BaTiO3/PPy similar to chapter 4 and a set of three with composition 

PVA/BaTiO3/PPy (similar to chapter 5) were synthesized and characterized. The results 

have been elaborated in Chapters 6 and 7 respectively.  
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LITERATURE REVIEW 

In the earlier experimental works on dielectric constant enhancement, the studies were based on 

theoretical models and the results were then manipulated. J.B.Ngoma et al. [103] introduced 

PbTiO3 into a co polymer matrix and their dielectric constant obtained experimentally was 

compared with the results calculated on the basis of relations given by Banno and Paletto. There 

results were found in agreement with the theoretical one and they suggested their composites 

suitable for hydrophone sensors. B. Lestriezet al. [104] aimed to access the accuracy of the 

Maxwell-Wagner-Sillars (MWS) model. Acrylic core particles with predefined shapes were 

dispersed in epoxy matrix. They calculated that MWS provided a single relaxation time of 

interfacial polarization process ( β = 1). A value of β = 0.6 was found fit for their system 

consisting of uniform spherical particles. They attributed it to gradient in concentration across 

the inter face . So modifications in this model was proposed.   

R. Popielarz et al. [105] formulated different types of BaTiO3/ polymer composites bypreparing 

solution of photo initiator (1% mass fraction)  then barium titanate powder was mixed into it to 

formliquid formulations of various filler concentrations. Few drops of the  formulationswere 

cured via exposure to UV between microscope slides. It was concluded that the composite’s 

behavior for the dielectric constant follows logarithmic mixing rule but above 5% utilized filler 

content. At lower frequencies polymers with polar group have higher dielectric constant but at 

frequencies higher than 1 GHz the said polar groups lose their mobility. The work was a guide 

for the researchers targeting high dielectric constant polymer composites for applications in 

electronic industry. 
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Qunqiang Feng a, Zhimin Dang et al. [106] introduced their own prepared silver colloid sol of 

particle size  20 to 30 nm into aqueous solution of PVA, then drying the product for several days 

and casting into thin films. The dielectric properties were investigated in detail and it was 

inferred that the resistivity increased to ten times than that of PVA and breakdown field three 

times than that found in pure PVA. 

Z.-M. Dang et al. [107] prepared a high dielectric constant three phase composite by mixing 

carbon fibers (CF) of average length of 100 µm in the  (PVDF+ BaTiO3) matrix varying the size 

of CF from 0 to 0.15 volume fraction using a Haake mixer followe d by hot pressing. A dielectric 

constant of 120 was discovered near the percolation threshold and its frequency and temperature 

dependence was little below 1MHz which make it suitable for use under such required 

conditions.   

Shu-Hui Xie [108] et al. successfully synthesized BaTiO3/polyimide camposites with 

controllable dielectric behavior by colloidal method in which modified BaTiO3 particles obtained 

from its suspension in  APTS were added to a solution of poly (amic acid) in DMAc then 

vigorously stirring. A sticky homogeneous suspension thus obtained was cast into thin films 

using glass slides. The final product had a dielectric constant 35 times than that of pure 

polyimide with small dielectric losses and thermal stability. It was concluded that the dielectric 

constant could be further enhanced with the amount of BaTiO3 and the material is a good 

candidate for charge storing devices. 

M. Tabellout et al [109] made a comprehensive study of The dielectric properties of polyaniline, 

a conducting polymer, in the form of films combined in  thin layer of different insulating 

polymer matrices polyamide(PA)  and poly(ethylene terephthalate) (PET)  using dielectric 
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relaxation spectroscopy in a wide frequency and temperature range. The polymer films were 

swelled upto 10 wt %  of aniline and then immersed into an oxidant on which aniline was 

polymerized into clusters of polyaniline. It was found that the dielectric relaxation and 

conductance depends mainly on the nature , thickness and structure of host polymer . The 

dielectric relaxation was higher at low frequency which was attributed to the cluster nature of 

PANI. 

Shu-Hui Xie  et al. [110]  prepared composites of high dielectric constant  using Li and Ti doped 

NiO (LTNO) prepared by sol gel method and then doping it into a suspension of polyimide (PI) 

which was then spread over dust free glass plate to make very thin films of around 40 µm 

thickness. The dielectric constant reached a value of 570 at 100Hz when LTNO volume fraction 

was about 0.4.It was also investigated that the dielectric constant was controllable by the amount 

of LTNO and the material was claimed a good candidate for high performance capacitors.  

Sun et al. [111] synthesized nano particles of silica using sol gel method and their composites 

with epoxy resin were prepared. Same type of composites was prepared using micro sized silica 

particles and the comparison of their dielectric behavior revealed that the high dielectric constant 

and high dielectric loss was associated with nano composites. The results were interpreted in 

terms of the effect of interface on the dielectric properties which led to the conclusion that ionic 

conductivity caused by the method adopted is the cause of higher dielectric loss and still the 

composites are suitable for use in capacitors at lower frequencies. 

Lijie Dong et al. [112] prepared a novel polymer composite by mixing polyvinyl-butyral 

(PVB)  powder of mean particle size 5 µm with ferroelectric ceramic lead zirconate titanates 

(PZT) with particle size of 100 µm by simple blending and hot pressing procedures. The 
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composite thus obtained had a dielectric constant of 155 at PVB vol. fraction of 0.15, it was 

suggested suitable for potential applications in charge storing devices. 

Jiongxin Lu et al. [113]  introduced aniline salt monomer Ani-CSA and then its 8, 15, 20 and 

25% was doped into epoxy polymer matrix using chloroform as solvent for dispersion while 

stirring in ice bath. A dielectric constant of 3000 and loss tangent less than 0.5 at 10 kHz was 

found at room temperature.The behavior was explained in terms of elimination of agglomerates. 

It was concluded that the addition of appropriate hardener and doping level could tailor the 

dielectric properties.   

Dang Z.M.et al. [114] prepared silver / polyimide composite films using the ultra sonic 

dispersion and then in situ polymerization. A high dielectric constant of 400 at 1kHz and only 

4% Ag was found sufficient for its practical applications. 

Chao-Hsien Hoa et al. [115] synthesized polyaniline/poly(acrylic acid) composites with ultra 

high dielectric constant. Varying amounts of aniline (7-30%) and DBSA were added, with 

stirringfreshly synthesized PAA solution, cooled to 0–5 ◦C and stirred for 1 h. then in situ 

polymerization of aniline was done using cold APS solution. It was found thatcomposites with 

low PANI content(7 wt% and 14 wt%) formed particles (ca. 50–80 nm) that wererandomly 

scattered in the PAA matrix—as well as aggregates (ca.0.2–2.0 µm). A εr value of 2.0×105(1 

kHz) was achieved  for the 30 wt% PANI composite ,which was the highest dielectric constant 

ever reported for such  polymeric system—including most ceramic dielectrics. This was 

attributed to th formation of numerous mini capacitors within the composite. 

Sumesh George et al. [116] prepared a series of low loss Ca[(Li1/3Nb2/3)0.8Ti0.2]O3CLNT/epoxy 

composite with CLNT volume varying from 0.0 to0.40 vol. fractions by solid state ceramic route 
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followed  by two step mixing &thermosetting method. Near the percolationthreshold 0.28 

volume fractioncomposite showed a relativepermittivity of 142 and  low dielectric loss (0.15) 

along with  low conductivity(10-5 S/cm) at 1 MHz.due to low processing temperaturebroad 

smearing region  the composites were recommended for their application in the microelectronic 

industry especially and it  suitable for embedded capacitor formulations. 

Cheng Yang et al. [117] reported Flexible with high dielectric constant polystyrene based 

composites in multi-walled carbon nanotubes (MWCNTs).The MWCNTs were coated with 

polypyrrole (PPy) by an inverse microemulsion polymerization. The composites presented a 

stable high dielectric constant (∼44), with low loss (<0.07), and high energy density (up to 

4.95Jcm−3). They concluded that the largely-enhanced dielectric behavior is caused by the 

organic shell of PPy, which ensures good dispersion of MWCNTs as well as screen charge 

mobility to shut off the leakage current. Such composites may be used for storing charge and and 

play a basic role in present  electronics. 

B. Unala et al. [118] presented  the synthesis of water soluble salicylic acid–Fe3O4 

nanocomposite prepared under reflux at 90oC for 12 hours at pH=11 under argon gas 

environment. It was concluded that polymeric and ionic segmental motions strongly coupled in 

nanocmposites. 

F.J. Wang et al. [119]  prepared  10 to 50 % BaTiO3–polyethersulfone (PES) nanocomposites by  

ultrasonic dispersion of the modified filler in DMAc and the dispersion was then added to PES 

solution. After magnetic stirring it was  then hot-pressed at 300oC.There was an increase in 

dielectric constant and decrease in dielectric loss with the increment in the filler content.  The 

composite having 50 vol % BaTiO3 was found thermally most stable and had weak  frequency 
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(in 10 kHz to100 kHz) and temperature dependence. A dielectric constant of 25 and dielectric 

loss of 0.0018 was associated with it and was recommended for use in embedded capacitors. 

Ersel Ozkazanc [120] in his exceptional research has produced Copper (II) acetylacetonate 

composites using polypyrrole as matrix via chemical oxidative in situ polymerization using 

FeCl3 as oxidant in chloroform as a solvent. After complete characterization the study of the 

conductivity and dielectric behavior of the composites revealed that there was 105% increase in 

dielectric constant at 1 MHz frequency for the maximum doping level. The materials were 

suggested suitable for their application in the elements of semiconductor circuits. 

Ramesh Patil et al. [121] studied the effect of addition of zinc ferrite (ZnFe2O4) on the transport 

and structural properties of polyaninline (PANI) by introducing 10-50% of ZnFe2O4 in PANI 

during in situ polymerization of aniline using APS as oxidant at 5oC. 30 wt % of ZnFe2O4 

enhanced the ac conductivity in the semiconducting range which was the maximum among all 

other composites prepared and the dielectric behavior was also satisfactory for the same 

composite. The group has claimed that the materials are of scientific and technological interest. 

D.S. Pramila Devi et al. [122]  reported the composites of polypyrrole (PPy) and PPy coated 

short Nylon-6 fiber (F-PPy) based on natural rubber (NR) prepared by in situ 

polymerization.They used anhydrous ferric chloride as oxidizing agent, p-toluene sulphonic acid 

as dopant and vulcastab VL as stabilizer. The products then were coagulated out, dried, and 

using a  two roll mill were compounded and  moulded. The DC conductivity, morphology, 

thermal degradation mechanical properties and microwave characteristics the composites were 

investigated. They concluded that the incorporation of PPy and of fiber accelerates the cure 
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reaction. The absolute value of the dielectric permittivity, AC conductivityof the  composites 

were found very different and much greater than the gum vulcanizat. 

J.J.L. Hmar et al. [123] have utilized the chemical bath deposition method at 60-100oC 

temperature to formulate PbS/ polyvinylalcohol (PVA) nanocomposites in the form of thin films. 

The dielectric permittivity of PVA increased which was attributed to the presence of interfacial 

polarization due to PbS nano particles.The PbS/PVA nanocomposites may be very useful for 

flexible electronic applications. 

Byoung Gak Kim et al. [124]  investigated core–shell polypyrrole/polyimde preparation and their 

dielectric properties for all-organic dielectric composites. The insulated PPy nano particles were 

formed by nano-scale coatings, obtained via interfacial precipitation, where the anionic polyamic 

acid (PAA) was then precipitated on the positively charged PPy particles. PAA shell becomes PI 

shell on PPy particles via imidization as core shell. At the 15 wt% PPy in PPy/PI composite, the 

dielectric constant of about 100 was obtained and an electrical conductivity of 10−8 S/cm. PPy in 

over 30 wt% gave the ultra-high dielectric permittivity of 487. The dissipation factor is lower 

than 0.18 until 15 wt% PPy content. 

Xiaodong Xia et al. [125] have claimed that for the first time a physical model of Maxwell–

Wagner–Sillars mechanism has been presented by preparing reduced graphene oxide / 

polypropylene (rGO/PP) nanocomposites. The experimental values of permittivity and 

conductivity have been found in good agreement with the theoretical data calculated on the basis 

of the said theory in frequency range of 103 to 107 Hz.    

A.N. Papathanassioua et al. [126] have focused on dielectric effects due to interface and space 

charge on a series of composites prepared by in situ polymerization of pyrrole in acidic 
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suspension of ZnO. The interfacial polarization was regarded as a heterogeneous system in 

consistant with Sillar’s Model. Below 20% ZnO/Ppy composition is a loss free semiconductor. 

Hui Liua et al. [127] actually prepared reduced graphene oxide/ polimide composites under 

controlled reduction conditions using in situ reduction technique. 1,4-diiodobutane was used in a 

proportion of 2,4,6, & 8% to that of graphene oxide. The controlled reduction of GO can in turn 

control the thermal, dielectric and mechanical properties of the composites. 

Haibin Sun et al. [128] have made an attempt to increase the filler and matrix interfacial 

polarization considering it as a key to enhance dielectric constant and have focused on molecular 

polarity. They introduced 0.5 to 2.5 vol % of carbon nanotubes (CNTs) into hydrogenated nitrile 

butadiene rubber (HNBR) to prepare nanocomposites using two roll-mill machinery and 

succeeded in synthesizing three kind of composites. The conclusion is that high dielectric 

permittivity is found in the composites which have more interfacial charges due to high 

molecular polarity. 

Xiang Zhang et al. [129] synthesized a three phase composite of graphene oxide/carbon 

dots/polypyrrole for  its application in super capacitors as electrode active material through in 

situ polymerization of GO/CDs with pyrrole. The CDs embedded between GO film and PPy 

layer can increase  electron transportation in this composite and thus cause reduction in the 

internal resistance and charge transfer resistance of the electrode. A large specific surface area of 

CDs  can enhance the interfacial property among GO, CDs and PPy and increase the dielectric 

constant of the ternary composite. In practice, a simple device compiled  by five supercapacitors 

in a series could power 59 light–emitting diode indicators for above 60 sec  after  charging 17 sec 
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only.  This work can play its role in improving performance of a hybrid electric double layer 

capacitor (EDLC)/pseudocapacitor. 

Sreejesh Poikavila et al. [130]  cellulose/polypyrrole (RC-PPy) composite films were prepared 

by in situ polymerization of pyrrole on cellulose (RC) matrix and ammonium persulphate was 

used as oxidant. Composites showed high dielectric constant and low dielectric loss values, 

which are the requirements for capacitor application. 

V.S. Shanthala et al. [131] Polypyrrole/Nickel Zinc Iron oxide(NiZnFe2O4) nanocomposites 

were synthesized by in-situ polymerization with different amounts of the filler using APS as 

oxidizing agent. Dielectric & conductivity behaviours of the nanocomposites were investigated 

with the help of  impedance spectroscopy in the frequency range (100Hz – 5MHz). The dielectric 

properties PPy matrix have been found improved by the inclusion of nanoparticles and to be 

highly temperature dependent. Both Dielectric constant and Dielectric loss decreased with 

increase in frequency for all composites which makes them a potential candidate for application 

in electronic devices, electromagnetic shielding.etc. 
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MATERIALS AND METHODS 

3.1 Materials used in all the Syntheses 

Pyrrole monomer (Sigma-Aldrich, USA), distilled prior to use at 130oC under aluminum foil 

coverings,put in refrigerator till its subsequent use. Titaniumdioxide( ≥ 99.5 % “Riedel-de Haen” 

USA),  polyvinyl alcohol (PVA) and barium titnate ( both Sigma –Aldrich, USA) , Merck A.G. 

Hydrochloric acid (36.5-38% Bio Reagent), ammonium hydroxide (28% NH3 in water ≥ 

99.9%),ferric chloride (FeCl₃.6H₂O) and ethanol (A.G. Merck made) ,double distilled Water. 

3.2 Methodology 

To avoid brittleness and large porosity, lower concentrations of the fillers have been blended 

with the matrix.  For better dispersion of the filler, stronger interfacial interaction and desired 

thermal, mechanical and electrical properties in the present research work, all the composites 

were prepared using in situpolymerization technique (Section 1.6.5). 

The following series of composites were synthesized with low wt% of TiO2, BaTiO3& PVA in 

polypyrrole matrix by in situpolymerization: 

1. TiO2 / polypyrrole composites 

2. PVA/TiO2/ polypyrrole composites 

3. BaTiO3 / polypyrrole composites 

4. PVA/BaTiO3/ polypyrrole composites 
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Fig 3.1: The Reaction Assembly for all the Composites Prepared 

3.2.1 Synthesis of TiO2 / Polypyrrole Composites 

3.2.1.1 Synthesis of Pure Polypyrrole: 

Taking 100 mL FeCl3 solution with exact molarity 0.3 in a three neck reaction flask, an assembly 

of magnetic stirring and nitrogen gas flow was set as shown in the fig. 3.1. Then 6.7 g (0.1mole) 

of pure pyrrole was added through the centrally fitted thistle funnel  very carefully drop by drop. 

The whole mixture was continuously stirred in the above mentioned inert atmosphere for 1 hour 

at 25-30oC for better dispersion. The black light weight precipitates were obtained which were 

filtered sintered glass crucible under vacuum, washed using distilled water followed by ethanol 

untilthe washings were clear. The product was dried at in vacuum oven set at 60 ± 1oC for about 

48 hours.  
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3.2.1.2 Synthesis of TiO2 / Polypyrrole Composites: 

 TiO2 is almost insoluble in distilled water and very slightly soluble in dilute HCl. Its dispersion 

can be prepared only in dilute acid if agitated for long time [132]. 1 wt % TiO2to that of pyrrole 

weighing 0.067gwas dispersed in 200 mL of 1M HCl solution and magnetically  stirred 

overnight at 25-30oC. The homogeneous suspension thus obtained was transferred to a three neck 

flask, to this 0.3M FeCl3.6H2O was added. The mixture was stirred to homogenize during 

vigorous stirring. 0.1mole of pyrrole (distilled) was introduced drop by drop. The mixture was 

stirred under inert atmosphere. The product was filtered under vacuum, washed with distilled 

water, 1M NH3 solution, ethanol and finally with double distilled water, then dried under 

vacuum at60± 1o C for 48 hours. 

Following the same procedure, the other samples of the composites were prepared using the 

amounts of TiO2 as mentioned in the table 3.1 given below: 

Table: 3.1: Amounts of TiO2 and Pyrrole in the composites 2-5 

 

 

 

 

 

3.2.2 Synthesis of PVA / TiO2 / Polypyrrole Composites 

The weight ratio of the ceramic filler (TiO2 for this section) could not be increased from 5% 

according to the strategy decided in the beginning. Furthermore the satisfactory results obtained 

from the study of characterization and dielectric behavior of the composites of two phase 

composites [133] prepared under the title series 1 (section 3.2.1.2), a series of composites was 

Composite 

No. 
Composite Label Amount of TiO2 Amount of Pyrrole 

2 PPy/2%TiO2 0.134 g 6.7 g 

3 PPy/3%TiO2 0.20 g 6.7 g 

4 PPy/4%TiO2 0.268 g 6.7 g 

5 PPy/5%TiO2 0.335 g 6.7 g 
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prepared using 5% TiO2 in all the composites and the varying concentration of  a third 

component (PVA) was introduced (1 wt%, 3wt% & 5 wt%) during in-situ polymerization of 

pyrrole. The changes in structural and dielectric properties were investigated. The addition of 

large amounts of PVA was not used to avoid film formation of the composites as it could 

complicate the characterization process. 

3.2.2.1 Synthesis of Polypyrrole/ PVA Composite : 

Polypyrrole 5% PVA composite was prepared to ensure the effect of PVA on the structural and 

dielectric properties of Ppy.  For this purpose,0.335 g PVA was dissolved in 50 mL distilled 

water at 80oC. This solution was added to 0.3 M FeCl3 solution taken in a three neck flask and 

stirred for at least 30 min. 6.7 g(0.1 mol) of pre-distilled Pyrrole was added drop-wise, stirred in 

an inert atmosphere at 20-25oC. The washings and drying were done by the same procedures 

described in the section (3.2.1.2). 

3.2.2.2 Synthesis of Polypyrrole/ TiO2 / PVA Composites : 

0.335gof TiO2 (5 wt% to that of pyrrole) was dispersed in 200mL of 1M HCl solution stirring 

magnetically overnight at 25-30o C. The homogeneous suspension thus obtained was transferred   

to a three neck flask.0.067g of PVA (1 wt% to that of pyrrole) was taken separately, dissolved 

in50 mL of water at 80ºC, cooled to room temperature. These two solutions were mixed in the 

three necked flask and stirred for 30min. in inert atmosphere. After this 0.3M FeCl3.6H2O was 

introduced, then0.1 moles ofpyrrole and rest procedure for washings and drying was the same 

(Section 3.2.1.2) . The composition of the other composites was set according to table 3.2 

prepared with the same procedure: 
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Table: 3.2: Amounts of TiO2 and PVA in the composites 2-3 

 

3.2.3 Synthesis of BaTiO3 / Polypyrrole Composites 

After successful preparation of Two-Phase TiO2 in polypyrrole and Three-Phase TiO2/PVA in 

polypyrrole composites with desired electrical and structural properties   [133-134], the same 

procedure was exercised  using the ferroelectric  ceramic filler BaTiO3 due to its high dielectric 

constant and thermal stability. Two series of composites were prepared following the same route 

as for TiO2 as filler. BaTiO3 like TiO2is also almost insoluble in distilled water and very slightly 

soluble in  dilute HCl, its dispersion can be prepared  adopting the same procedure as described 

in  section (3.2.1.2) . 1wt% of BaTiO3 was dispersed in 200 mL of 1M HCl solution vigorously 

stirring overnight at 25-30o C. The homogeneous suspension thus obtained was put into a three 

neck flask. Then after stirring with 0.3M FeCl3.6H2O, 0.1 moles pyrrole (distilled)was added in 

inert environment at 25-30o C. The product was then filtered  , washed and dried with the same 

procedure as for TiO2 composites (Section 3.2.1.2) 

Following the same procedure, the other samples of thecomposites were prepared using the 

amounts of BaTiO3 as mentioned in the table 3.3 given below: 

 

  

Composite 

No. 
Composite Label Amount of TiO2 

Amount of 

PVA 

Amount of 

Pyrrole 

2 PPy/TiO2/3%PVA 0.335 g 0.201 g 6.7 g 

3 PPy/TiO2/5%PVA 0.335 g 0.335 g 6.7 g 
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Table: 3.3: Amounts of TiO2 and Pyrrole in the composites 2-5 

 

3.2.4 Synthesis of PVA / BaTiO3 / Polypyrrole Composites 

0.335gof BaTiO3 (5 wt% to that of pyrrole) was dispersed in 200mL of 1M HCl solution stirring 

magnetically overnight at 25-30o C. The homogeneous suspension was taken in a three neck  

flask .0.067g of PVA(1 wt% to that of pyrrole) was dissolved in50 mL of water at 80ºC. These 

two solutions were mixed in the three neck flask and stirred for 30min.Adding0.3M FeCl3.6H2O 

,stirring for homogeneity and then 0.1 moles pyrrole was added. The process was maintained in 

inert N2 environment with continuous vigorous stirring at 25-30o C. The procedure till the 

dryness is the same for all above mentioned fabrications. 

Other composites were prepared with the compositions as mentioned in the following table 3.4 

Table: 3.4: Amounts of TiO2 and PVA in the composites 2-3 

 

Composite 

No. 
Composite Label Amount of BaTiO3 Amount of Pyrrole 

2 PPy/2% BaTiO3 0.134 g 6.7 g 

3 PPy/ 3%BaTiO3 0.20 g 6.7 g 

4 PPy/4%BaTiO3 0.268 g 6.7 g 

5 PPy/5% BaTiO3 0.335 g 6.7 g 

Composite 

No. 
Composite Label 

Amount of 

BaTiO3 

Amount of 

PVA 

Amount of 

Pyrrole 

2 
PPy/BaTiO3/ 

3%PVA 
0.335 g 0.201 g 6.7 g 

3 PPy/BaTiO3/5%PVA 0.335 g 0.335 g 6.7 g 
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3.3 Characterization Techniques 

3.3.1 Fourier transform infrared (FTIR) spectra 

FTIR Spectra of the prepared samples were taken in normal IR region of 4000–400 cm−1obtained 

at RT. Samples  were dispersed in KBr as a reference in the form of compressed pellets and were 

analyzed using Burker Vertex 70. 

3.3.2 X-Ray Diffractrometry (XRD) 

This non- destructive technique is considered the most important and useful for the 

determination of crystal structure of single or composite materials in Solid State Chemistry. The 

technique enables to distinguish between crystalline, amorphous and semi-crystalline materials.A 

Rigaku Ultimate IV X-ray diffractometer wasused set at scanning speed of 0.02o per minute in 

the 2θ range of 5o to 80o using CuKα lines. 

The XRD data was also utilized to estimate the size of the crystallites with the help of well 

known equation (Scherer’s Equation) as described below: 

𝐷 =
𝑘 λ

βcosθ
        (3.1) 

Where   D = Crystallite size,     

k = Scherer’s constant usually taken as 0.9 for spherical particles  

λ = Wavelength of X-Rays employed = 1.5418 Ao = 0.15418 nm for CuKα 

β = Full Width at half maximum intensity (FWHM) in radians 

θ = is taken as 2 theeta divided by 2 

All the results obtained have been reported in the subsequent sections on results and 

discussions. 
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3.3.3 Scanning Electron Microscopy (SEM) 

This technique is used to study the surface morphology, topography, grain boundries  and 

homogeneity (of composite materials) through the high resolution three dimensional images of 

the samples. A scanning electron microscope (SEM, JSM-6610) was utilized. 

3.3.4 Thermogravimetric Analysis (TGA) 

In this particular technique the change in mass of a substance is measured as a function of 

temperature. A few milligrams (7-8 to 10-11 mg) sample powdered evenly spread in a Platinum 

crucible  is heated at a constant rate usually 1 to 20oC per minute in an inert atmosphere of 

nitrogen. The mass  of the sample is measured to an accuracy of ± 0.001with a microbalance.   

3.3.5 Dielectric Studies 

A comprehensive dielectric study of a material consists of  the measurements and  calculations 

for the following characteristics: 

i. Real part referred as dielectric constant (έ) 

ii. Imaginary part referred as dielectric loss (εʺ ) 

iii. Dissipation factor or the loss tangent (tan δ ) 

iv. Real part of the electronic modulus (Mʹ)  

v. Imaginary part of the electronic modulus (M ̋) 

The LCR meter   (Wayne Kerr, 6500 B) was utilized. Compressed pellets prepared under 

hydraulic pressure of 12 tons were placed between the electrodes of the capacitor attached to the 

LCR meter. The meter gives us the values of Capacitance   (C) and Resistance (R) at different 

frequencies (Usually 100 Hz to 10 MHz)   

The real part of the dielectric ( έ ) was calculated from the equation: 
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έ =
𝐶𝑡

𝐴𝜀0
        (3.2) 

Where ‘C’ is the capacitance,  ‘t’ is the thickness of the sample pellet  ,  ‘A’ is the area   

of the sample pellet and 𝜀0is the permittivity of space (8.85 x 10-12 F m-1 ) 

The tangent of the dielectric loss (tan δ ), and the dielectric loss factor ( 𝜀" ) was calculated  as: 

tan δ =
1

2𝜋𝑓𝑅𝐶
      (3.3) 

𝜀"=𝜀′tan δ       (3.4) 

Here ‘ f ‘ is the frequency of the applied A.C. , ‘R’ is the resistance  and ‘C’  is thecapacitance. 

The real and imaginary parts of the electronic modulus are then calculated  applying the formulas 

Mʹ = 
𝜺΄

(𝜺΄)𝟐+(𝜺 ̋)𝟐      (3.5) 

M =̋ 
�̋�

(𝜺΄)𝟐+(𝜺  ̋)𝟐           (3.6) 
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TiO2 /POLYPYRROLE COMPOSITES 

REULTS AND DISCUSSION 

4.1 FT-IR Analysis 

From the Fig.4.1 the formation of polypyrrole and from Fig.4.2 and Fig.4.3( in situ) formation of 

TiO2  polypyrrole  composites can be confirmed. 

Fig.4.1: FTIR of pure polypyrrole prepared at RT 
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Fig. 4.2: FTIR of pure TiO2 used in the research work 

 

In the Fig 4.1, anadsorption band at 3410 cm-1 corresponds to N-H stretching which shifted to 

3428 cm-1 gradually as the filler content was increased from 1% to 5% (Fig 4.3).  This is the only 

bond stretching appeared to be affected appreciably among other modes of bending or stretching 

which indicates that the TiO2 particles have more interaction with the nitrogen of the PPy rings 

than rest of the structure.  The absorption observed at 1557-1565 cm-1 is due to C=C stretching 

[135-137] . A peak of medium intensity at 1306-1314cm-1is assigned to C−N In- plane 

deformation.   =C−C stretching vibration was observed at 1186-1195cm-1. Peak at 1040-1043cm-

1 due to =C−H and N−H in-plane bending [138]. C−H out of plane ring deformation is clearly 

visible at 772-781 cm-1. C−C out-of-plane ring deformation at 669-681cm-1  is confirmed [139]. 
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In Fig 4.2 a wide band in the range 554-792 cm-1 corresponds to the Ti ̶  O stretching in pure 

TiO2 which becomes narrow in the composites and is visible in the range 669-681 cm-1[140] . 

The peaks at 2360-2370 cm-1 which is more prominent in the composite with 5% TiO2are 

attributed to the presence of CO2 in the ambient moisture present in the composites. 
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Fig.4.3: FTIR of  polypyrrole/TiO2 composites  (a) PPy/TiO2 (1%) (b) PPy/TiO2(2%) 

(c) PPy/TiO2(3%) (d)  PPy/TiO2(4%)  (e) PPy/TiO2(5%) 
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Table 4.1: Infrared absorption bands PPy/TiO2 (1-5%) Composites 

  

Sample 

N─H 

Stretching 

(cm-1) 

C═C 

Stretching 

(cm-1) 

C─N 

In-plane 

Deformation 

(cm-1) 

═C─C 

Stretching 

(cm-1) 

═C─H & 

N─H 

In-plane 

Bending 

deformation 

(cm-1) 

C─H 

out-of-plane 

deformation 

(cm-1)  

C─C 

out -of-plane ring 

deformation (cm-1) 

Ti ─ O 

Stretching 

(cm-1) 

PPy 3410 1565 1314 1195 1043 779 681 ─ 

TiO2 
─ ─ ─ ─ ─ ─ ─ 

554-792 

PPy/TiO2 

(1%) 
3410 1565 1314 1195 1043 779 681 620 

PPy/TiO2 

(2%) 
3425 1557 1306 1186 1040 781 670 618 

PPy/TiO2 

(3%) 
3426 1557 1315 1186 1040 790 669 610 

PPy/TiO2 

(4%) 
3427 1557 1306 1186 1040 781 669 609 

PPy/TiO2 

(5%) 
3428 1564 1306 1186 1040 772 669 ─ 
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4.2  X-Ray Diffraction Study: 

In fig  4.4 , XRD patterns of pure PPy prepared at RT reveals its amorphous behavior and typical 

diffraction peak at 25.6o [142]. Fig 4.5 is XRD pattern of pure TiO2 used and Fig 3.6 corresponds 

to the prepared composites where strong diffraction peaks at 27o, 36o, 55oare for rutile phase of 

TiO2and peaks at 25o and 48o indicates anatase phase. All peaks are in good agreement with 

standard spectrum (JCPDS no. 88-1175 and 84-1286) .The particles in the composites are 

composites are  in micro to nano meter range [153] and the composites have both amorphous and 

semi-crystalline nature.  

 

Fig.4.4 XRD pattern of pure polypyrrole prepared at RT 
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Fig.4.5: XRD pattern of pure TiO2 used 
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Table 4.2: Estimated Crytallite size in the Composites ofTiO2/ PPy 

 

 

 

 

 

 

 

 

 

Fig. 4.6: XRD of the PPy-TiO2 composites 

 

Sample 2θ value of 

Max. intensity Peak 
FWHM Crystallite size 

PPy 
26.12o 8.02o 1.01 nm 

PPy/TiO2 

(1%) 
25.5o 1.94o 4.2 nm 

PPy/TiO2 

(2%) 
25.6o 2.09o 3.9 nm 

PPy/TiO2 

(3%) 
25.6o 2.15o 3.8 nm 

PPy/TiO2 

(4%) 
25.7o 2.47o 3.3 nm 

PPy/TiO2 

(5%) 
25.6o 2.27o 2.25 nm 
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The Table 4.2 presents the estimated crystallite size Calculated with the help of Scherer’s 

equation as described in Chapter 2 (Section 3.2.2) and it is clear that with the increase in the wt% 

of TiO2, there is a reduction in the particle size which explains well the increase in dielectric 

constants of the composites even due to small amounts of the filler as the nano particles offer 

more surface for interfacial polarization.   

4.3 Thermal Analysis 

TGA curves of  ppy composites for 1-5 % TiO2 are shown in the figure 4.7. Thermal behavior 

was studied at 150C to 600 0C. The weight loss occurs in three steps, the first one which is 

attributed to expulsion of water was observed in the range of 94-130 0C for all the samples with 

10% weight loss [143]. The second stage is the initiation of decomposition with the elimination 

of some volatile content at 130o- 250oC with weight loss of 15%. The third stage is the 

degradation process of PPy matrix at  250 0C  where the pyrrole ring structure is lost and at a 

temperature of about 320oC the process of melting begins [144]   after which the  weight loss 

reaches 65-80%. From the Table 4.3 it can be inferred that thermal stability of the composites 

increased with increase in the content of TiO2.     

Table 4.3: %age weight losses of composites at different temperatures (TGA data) 

Temperarue (0C) 
Weight loss (%) of PPy/TiO2 composites 

1% 2% 3% 4% 5% 

200 10 7.7 7.5 6.7 10.8 

300 16.7 17.5 23.2 18.2 16.4 

500 61 73 66 61 52 

550 75 75 68.7 64.3 60.5 

595 82.2 75.1 69.4 66.3 64.4 
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Fig. 4.7 : TGA curves  of the PPy/TiO2 composite (a) PPy/TiO2 (1%) (b) PPy/TiO2(2%) 

(c) PPy/TiO2(3%) (d)  PPy/TiO2(4%)  (e) PPy/TiO2(5%) 

 

4.4 SEM Analysis 

The Fig. 4.8 (a-d) shows SEM micrographs of ppy/TiO2 composites containing 2%, 3%, 4% and 

5%  TiO2 respectively. Fig 4.8 (a) shows the hemispherical ppy particles and light weight nature 

of the polymer and it seems as if these are growing one over the other. The  link between the 

particles    has improved after the introduction of TiO2 particles and porosity of 0.2-1 µm is also 

much less than found in pure PPy samples which is usually 2-8 µm.[145] .Fig 4.8 (b), (c) and (d)  

clearly shows the presence of two phases of the composites. The micrograph of  the composites 

containing 2% TiO2 shows somewhat uniform distribution of the components but in the 

composites from 3 to 5% TiO2 , the particles aggregates and size of aggregates gradually 
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increases upto 0.5-5µm accompanied by the reduction in  size of grains and   decrease in 

compactness which results an increase in the dielectric behavior [146-147].                                   

 

 

 

 

 

 

 

 

Fig 4.8: (a) SEM micrograph of PPy/TiO2(2%) 
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Fig 4.8: (b) SEM micrograph of PPy/TiO2(3%) 

 

 

Fig 4.8: (c) SEM micrograph of PPy/TiO2(4%) 

 

a 
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Fig 4.8: (d) SEM micrograph of PPy/TiO2(5%) 

 

4.5 Dielectric Studies: 

Effect of AC frequency on the dielectric permittivity(𝜀’) of Ppy/TiO2composites can be depicted 

from Figure 4.9.PPy/TiO2composites which have high contents of TiO2exhibitlarge value of 𝜀՛at 

lower frequencies while the value of𝜀՛decreases at higher frequencies. It is well known that 

dielectric response of solids is a complicated function of frequency, temperature, and type of 

solids [148]. At low frequencies, all polarization mechanisms that take account of the interfacial 

(space charge), dipolar, ionic, and electronic charge displacements can follow the applied electric 

field in such cases, the highest value of 𝜀՛is obtained. Since the prepared composites are 

heterogeneous mixture (SEM, Fig 4.8 a-d) of semi conducting polymer and a polar dielectric 

material, the high dielectric constant is mainly due to space charge polarization and intrinsic 

dipole polarization [149].  At high frequency, the difference in values of 𝜀՛for the composites 
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prepared with 4wt% and 5 wt%TiO2goes on decreasing. The data reveals that 

PPy/TiO2composite with 5wt% TiO2 has 𝜀’ value of 1.25 × 103at 10 kHz. Afterwards, it 

exponentially decreases to 284 at 1MHz. The present dielectric sample isaMaxwell-Wagner type 

medium, having two inhomogeneous layers. In these layers, the grains act asconducting region as 

compared to grain boundaries which behave as relatively less conducting channels. This non 

conducting behavior is dominant at low frequencies. When this resistance increases at the grain 

boundaries, the electrons reaching grain edges via hopping mechanism pile up. In this way, the 

grains are polarized resulting in high value of permittivity. When the frequency is increased, the 

probability of electrons reaching the grain boundaries decreases and hence a decrease in 

permittivity is observed. This in turn decreases the dielectric parameters at high frequencies.
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Fig 4.9: Dielectric constant vs log f for different contents of TiO2 (a) PPy/TiO2 (1%) (b) 

PPy/TiO2(2%) (c) PPy/TiO2(3%) (d)  PPy/TiO2(4%)  (e) PPy/TiO2(5%) 
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Fig  4.10:Variation of dissipation factor with TiO2 content and AC frequency  

                           (a) PPy/TiO2 (1%) (b) PPy/TiO2(2%) (c) PPy/TiO2(3%) (d)  PPy/TiO2(4%)  

(e) PPy/TiO2(5%) 

 

The fig 4.10 displays variation in dissipation factor ( tan δ) with  TiO2 content and A.C. 

frequency. It shows that tan δ  increases nearly five times as the % of TiO2 increases from           

3  ̵ 4%. For 5% TiO2 content the value is lower in the low frequency which increases then at 

higher frequencies. The dielectric loss (ε”) is the measure of energy dissipated in the dielectric 

medium in unit time under an electric field (Fig. 4.11) which has a direct relation with the 

dielectric constant especially for the conducting or semi conducting matrix which in turn is 

related to the space polarization [150]. 
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Fig  4.11:Variation of dielectric losses with frequency and  different contents of    TiO2  

                        (a) PPy/TiO2 (1%) (b) PPy/TiO2(2%) (c) PPy/TiO2(3%) (d)  PPy/TiO2(4%)         

(e) PPy/TiO2(5%) 

 

In order to visualize the interfacial polarization relaxation process a modulus representation of 

dielectric loss is used [151-152]  According to the relationship defined by Macedo et al., the real 

and imaginary parts of the electronic modulus Mʹ and M ̋ can be calculated from ε΄  and ε ̋ as 

follows [153] 

Mʹ = 
𝜀΄

(𝜀΄)2+(𝜀 ̋)2       (4.1) 

M ̋= 
𝜀 ̋

(𝜀΄)2+(𝜀 ̋)2       (4.2) 
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Fig 4.12: Electric modulus of real part vs frequency for various ppy/TiO2 composites      

                  (a) PPy/TiO2 (1%) (b) PPy/TiO2(2%) (c) PPy/TiO2(3%) (d)  PPy/TiO2(4%)         

(e) PPy/TiO2(5%) 

 

Trends of both these parameters have been plotted inFigures 4.12  and 4.13, respectively, as a 

function of frequency.Theplots reveal that real part of electric modulus increases asthe frequency 

increases whereas the imaginary part showsa variable trend. The behavior is in accordance with 

the previously reported work [151-152]. From the figure 4.13 the shift of the peaks of the curves 

towards higher frequencies with increase in the content of  TiO2 reveals  a decrease in 

conductivity of the composite with 5% TiO2 . 
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Fig 4.13:Electric modulus of imaginary part vs frequency for various ppy/TiO2composites  

                (a) PPy/TiO2 (1%) (b) PPy/TiO2(2%) (c) PPy/TiO2(3%) (d)  PPy/TiO2(4%)         

(e) PPy/TiO2(5%) 
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Fig 4.14: Overall change in the dielectric constant of  PPy/TiO2composites with %age 

of filler 



 

 

 

 

 

 

 

 

 

CHAPTER  5 

TiO2-PVA/POLYPYRROLE 

COMPOSITES 
 

 



CHAPTER – 5 TiO2-PVA/POLYPYRROLE COMPOSITES 

 60 

TiO2 -PVA/ Polypyrrole Composites 

After the successful synthesis and characterization of TiO2 / polypyrrole composites of high 

Dielectric Constant with low content of the filler as described in Chapter 3, it was decided to 

introduce the third component PVA and to study the effect of its concentrations on the dielectric 

and structural properties. Since the dielectric constant of the composite with  5% TiO2 was found 

maximum among others in the previous work, the amount of TiO2 was fixed at 5%  and that of 

PVA was changed. First of all a composite of 5 % PVA / Polypyrrole was prepared and 

characterized to have a clue into the structural and electrical properties of the polypyrrole. The 

positive effect of introduction of PVA on the desired dielectric properties of the matrix thus 

confirmed the hypothesis behind and the three phase composites were prepared to investigate the 

effect of introducing PVA (1-5%). The composites with 1%, 3% and 5% PVA have been focused 

in the discussion due to their appreciable desired characteristics.    

RESULTS AND DISCUSSION 

5.1 FT-IR Analysis 

Figure 5.1 shows the major peaks of pure PVA , PPy/ 5% PVA composite and Pure TiO2 used in 

the present experimental work. In TiO2 a broad band at 560-802 cm-1 corresponds to Ti-O-Ti 

stretching frequencies [153]. In case of  PPy/ 5% PVA the strong  broad band observed at    

nearly 3350 cm-1 is due to combined or overlapping effect of  O-H stretch of PVA and   N-H 

stretch of PPy ring [154]. Absorptions due to PPy are C=C stretching visible at 1575 cm-1 .  C–N 

stretching  characterizing absorption peak is observed at 1437 cm-1 and C–H in plane 

deformations at 1329 cm-1 [155]  
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Fig. 5.1: FTIR spectra of Pure TiO2 , Pure PVA and 5%PVA/ PPy Composite 

 

Figure 5.2 Presents the FTIR spectra of PPy/5% TiO2/ (1% , 3% & 5%) PVA composites. The 

characteristic peaks mentioned above seems to be shifted towards comparatively longer wave 

number  for example N-H stretch of aromatic amine of PPy  ring shifts from 3345 cm-1towards 

3430-3435 cm-1.   The characteristic O-H stretch of PVA at 3431 cm-1is clearly seen.  

Absorptions due to  C=C stretching  visible at 1633 cm-1 and1545 cm-1for aromatic and 

quinonoid structures respectively[156]. =C–H and N–H in-plane bending deformation was 

observed at 1046  cm-1. All these significant changes are due to some interaction between active 

sites of the components of the prepared composites. Interaction between TiO2 and PVA surfaces 

which developed in their aqueous dispersion at room temperature can be depicted as follows: 
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Fig. 5.2: Schematic diagram of interaction developed between TiO2 and PVA in the 

Composites 
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Fig. 5.3: FTIR spectra of   (a) 1% PVA  (b) 3% PVA and   (c) 5%PVA in  TiO2 (5%) / 

Ppy Composites 

Similarly the   ̶  OH stretch observed in the pure PVA at 3431cm-1 The typical C  ̶  O stretch was 

observed at 1035-1036 cm-1 ( Table 5.1 & Table 5.2 ) 
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Table 5.1: Infrared absorption bands Pure PPy ,TiO2, PVA and Ppy/ 5% PVA 

Composite 

 

 

Table 5.2: Infrared absorption bands  Ppy/TiO2 / PVA Composites 

 

 

Sample 

Major peaks due to polypyrrole Major Peaks due to PVA 
TiO2 

Peak 

N─H 

Stretching 

(cm-1) 

C═C 

Stretching 

(cm-1) 

C─N 

In-plane 
Deformation 

(cm-1) 

═C─C 

Stretching 

(cm-1) 

 
═C─H 

& 

N─H 
In-plane 

Bending 

deformaion 

(cm-1) 

 

O─H 

Stretching 

(cm-1) 

 

C─O 

Stretching 

 (cm-1) 

 

Ti ─ O 

Stretching 

(cm-1) 

PPy 

(Chapter 3)  
3410 1565 1314 1195 1043 _ __ ─ 

TiO2 

─ ─ ─ ─ ─ ─ ─ 
560-802 

PVA 

__ __ __ __ __ 3431 1044 
__ 

PVA(5%) 

/PPy 

3350 1575 1329 1185 1097 3350 1093 
___ 

Sample 

with 

5% TiO2  

Major peaks due to polypyrrole Major Peaks due to PVA 
TiO2 

Peak 

N─H 
Stretching 

(cm-1) 

C═C 
Stretching 

(cm-1) 

C─N 

In-plane 

Deformation 
(cm-1) 

═C─C 
Stretching 

(cm-1) 

 

═C─H 
& 

N─H 

In-plane 
Bending 

deformaion 

(cm-1 

O─H 
Stretching 

(cm-1) 

 

C─O 
Stretching 

 (cm-1) 

 

Ti ─ O 
Stretching 

(cm-1) 

PPy/TiO2/ 

PVA(1%) 
3430 

1633 

1545 
1314 1195 1046 3431 1035 785 

PPy/TiO2/ 

PVA(3%) 
3432 

1633 

1545 
1306 1186 1046 3431 1036 786 

PPy/TiO2/ 

PVA(5%) 
3435 

1633 

1545 
1315 1186 1046 3431 1035 785 
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5.2 XRD-  Analysis 

 

Figure 5.4 shows the XRD peaks of pure PVA and its 5 wt% composite with Polypyrrole. 

In XRD of  PVA there is a major peak of medium broadness at 2θ ≈ 19.7o which is characteristic 

of PVA with its semi crystalline nature. The introduction of 5% PVA into Ppy caused the 

disappearance of this peak and a broad peak at 2θ ≈ 25.7o appears due to amorphous Ppy matrix. 

It can be inferred that PVA particles have been totally encapsulated by PPy and there is also a 

change of inter planner spacing [157-158].  

 
Fig. 5.4: XRD patterns of Pure PVA and 5%PVA/ PPy Composite 

 

In the Figure 5.5 The XRD of  Pure TiO2 reveals diffraction peaks at 2θ= 25o, 48o for its anatase 

phase and 37o, 55ofor its rutile phase [141-142]. The same peaks are observed in the composites 
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prepared, with a little broadening of the peaks,more prominent in 5 wt% PVA sample , due to the 

presence of semi-crystalline PVA and amorphous PPy phases. 

All the peaks are in good agreement with the standard spectra available in the literature. 
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Fig. 5.5: XRD patterns of Pure  (a) TiO2  (b) 1% PVA  (c) 3% PVA and (d) 5%PVA in  

TiO2 (5%) /PPy 

 

After the calculations based on Scherer’s equation as mentioned in (section 3.6.2) the estimated 

crystallite sizes are given in the Table 5.3. 
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Table 5.3: Estimated sizes of crystallites for  PPy/TiO2 / PVA Composites 

Sample 
2θ value of  

Max. intensity Peak 
FWHM Crystallite size 

PPy 26.12o 8.02o 1.01 nm 

PVA 19.7o 6.96o 1.1 nm 

PPy/PVA 

(5%) 
25.9o 6.33o 1.2 nm 

PPy/TiO2 (5%)-  PVA 

(1%) 
25.6o 2.19o 3.7 nm 

PPy/TiO2 (5%)-  PVA 

(3%) 
25.6o 2.35o 3.4 nm 

PPy/TiO2 (5%)-  PVA 

(5%) 
25.5o 2.69o 2.86 nm 

 

 

5.3 TGA- Analysis 

The Figure 5.6 shows the TGA plots of the pure PVA, 5 wt% PVA/PPy, pure TiO2 employed in 

this research work and the three phase composites prepared (30o to 600oC). Pure PVA used for 

all the samples seems to be least stable component. Pure TiO2 remained unaffected in the whole 

temperature range. A weight loss of 5% occurred for all the composites even for pure PVA 

around 100oC. 10% weight loss usually attributed to the removal of water from the polymer 

matrix occurred at upto140oC , The weight loss from 150-300oC is attributed to the 

decomposition of the polymer and slightly that of filler which produces gases such as CO2, NH3  

and CO etc. [159-160]. 

The process continues and at 600oC the weight lost by pure PVA was found 85% while that for 5 

wt% PVA/PPy  around 80%. The three phase composites still proved thermally more stable and 

these lost 55 to 70% of their initial weight. The TGA plots clearly reveal that the introduction of 

a third component PVA into TiO2/PPy composites has increased their thermal stability.   
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Table 5.4: Weight loss data from TGA analysis of ppy/5%TiO2/ PVA composites at 

various  %  loading 

 

Temperarue 

(Co) 

Weight loss (%) of ppy/TiO2/ Ppy  composites 

TiO2 PVA 
Ppy/ 

5%PVA 

Ppy/TiO2/ 

1%PVA 

Ppy/TiO2/ 

3%PVA 

Ppy/TiO2/ 

5%PVA 

200 0.13 4.1 8.8 11.3 8.3 10.7 

300 0.1 28.6 19.6 22.9 17.4 22.1 

400 0.2 68.7 38.7 34.8 32 31.72 

500 0.22 78.6 61.16 45.74 52.04 47.53 

550 0.24 82.3 73.3 50.4 63.07 56.3 

595 0.26 85.2 83.2 53.7 69.7 63.8 
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Fig. 5.6: TGA curves of Pure PVA, Pur TiO2,5% PVA/PPy &  (a) 1% PVA  (b) 3% 

PVA and  (c) 5%PVA in  TiO2 (5%) / PPy Composites 
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5.4 SEM-  Analysis 

Figure 5.7 (a) shows SEM images of Pure TiO2 particles employed. The spheroids of average 

grain size0.1-0.2 µm approximately with poor compactness can be seen. Figure 5.7 (b) the flakes 

produced due to the introduction of 5% PVA into ppy are clearly visible and the single phase 

impression developed is due to the excess of PPy which completely encapsulated the PVA 

particles.  

 

Fig. 5.7 (a) SEM micrographs of  Pure TiO2 

 



CHAPTER – 5 TiO2-PVA/POLYPYRROLE COMPOSITES 

 69 

 

Fig. 5.7 (b) SEM micrographs of 5%PVA/PPy composite 

Figure  5.8 ( a-c) shows SEM micrographs of the three phase composites containing 5 wt% 

TiO2/PPy with 1wt% , 3 wt% and 5 wt% PVA in the figures 5 (a) to5 (c) respectively. The 

introduction of smaller amount of PVA has not only produced homogeneity but also an increase 

in its content has enhanced the formation of hemispherical particles engaged in clusters due to 

light weight nature of both the polymer components. A decrease in porosity can also be observed 

which is usually associated with pure PPy [161]. The cluster formation is also accompanied by 

the reduction in size of grains providing more grain boundaries which results in the increase in 

dielectric properties as compared the TiO2 /PPy composites. 
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Fig. 5.8 (a) SEM micrographs of  1% PVA / TiO2 (5%) / PPy composite 

 

Fig. 5.8 (b) SEM micrographs of  3% PVA / TiO2 (5%) / PPy composite 

 



CHAPTER – 5 TiO2-PVA/POLYPYRROLE COMPOSITES 

 71 

 

Fig. 5.8 (c) SEM micrographs of  5% PVA / TiO2 (5%) / PPy composite 

4.5 Dielectric Studies 

Figure 5.9  shows dielectric constants and its change with AC frequency for pure PVA and its 5 

wt% introduction into the PPy matrix. It is evident that this blend has improved the dielectric 

permittivity of both polymers as compared to that of the pure components (PVA and PPy).At 1 

kHz the composite has ( ε՛ ) value of 360 and it decreases to 14.4 at at 1 MHz. 
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Fig. 5.9: Dielectric constant as a function of frequency for Pure PVA  &  5%PVA / 

PPy composite 

 

It can be depicted from the Figure 5.9 that the introduction of smaller amounts of PVA has 

increased the dielectric permittivity of the 5 wt% TiO2 /ppy composites already studied to be 284  

1 MHz. It is clear that ( έ ) is 1.15 x 103 , 2.4 x 103 and 3.2 x 103 for 1 wt%, 3 wt%  and 5 wt% 

PVA respectively. This value then decreases to 294, 324 and 354 at 1 MHz for the above 

mentioned composites respectively.  
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Fig. 5.10:Dielectric constant as a function of frequency for PVA / TiO2  / Ppy Composites 

                    (a) 1% PVA   (b) 3% PVA  (c) 5% PVA  in (5%TiO2) /PPy 

 

Figure 5.11 displays variation in dissipation factor (tan δ) for pure PVA and 5 wt% PVA /PPy. 

The introduction of PVA has increased the dissipation factor appreciably in the low frequency 

region (1 kHz)  with a difference of 47 between the two. This difference becomes negligible to a 

value of 0.24 at high AC frequency ( 1 MHz).  
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Fig. 5.11: Variation of dissipation factor as a function of AC frequency for   PVA  & 

5% PVA / PPy Composites 

Figure 5.12 shows dissipation factor   (tan δ) for the composites prepared. An increase in the 

content of PVA has introduced a decrease in the  (tan δ) both in low and high frequency regions. 

The change is comparatively less prominent probably due to 5 wt% TiO2. 
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Fig. 5.12: Variation of dissipation factor as a function of AC frequency fo  (a) 1% PVA  

(b) 3% PVA and (c) 5%PVA in  TiO2 (5%) / PPy Composites 

 

Figure 5.13 depicts variation in dielectric loss ( ε̎ ) with frequency for the composites prepared. 

The introduction of 1 wt% and 3 wt% PVA has surprisingly small values of dielectric loss at 

higher frequencies. The trend is usual and can be explained with reference to the SEM results of 

these composites where the formation of  somewhat inhomogeneous layers with less porosity 

(Maxwell- Wagner Medium) 
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Fig. 5.13: Variation of dielectric loss with function of AC frequency for (a) 1% PVA  (b) 

3% PVA and (c) 5%PVA in  TiO2 (5%) / PPy Composites 

 

Interfacial Polarization-relaxation processes defined by Macedo et al [162] real and imaginary 

parts of the electric modulus (M ՛) and (M ʺ) were calculated using ( ε՛ ) and( εʺ ) and were 

plotted against log of frequency as shown in Figures 5.14 and 5.15 respectively. Both these 

parameters have been found to have  increasing trend with little exceptions. The behavior is in 

accordance with the previous work reported in the literature.    

The resulting improvements in the dielectric behavior of the composites prepared may be 

attributed to the introduction of PVA into TiO2 / PPy which probably restricted the internal  

pi-conjugation system of the Ppy whereby facilitating the availability of most of  electrons on 

Nitrogen for polarization phenomena and not for conduction. The possibility of intermolecular 

Hydrogen Bonding could also have contributed for binding the three phases.   
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Fig. 5.14: Electric Modulus of  real part versus frequency for  (a) 1% PVA  (b) 3% 

PVA and (c) 5%PVA in  TiO2 (5%) / PPy Composites 
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Fig. 5.15: Electric Modulus imaginary part versus frequency for   (a) 1% PVA  (b) 3% 

PVA and   (c) 5%PVA in  TiO2 (5%) / PPy Composites 
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Fig. 5.16:  Variation in Dielectric constant from 1 to 5% PVA in  TiO2 (5%) / PPy 

Composites at 1 MHz AC frequency 
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BaTiO3  / Polypyrrole Composites 

The positive results obtained by the introduction of TiO2 and then PVA into the polymer matrix, 

[133-134] the third series of composites were prepared based on the same procedure using 

BaTiO3 as the filler in low concentrations. A much higher value of dielectric constant was 

expected accompanied by greater thermal stability as compared to the composites reported in 

chapter 4 and 5 due the same inherited characteristics of BaTiO3. 

RESULTS AND DISCUSSION 

6.1 FT-IR Analysis 

The Figure 6.1 shows the FT-IR spectra of pure BatiO3 where the two major absorption peaks at 

441 cm-1 and 530 cm-1 correspond to Ti-O bending and stretching vibrations respectively. The 

additional absorption peaks at 1724 cm-1 and 3429 cm-1 may be attributed to moisture absorbed in 

the concerned material . Figure 6.2 presents the FT-IR spectra of the composites where at  3415-

3430 cm-1 a somewhat medium band is as usually due  to N ̶  H bond stretching of Ppy benzenoid 

rings. Absorption observed at 1560  and 1308-1317 cm-1  is the result of stretching due  to C ═ C 

and in plane deformation of C  ̶  N  respectively.  The absorption peak due to the stretching of     

═ C  ̶  C and  in plane bending of ═ C  ̶  H is appearing  at 1195 and 1040 cm-1 respectively [135-

137]. The  absorptions due to  of Ti  ̶  O bending vibrations at 445 cm-1   and Ti  ̶  O stretching  

vibrations at 565 cm-1  attributed to these bonds present in the BaTiO3 are at 566 cm-1 and 446 

cm-1 respectively . All these absorption peaks have been found in connection with the  data 

obtained from the literature concerned and therefore the in situ formation of the desired 

composites is confirmed.  
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Fig 6.1: FT-IR Spectra  of   BaTiO3 

 

Fig 6.2: FT-IR Spectra  of  (a) ppy/ 1% BaTiO3 (b) ppy/ 2% BaTiO3 (c) ppy/ 3% 

BaTiO3   (d) ppy/ 4% BaTiO3     (e) ppy/ 5% BaTiO3 
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Table 6.1: Infrared absorption bands PPy/BaTiO3(1-5%) Composites 

Sample 

Major Peaks due to PPy Major peaks due to BaTiO3 

N─H 

Stretching 

(cm-1) 

C═C 

Stretching 

(cm-1) 

C─N 

In-plane 

Deformation 

(cm-1) 

═C─C 

Stretching 

(cm-1) 

═C─H 

& 

N─H 

In-plane 

Bending 

deformaion 

(cm-1) 

C─C 

out -of-plane 

ring 

deformation 

(cm-1) 

Ti ─ O 

Bending  

In BaTiO3 

(cm-1) 

Ti ─ O 

Stretching 

In BaTiO3 

(cm-1) 

Ppy 

(Ch#4) 
3410 1565 1314 1195 1045 681 ─  

BaTiO3 ─ ─ ─ ─ ─ ─ 441 563 

Ppy/BaTiO3 

(1%) 
3415 1565 1314 1185 1045 681 445 565 

Ppy/BaTiO3 

(2%) 
3427 1560 1308 1185 1040 670 446 565 

Ppy/BaTiO3 

(3%) 
3427 1560 1317 1186 1041 669 445 565 

Ppy/BaTiO3 

(4%) 
3430 1560 1308 1185 1040 669 447 567 

Ppy/BaTiO3 

(5%) 
3430 1560 1310 1185 1040 669 447 568 
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6.2  X-Ray Diffraction Analysis 

Figure 6.3 is the XRD results of pure BaTiO3 and 6.4 of  the formulated composites and all the 

characteristic peaks concerned to the  Perovskite  tetragonal phase of BaTio3 are confirmed at 2θ 

= 22o, 31.4o, 38.8o,  45.2o, 50.9 o, 56.2o  and 65.8o (JCPDS 05-0626)  [163] and   (ICSD29148)  

[164] ,The peaks at  2θ = 22.07o , 31.6o, 38.8o, 45.4o are attributed to the reduction in 

crystallographic elements in the unit cells of BaTiO3 [163]  .The diffraction peaks at 25.4 o to 

25.7o confirms the presence of polypyrrole being the typical characteristics of the matrix.. The 

pattern is an index to the result that composites are of  amorphous nature having  crystallite sites 

indicating that no phase got dominated over the other.   Table 6.2 shows crystallite size of the 

composites which is 1 to 3 nm.  

 

Fig 6.3: XRD plot of   BaTiO3 
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Fig 6.4: XRD plot of  (a) ppy/ 1% BaTiO3 (b) ppy/ 2% BaTiO3 (c) ppy/ 3% BaTiO3 

(d) ppy/ 4% BaTiO3 (e) ppy/ 5% BaTiO3 
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 Table6.2: Estimated Crystallite sizes for  PPy/BaTiO3(1-5%) Composites 

 

 

 

 

 

 

 

6.3 Thermogravimetric Analysis (TGA) 

Fiugure 6.5 displays the typical TGA curves with its ‘S’ shape  and the initial weight loss of 

about 5% in beween  124-133oC is the result of dehydration of the polymer matrix. From the 

temperature scan of 134-231oC the weight reduction is because of  the beginning  of chemical 

changes thus resulting into the minor decomposition producing the gases like CO2 and NH3 [165]  

in the third stage the degradation process left still 62% mass in the range 250-600oC. The 

introduction of BaTiO3 induced an ovearall higher thermal stability in the samples as compared 

to the introduction of TiO2 (Section 4.3).   

Sample 
2θ value of  

Max. intensity Peak 
FWHM Crystallite size 

PPy 26.12o 8.02o 1.01 nm 

PPy/BaTiO3 

(1%) 
31.3o 1.68o 4.9 nm 

PPy/BaTiO3 

(2%) 
31.5o 2.02o 3.9 nm 

PPy/BaTiO3 

(3%) 
31.6o 1.65o 5.0 nm 

PPy/BaTiO3 

(4%) 
31.2o 2.29o 3.6 nm 

PPy/BaTiO3 

(5%) 
30.6o 2.92o 2.82 nm 
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Fig 6.5: TGA curves of   (a) ppy/ 1% BaTiO3(b) ppy/ 2% BaTiO3(c) ppy/ 3% BaTiO3 

(d) ppy/ 4% BaTiO3(e) ppy/ 5% BaTiO3 

 

Table 6.3: Weight loss data from TGA analysis of ppy/BaTiO3composites  

Temperarue (0C) 

Weight loss (%) of ppy/BaTiO3 composites 

Ppy/BaTiO3-

1% 

Ppy/BaTiO3- 

2% 

Ppy/BaTiO3- 

3% 

Ppy/BaTiO3- 

4% 

Ppy/BaTiO3- 

5% 

200 9.5 9.2 8.8 8.6 8.3 

300 14.9 13.8 13.4 12.6 11.7 

500 22.4 20 19.6 19 18.9 

550 28.9 27.6 26.3 25.7 24.3 

595 34.5 33 32 31 29 
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6.4 Scanning Electron Microscopy (SEM) Analysis: 

Figures 6.6 (a-e) shows SEM micrographs of Ppy/BaTiO3 with 1 – 5% BaTiO3 filler respectively 

all at the same magnification of 20k for better comparison of grain size and porosity induced 

with increase in the amount of the filler.  In all the composites one of the most common features 

is the aggregation of grains of different sizes.   In 1% BaTiO3 composite the pixel ruler estimates 

the grain size from 0.1 µm to 0.3 µm and these agglomerated into an average of 0.5 µm with 

much less porosity in the composite. With the increase in the content of BaTiO3 the 

hemispherical grains engaged into clusters with appreciable increase in porosity due  to 

improvement in the linkage between the particles. It can also be inferred from the bright white 

edges of the grains that the BaTiO3 particles of ferroelectric nature  got adhered to the grain 

boundaries  mainly due to the  polar nature of both the phases. The deposit clearly goes on 

increasing with an increase in 1 to 5% of the ceramics. All these facts together have enhanced the 

dielectric constant [164] as discussed in the subsequent section.  

These composites if compared with those of TiO2 in PPy matrix mentioned in chapter 4 of this 

thesis appears to have much homogeneity and  and less agglomeration which cause much 

interfacial polarization and hence a pronounced incease in the dielectric constant can well be 

interpreted.  
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Fig. 6.6 (a):  Ppy/BaTiO3 1% 

 

Fig. 6.6 (b): Ppy/ BaTiO3 2% 
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Fig. 6.6 (c): Ppy/ BaTiO3 3% 

 

Fig. 6.6 (d): Ppy/ BaTiO3 4% 
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Fig. 6.6 (e):  Ppy/ BaTiO3 5% 

 

6.5 Dielectric Studies 

Figure 6.7 is the plot of measured dielectric constants versus frequency of the AC field. The 

dielectric permittivity has always proved as if it is  a complicated function of different factors 

such as  type of solids, frequency, temperature etc. [166] that is why it varies from material to 

material. The BaTiO3 particles employed were of 2 µm size and the grain size of the matrix as 

confirmed from the SEM analysis is much lower still consisting of crystallites of nano meter size 

in the amorphous matrix revealed that the polarization mechanism thus developed has greatly 

enhanced the dielectric constant at all the frequencies and it continuously increased with the 

increase in %age of BaTiO3. The value of (ε՛) was found 529 at 1kHz and 178 at 1MHz for 1% 

BaTiO3. The dielectric constant increased to an exceptional value of 2060 at1kHz and finally 522 

at 1MHz when the amount of BaTiO3was 5%. 
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Fig  6.7:Dielectric Constant as a function of AC frequency for (a) PPy/BaTiO3 (1%)          

(b) PPy/BaTiO3 (2%) (c) PPy/BaTiO3 (3%) (d) PPy/BaTiO3 (4%) (e) PPy/BaTiO3 (5%) 

 

Figure 6.8 shows variation in dissipation factor (tan δ) with frequency and amount of the filler. It 

can be seen that at 1kHz the value of tan δ was 20 times greater for 5% BaTiO3 composite as 

compared to 1%  BaTiO3 composite which then reduced to 3 times at 1MHz. The final value of 

the composite with highest obtained dielectric constant is 1.2 which indicates that the composite 

has very low heat/ dissipation factor which is almost always desired. 
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Fig  6.8: Variation of dissipation factor  as a function of  AC frequency for                          

(a) PPy/BaTiO3 (1%) (b) PPy/BaTiO3 (2%) (c) PPy/BaTiO3 (3%) (d) PPy/BaTiO3 (4%)      

(e) PPy/BaTiO3 (5%) composites 

  

Figure 6.9 depicts dielectric loss which is defined as the  combined parameter of the dielectric 

constant and dissipation factor. These dielectric parameters can well be explained if the 

composite media are considered under Koop’s theory and Maxwell-Wagner model in which the 

polarization is almost always developed by the electrons roaming from the grains to their 

boundaries /edges under the electric field. The increase in frequency causes an increase in the 

number of hurdles  for the electrons to reach the grain boundaries thus decreasing the 

polarization and the subsequent fall in dielectric constant.. 
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Fig  6.9:Variation of dielectric loss with frequency for  (a) PPy/BaTiO3 (1%)                        

(b) PPy/BaTiO3 (2%) (c) PPy/BaTiO3 (3%) (d) PPy/BaTiO3 (4%) (e) PPy/BaTiO3 (5%) 

composites 

 

 

Figures 6.10  and 6.11 enable us to interpret the interfacial polarization and chain segmental 

relaxation phenomena under the influence of varying electrical field. The real part increases with 

increase in frequency but decrease with increment in the filler. The tails associated with such 

curves in the low frequency region are an index to large capacitance induced in the  electrodes.   

The approach of these curves towards zero is at low frequency is the sign of no electrode 

polarization effect [165] 
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Fig  6.10 :Variation of Real part of electric modulus with frequency for                                 

(a) PPy/BaTiO3 (1%)   (b) PPy/BaTiO3 (2%) (c) PPy/BaTiO3 (3%) (d) PPy/BaTiO3 (4%)   

(e) PPy/BaTiO3 (5%) composites 

  

The composites with 1-3% BaTiO3 have conductivity peaks in the M” plots (Fig 6.11) but for 

4% and 5% BaTiO3 composites the conductivity peaks are beyond the given frequency 

measurement range which concludes that these composites are suitable for energy storage 

devices [165]. 
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Fig  6.11:Variation of Imaginary part of electric modulus with frequency for                               

(a) PPy/BaTiO3 (1%)  (b) PPy/BaTiO3 (2%) (c) PPy/BaTiO3 (3%) (d) PPy/BaTiO3 (4%)           

(e) PPy/BaTiO3 (5%) composites 
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Fig  6.12: Variation in dielectric constant with % age of BaTiO3 for  ppy/ BaTiO3 

Composites 
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BaTiO3 -PVA/Polypyrrole Composites 

RESULTS AND DISCUSSION 

7.1 FT-IR Analysis 

From the Figure  7.1the FTIR spectra of Ppy/5% BaTiO3/ PVA composites, the presence all the 

three constituents can be confirmed, the summary of these peaks is given in table 7.1.The 

combined O-H and N-H stretch of  PVA and Ppy  ring appears as a wide absorption band at 3436 

cm-1  which is an index to the fact that ppy matrix get deposited on the the PVA particles      

[167-168].  The counter anion  C-H stretch of CH2 at 2920 cm-1  ,  absorption peak assigned to to  

C=C stretching  visible at 1546 cm-1. One can observe C–N stretching vibration characterized by 

the peak at 1458 cm- and a well known breathing vibration of pyrrole ring at 1171 cm-1.  =C–H 

and N–H in-plane bending deformation at 1034 cm-1 and C–H out of plane flexural vibration is 

found at 778 cm-1 [169]. The Ti–O stretching and bending vibrations  induced by BaTiO3at 564 

cm-1 and 442 cm-1 respectively. 

From the Table 7.1 it is clear that an increase in the amount of PVA has not shifted the peaks 

towards either low or high frequency region so the addition of PVA did not affect the interaction 

between BaTiO3 and PPy but it is clear that the presence of PVA affects the dielectric behavior 

of the composites by interfering the conductive nature of the matrix.  
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Figure 7.1  FTIR spectra of   (a) 1% PVA  (b) 3% PVA and   (c) 5%PVA in  BaTiO3 

(5%) / Ppy Composites 
 

Table 7.1 Infrared absorption bands  Ppy/BaTiO3 / PVA Composites 

 

 

Sample 

with 

5% 

BaTiO3  

Major Peaks due to Ppy 
Major Peaks due to 

PVA 

Major Peaks due to 

BaTiO3 

N─H 

Stretching 

(cm-1) 

C═C 

Stretching 

(cm-1) 

C─N 

In-plane 
Deformation 

(cm-1) 

═C─H 

& 
N─H 

In-plane 

Bending 
deformaion 

(cm-1) 

O─H 

Stretching 

(cm-1) 

 

C─O 

Stretching 

 (cm-1) 

 

Ti ─ O 

Bending  
In BaTiO3 

(cm-1) 

Ti ─ O 
Stretching 

In BaTiO3 

(cm-1) 

Ppy/PVA(

1%) 
3436 1545 1457 1035 3436 ------ 564 742 

Ppy/ 

PVA(3%) 
3436 1545 1456 1035 3436 ------- 565 742 

Ppy/ 

PVA(5%) 
3435 

1546 

1545 
1457 1035 3435 ------- 564 742 
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7.2 XRD-  Analysis 

Figure 7.2 shows a comparison of 5%PVA/Ppy blend with that of the composites containing 

BaTiO3 in the same type of blend but with different amounts of PVA (1 to 5%). The dominated 

peak of ppy at 2θ = 25.6o over that due to PVA at 2 θ ≈17.7o is also visible in the composites 

(Fig 7.2 a-c). It can be inferred that the PVA particles have been encapsulated but the presence of 

all the characteristic peaks of BaTiO3 indicates that this constituent has not been fully enwrapped 

rather has maintained its identity. Due to this fact the material shows a semi crystalline to 

crystalline crystal structure. The peaks at 2 θ≈ 31.6o, 38.9o, 45.1o, 56.3oand 65.8o [150] are 

assigned to high dielectric constant BaTiO3 in its tetragonal polymorphic form (JCPDS 05-0626) 

Using the Scherer’s equation for estimating crystallite size and substituting the values of all the 

parameters required like FWMH, Scherer’s constant and θ values for the most intense peaks 

obtained from each composite, the crystallite sizes were calculated and it was found that these 

are in 2-6 nm. From this it can be inferred that the particle size has reduced during the process of 

polymerization from micro to nano level [148]. Table 7.2 gives the values of crystallite sizes 

based on this data where the size is approximately 2.5-3.0 nm. 
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Figure 7.2: XRD patterns of Ppy/PVA &  (a) 1% PVA  (b) 3% PVA and (c) 5%PVA in  

BaTiO3 (5%) /Ppy 

Table 7.2 Estimated Crystallite size for   PPy/BaTiO3 / PVA Composites 

Sample 

2θ value of  

Max. intensity Peak 

FWHM Crystallite size 

PPy/BaTiO3 (5%)-  PVA 

(1%) 

30.7o 3.22o 2.9 nm 

PPy/BaTiO3 (5%)-  PVA 

(3%) 

30.9o 3.36o 2.7 nm 

PPy/BaTiO3 (5%)-  PVA 

(5%) 

30.8o 3.85o 2.4 nm 
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7.3 TGA-  Analysis 

Figure 7.3 gives the TGA plots of 5 wt% PVA/Ppy, pure BaTiO3 employed in this research work 

and  three phase composites fabricated in the temperature range of 30oC to 600oC. Pure BaTiO3 

shows a negligible weight loss in the measured temperature range.  

As far as the composites are concerned the expulsion of water occurred in the range of 130-

142oC and then a weight loss of less than 15% is due to the removal of gaseous products resulted 

from the initial degradation process [145]. In the last stage of the decomposition the mass loss is 

still near to only 30% which is an indication of high thermal stability of the composites 

introduced through 5% BaTiO3. 

Table 7.3 Weight loss data from TGA analysis of ppy/5%TiO2/ PVA composites at 

various  %  loading 

Temperature 

(Co) 

Weight loss (%) of ppy/TiO2/ Ppy  composites 

BaTiO3 PVA 

Ppy/ 

5%PVA 

Ppy/BaTiO3/ 

1%PVA 

Ppy/BaTiO3/ 

3%PVA 

Ppy/BaTiO3/ 

5%PVA 

200 0.013 4.1 8.8 8.4 8.2 7.3 

300 0.01 28.6 19.6 13.1 12.2 11.4 

400 0.02 68.7 38.7 21 20.1 19 

500 0.022 78.6 61.16 25.2 24.1 23 

550 0.024 82.3 73.3 30.3 27.1 25.2 

595 0.026 85.2 83.2 35 32.3 27.6 
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Figure 7.3: TGA curves of , Pur BaTiO3, 5% PVA / Ppy &  (a) 1% PVA  (b) 3% PVA 

and  (c) 5%PVA in  BaTiO3 (5%) / Ppy Composites 

 

7.4 SEM-  Analysis 

Figure 7.4 (a-c) are the SEM micrographs of 5% BaTiO3/Ppy containing 1%, 3% and 5% PVA. 

The grains appearance is a mixture of spherical and hemi-spherical, isolated as well as clustered 

with an average size of approximately 0.1 to 0.8 µm and as described in the section 7.2 for XRD, 

each grain may consist of 20-130 crystallite particles. Grain boundaries are sharp and bright with 

the indication that the high dielectric BaTiO3 particles have greater effect at these places[170]. 

For  1% and 3% PVA, the porosity is larger which has reduced to large extent in 5% PVA 

composite. Fig 7.4 (c) shows that the 5% PVA   has stepped towards the film formation. 
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Fig. 7.4 (a):  Ppy/ BaTiO3  -PVA 1% 

 

Fig.7.4 (b): Ppy/ BaTiO3  -PVA 3% 
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Fig. 7.4  (c):  Ppy/ BaTiO3 –PVA 5% 

7.5 Dielectric Studies 

The dielectric properties have been studied based  on equivalent circuit results where the data is 

obtained from the inductor (L), capacitor (C) and the resister (R) under a alternating electric field 

with gradual increase in frequency. Figure 7.5 shows an increase in dielectric constant due to the 

introduction of PVA as compared to the value reported in chapter 6 and the trend is still the same 

that there is a decrease with increasing frequency. A value of 2412 at 1kHz and 594 at 1MHz for   

5% PVA  / 5% BaTiO3 in polypyrrole matrix. 



CHAPTER –7 BaTiO3-PVA /POLYPYRROLE COMPOSITES 

 103 

3 4 5 6

400

800

1200

1600

2000

2400

 

 

D
ie

le
c

tr
ic

 C
o

n
s

ta
n

t 
(
)

 

Log f

 (a)

 (b)

 (c)

 
 

Fig 7.5: Dielectric constant versus frequency for (a) 1% PVA (b) 3% PVA                

(c) 5% PVA in 5% BaTiO3 / PPy  

 
 
Figure 7.6 reveals the dissipation factor for the composites where the value at 1MHz  is 0.3 and it 

reduced to  0.03 when PVA content was changed from 1 to 5% which is 1/10th to the that of the 

former value. It is also much less than that which have been reported for the two phase 

composites (Chapter 6) .  
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Figure 7.6: Variation of dielectric loss with function of AC frequency for (a) 1% PVA  

(b) 3% PVA and  (c) 5%PVA in  BaTiO3 (5%) / Ppy Composites 

 

Figures 7.7 and 7.8 are the modulus formalism which explains the segmental motion 

relaxations and is a dimensionless quantity. Usually the tails of such curves indicate the 

capacitance associated with electrode and  such effects appears to get diminished in the low 

frequency regions. The  Mʺ plots in this case are entirely different as compared to those of the 

previously mentioned composites (Chapter 4 to 6) where the peak of the parabolic curves 

appeared lying outside the frequency domain of the plots. In this particular case all the curves 

have their peaks within 104 to 105Hz frequency range. It may be attributed to theenhanced 

conductivity of the composites due to mobile charge accumulation at interfaces [165]. 
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Figure 7.7: Electric Modulus of  real part versus frequency for  (a) 1% PVA  (b) 3% 

PVA and (c) 5%PVA in  BaTiO3 (5%) / Ppy Composites 
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Figure 7.8: Electric Modulus imaginary part versus frequency for   (a) 1% PVA  (b) 3% 

PVA and   (c) 5%PVA in  BaTiO3 (5%) / Ppy Composites 
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Figure 7.10: Increase in Dielectric constant vs %age of  PVA in  BaTiO3 (5%) / Ppy 

Composites 
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Conclusions 

High dielectric constant two phase composites of TiO2 /PPy , BaTiO3/ PPy and three phase 

composites TiO2-PVA/ PPy and BaTiO3-PVA/ PPy with low dissipation factor were successfully 

prepared using aqueous dispersion of very small amounts of fillers by in situ polymerization 

using ferric chloride as the oxidant under acidic medium. All the composites were prepared at a 

temperature of 30 ±1oC to depress the conductivity and enhance the dielectric constant of PPy. 

FT-IR and XRD analysis provided the evidence that the formation of PPy in all the composites 

was achieved and the presence of characteristic absorption peaks of TiO2, BaTiO3, PVA and PPy 

confirmed the formation of the desired composites.  

From XRD data of all the series of the compositions it was concluded that the products were 

semi crystalline with well ordered arrangement of the particles. The calculations for the   

crystallite size based on the data it was found that in all the composites including pure 

polypyrrole and PVA the crystallite size remained in 2-5 nm range whereas the ceramic fillers 

used contained particles of 0.2 µm size. The method of synthesis has proved its uniqueness 

because it caused the reduction in particle size of all the constituents which provided large 

surface to volume ratio for interfacial polarization and ultimately an exceptional dielectric 

behavior was observed. Secondly the size of the particles went on decreasing with increase in 

filler content which indicated that the procedure adopted has greatly affected the polymerization 

process.   

SEM results confirmed the compactness of the globules produced with less than 1 µm size and 

very low porosity. The grain boundaries were sharp and homogeneity was greater in case of 

BaTiO3 /PPy and BaTiO3 /PVA/PPy composites (Chapters 6 & 7) as compared to the relevant 

composites of TiO2 with same composition (Chapters 4 & 5). The SEM analysis together with 
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XRD results reveal that the successive introduction of  filler  particles produced crystallites 

which bonded together and  changed the hemispherical shaped larger grains of the matrix to 

regular shaped smaller grains, in almost all the composites reported in this particular work. 

TGA results have shown that the thermal stability was induced step by step by adding TiO2 , 

PVA then BaTiO3 and again PVA. Dielectric studies have been very satisfactory and dielectric 

constant of 284 for TiO2: PPy composite, with weight ratio 0.05:1, at1 MHz (Chapter 4) reached 

the value of 594 for BaTiO3: PVA:Ppy, with weight ratio 0.05:0.05:1, at the same frequency of 

the applied AC (Chapter 7). Dielectric losses have remained at lower values  (0.03 for the last 

mentioned composite) and the study of dielectric relaxation phenomena supported the fact the 

composites have lower conductivity and higher dielectric constant. It can be attributed to the 

structures of the composites as concluded from XRD and SEM results that the charge associated 

with the individual particles of such a system is localized. The restriction of movement of 

charges thus produced form an atmosphere of mini capacitors within the composites and then 

each of these contributes to the overall dielectric constant of the material. 

The FT-IR and XRD data has also revealed that the composites do not belong to a homogeneous 

system as the all the characteristic peaks of the components have been obtained. For such a semi 

heterogeneous system the high dielectric constant values are well explained on the basis of 

Maxwell-Wagner-Sillars effect. When there are two or more media in contact and posses  

different conductivities and permittivity space charges build up at their  interfaces. Interfacial 

polarization is mainly a function of intrinsic physical & chemical properties, structure of the 

filler and intrinsic polarizibility of the matrix. In the present work the composites obtained have 

the filler – matrix strong interfacial interactions which enhanced the dielectric constant. 
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The effect of AC frequency on the  dielectric parameters of all the composites reported can well 

be explained if the composite media are considered under Koop’s theory and the above 

mentioned Maxwell-Wagner model in which the polarization is almost always developed by the 

electrons roaming from the grains to their boundaries/edges under the electric field. The increase 

in frequency causes an increase in the number of hurdles for the electrons to reach the grain 

boundaries, thus decreasing the polarization and the subsequent fall in dielectric constant. 

This of all the systems at higher frequency reflects their higher conductivity under the said 

circumstances and can be attributed to huge number of nano  scale PPy particles which induces 

semi conductivity.  The shift of the peaks of electric modulus maxima towards higher 

frequencies with increase in the filler is a sign of poor relaxation and   in turn the flexibility of 

the composites 

The literature reveals that such type of composites are of numerous applications and the 

electronic industry is the major consumer of such materials. Such materials are  suitable for use 

at both low and high frequencies as dielectric medium under AC electric field. 
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TiO
2
/polypyrrole composites with high dielectric constant have been synthesized by in situ polymerization of pyrrole in an aqueous

dispersion of low concentration of TiO
2
, in the presence of small amount of HCl. Structural, optical, surface morphological, and

thermal properties of the composites were investigated by X-ray diffractometer, Fourier transform infrared spectroscopy, field-
emission scanning electron microscopy, and thermogravimetric analysis, respectively. The data obtained from diffractometer and
thermal gravimetric analysis confirmed the crystalline nature and thermal stability of the prepared composites. The dielectric
constant of 5 wt% TiO

2
increased with filler content up to 4.3 × 103 at 1 kHz and then decreased to 1.25 × 103 at 10 kHz.

1. Introduction

Active (ICs) and passive (capacitors, resistors, and inductors)
components have been an integral part of almost all the
electronic systems. In an electronic circuit board, the ratio
of the passive components is much higher (around 80%) and
among these, capacitors are the most important. Functions
that capacitors perform include filtering, timing, decoupling,
AC and DC conversions, termination, and energy storage.
Development of microelectronics requires capacitors with
high capacitance but with reduced size. This development is
possible only with the use of materials with high dielectric
permittivity associated with low dissipation factors. High
dielectric constant materials with high dielectric strength,
easy to process, and favorable mechanical stability have
always been a need for the electronic industry to utilize
these materials in energy storage devices [1, 2]. All these
properties are hard to exist in a singlematerial. Ceramics have
high stiffness, excellent thermal stability with high dielectric
constant but due to their high density, brittleness and difficult

processing conditions at very high temperatures [3] are diffi-
cult to be used. Polymers, on the other hand, aremechanically
flexible, low cost, and easy to process and have high dielectric
strength but have very low dielectric permittivity (usually
2 to 5). Considering these facts, polymers have been used
as matrix to prepare their composites with high dielectric
constant ceramic materials and required properties have
been achieved to some extent [4–6]. Such polymer-matrix-
composites (PMCs) are easy to process, have good adhesion
with the materials reinforced in light weight, and are usually
resistant to the corrosive environment.

In most of the cases, the ceramic fillers used are ferro-
electric, for instance, titanates of barium, calcium, and lead,
with polymermatrix which have high dielectric strength, and
are nonconducting one, for example, polyvinylidene fluoride
(PVDF) [7, 8], epoxy resins [9, 10], and polyvinyl chloride [11]
(PVC). The maximum percentage of the ceramics used was
around 40–50%. Conducting polymers such as polyaniline
(PANI) [12] and polypyrrole (Ppy) [13, 14] have also been
employed. As far as Ppy is concerned, it possesses high air
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and thermal stability, and it is easy to process. Its composites
with ceramic materials, especially with transition metal
oxides, have been under research for potential increase in its
conductivity [15, 16]. Concentration [14], shape, and size of
the filler particles influence the dielectric properties of the
PMCs [4, 17–20]. An unusual high concentration of the filler
introduces brittleness, porosity, and low breakdown field.

In the present work, PMC samples have been synthesized
using a lower wt% of TiO

2
in Ppy, prepared in situ under

chemical oxidation environment.Though the electronic band
gap of TiO

2
is relatively small (3.3 eV), its dielectric constant

can be varied. Depending on the growth process, TiO
2

presents two important phases: anatase and rutile. The last
one is a thermally stable phase that presents higher dielec-
tric constant, whereas anatase is thermally unstable with
lower dielectric constant. TiO

2
particles were dispersed in

low concentrations in the solvent and the composites were
obtained by in situ polymerization of the monomers. The
method adopted to disperse TiO

2
particles resulted in a low

concentration of TiO
2
(5 wt%) in the composite which might

induce a high dielectric constant near 300 at 1MHz frequency
which was around 80–110 for pure TiO

2
.

2. Experimental

Pyrrole monomer (99%), titanium oxide (≥99.5%), HCl
(36.5–38.0%, Bio Reagent), NH

4
OH (28% NH

3
in H
2
O,

≥99.99%) and double distilled water (molecular biology
reagent) from Sigma Aldrich, and ferric chloride hexahy-
drate (FeCl

3
⋅6H
2
O) from Merck were used to synthesize the

samples. 0.067 g of TiO
2
(1 wt% to that of pyrrole) was dis-

persed in 1M HCl solution while magnetically being stirred
overnight at room temperature (RT). 0.3M FeCl

3
⋅6H
2
O was

added and after stirring for 30 minutes, 6.7 g (0.1 moles) of
pyrrole was added dropwise. The whole mixture was stirred
for 1 hour under inert environment of nitrogen flow at RT.
The product was then filtered under vacuum, washed with
1M NH

4
OH ethanol, and then washed again using double

distilledwater, until thewashingswere clear.Theproduct thus
obtained was labeled as Ppy/TiO

2
/1 wt% and was dried under

vacuum at 60∘C for 48 hours.
Following the same procedure, other samples of the

composites were prepared adding 0.134 g, 0.20 g, 0.268 g,
and 0.335 g of TiO

2
to get Ppy/TiO

2
/2 wt%, Ppy/TiO

2
/3 wt%,

Ppy/TiO
2
/4 wt%, and Ppy/TiO

2
/5 wt%, respectively.

Fourier transform infrared (FTIR) spectra (BrukerVertex
70, using KBr as a reference material) of the samples were
studied in normal IR region of 4000–400 cm−1 obtained at
RT. Samples were dispersed in KBr and compressed into
pellets. A Rigaku Ultimate IV X-ray diffractometer (XRD)
with CuK

𝛼
(1.5406 Å) was used to obtain the diffraction

patterns at RT, in the 2𝜃 region of 5∘ to 80∘ with a scanning
speed of 0.02∘/min. A scanning electron microscope (SEM,
JSM-6610) was utilized to investigate the surfacemorphology
of the samples by obtaining images at magnifications of 5k
to 100k. Thermal gravimetric analysis (TGA) was performed
from 15 to 600∘C to determine weight loss at high temper-
atures. Dielectric constant, dielectric loss, and loss tangent
were evaluated using the data obtained from an LCR meter.
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Figure 1: FTIR spectra of (a) 1 wt% Ppy/TiO
2
, (b) 2 wt% Ppy/TiO

2
,

(c) 3 wt% Ppy/TiO
2
, (d) 4wt% Ppy/TiO

2
, and (e) 5 wt% Ppy/TiO

2

composites.

Compressed pellets of the composites were made under
hydraulic pressure of 12 tons and then were placed between
the electrodes.

3. Results and Discussion

Figure 1 presents the FTIR spectra of the samples, obtained
to confirm the in situ formation of Ppy in the composites.
The spectra reveal a medium band at 3410–3440 cm−1 cor-
responding to N–H bond stretching. Absorption observed
at 1565 cm−1 is due to C=C bond stretching in the pyrrole
units of Ppy. A peak of medium intensity at 1314 cm−1 may
be attributed to C–N in-plane deformation. =C−C stretching
vibration in pyrrole ring was observed at 1188 cm−1. Another
characteristic absorption peak at 1040 cm−1 can also be
observed which is due to =C–H and N–H in-plane bending
deformation mode. C–H out-of-plane ring deformation is
clearly visible at 777 cm−1. C–C out-of-plane ring deforma-
tion at 674 cm−1 is confirmed from theweak absorption there.
The peaks at 2360–2370 cm−1 are attributed to the presence
of CO

2
in the ambient moisture present in the samples. In

particular, the sample with 5wt% TiO
2
shows the strongest

peak in the region indicating the presence of relatively more
moisture.

Figure 2 shows the XRDpatterns of the prepared samples.
The patterns exhibit strong diffraction peaks at 27∘, 36∘,
and 55∘ attributed to the rutile phase of TiO

2
. Similarly,

the diffraction peaks at 25∘ and 48∘ indicate the presence
of TiO

2
in anatase phase (Figure 2(a)). All peaks were in

good agreement with the standard spectra (JCPDS numbers
88-1175 and 84-1286). From the intensity and broadening of
the peaks, it can be inferred that the crystallite size of the
Ppy/TiO

2
composites is in micrometer range [21] and the
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Figure 2: XRD patterns of (a) 1 wt% Ppy/TiO
2
, (b) 2 wt% Ppy/TiO

2
,

(c) 3 wt% Ppy/TiO
2
, (d) 4wt% Ppy/TiO

2
, and (e) 5 wt% Ppy/TiO

2

composites.

composites have a dominant crystalline nature with TiO
2

particles not much enwrapped by Ppy.
Curves in Figure 3 exhibit TGAof Ppy composite samples

obtained in the temperature range of 15∘C to 600∘C. Sample
(a) exhibited a constant weight loss in the whole temperature
range whereas a stepwise weight loss was seen in all the
other samples. For example, a weight loss of 10% which is
attributed to expulsion of water has been observed in the
range of 200–250∘C for the samples (b–e). This weight loss
was higher than that for pure Ppy samples prepared under
the same conditions [16]. Further, the degradation process
of Ppy matrix in the composites with weight loss of 16–
20% was initiated at 280∘C after which the decomposition
initiated near 300∘C and continued until 600∘C where the
weight loss reached up to 65–80%.The TGA plots also reveal
that there is an overall increase in thermal stability of the
composites with increase in the content of Ppy. Earlier in the
FTIR spectrum, the sample with 5wt% TiO

2
has shown the

strongest peak in the 2360–2370 cm−1 region indicating the
presence of relatively more moisture which is also confirmed
from the TGA analysis where the expulsion of water from the
composite occurs at 200∘Cwith weight loss of 10.8% as shown
by Figure 3(e).

Figures 4(a)–4(d) show SEM micrographs of Ppy/TiO
2

composites containing 2wt%, 3wt%, 4wt%, and 5wt% TiO
2
,

respectively. The sample prepared with 2wt% Ppy in TiO
2

matrix reveals the hemispherical Ppy particles engaged in
clusters due to the poor compactness and light weight nature
of the polymer, as shown in Figure 4(a). Link between the
particles has improved after the introduction of TiO

2
parti-

cles and porosity of 0.2–1 𝜇m is also much less as compared
to that found in pure Ppy sample which is mainly in the
range of 2–8𝜇m [15]. Figures 4(b), 4(c), and 4(d) clearly
show the presence of two phases of the composites. The
micrograph of the composites containing 2wt% TiO

2
shows

somewhat uniform distribution of the components but in
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Figure 3: TGA curves of (a) 1 wt% Ppy/TiO
2
, (b) 2 wt% Ppy/TiO

2
,

(c) 3 wt% Ppy/TiO
2
, (d) 4wt% Ppy/TiO

2
, and (e) 5 wt% Ppy/TiO

2

composites.

the composites from 3 to 5wt% TiO
2
, the particles aggregate

and size of aggregates gradually increases up to 0.5–5𝜇m,
accompanied by the reduction in size of grains and decreases
in compactness which results in an increase in the dielectric
behavior [18, 22].

Effect of AC frequency on the dielectric permittivity
(𝜀) of Ppy/TiO

2
composites can be depicted from Figure 5.

Ppy/TiO
2
composites having high contents of TiO

2
exhibit

large value of 𝜀 at lower frequencies while the value of
𝜀
 decreases at higher frequencies. It is well known that
dielectric response of solids is a complicated function of
frequency, temperature, and type of solids [23]. At low
frequencies, all polarizationmechanisms that take account of
the interfacial (space charge), dipolar, ionic, and electronic
charge displacements can follow the applied electric field.
In this case, the highest value of 𝜀 is obtained. In the low
frequency region, there is an increase in the real permittivity
of the composites with increase in TiO

2
contents, especially

when it is 3 to 5wt%. At high frequency, the difference in
values of 𝜀 for the composites preparedwith 4wt% and 5wt%
TiO
2
goes on decreasing. The data reveals that Ppy/TiO

2

composite with 5wt% TiO
2
has 𝜀 value of 4.3 × 103 at

1 kHz and decreased to ∼1.25 × 103 at 10 kHz. Afterwards, it
exponentially decreases to 284 at 1MHz.

Figure 6 displays variation in dissipation factor (tan 𝛿)
with TiO

2
contents and AC frequency. It shows that tan 𝛿

increases nearly five times as the wt% of TiO
2
increases from

3 to 4. For 5wt% TiO
2
contents, the value is somewhat lower

in the low frequency range as compared to the sample with
4wt% TiO

2
contents, but the reverse and usual behavior is

observed at higher frequencies. Figure 7 depicts variation in
dielectric loss (𝜀) with TiO

2
contents and frequency. The

frequency-dependent behavior of both tan 𝛿 and 𝜀 can be
explained in accordance with Koop’s theory by considering
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Figure 5: Dielectric constant as a function of frequency for (a)
1 wt% Ppy/TiO

2
, (b) 2 wt% Ppy/TiO

2
, (c) 3 wt% Ppy/TiO

2
, (d) 4wt%

Ppy/TiO
2
, and (e) 5 wt% Ppy/TiO

2
.

dielectric sample as a Maxwell-Wagner type medium, having
two inhomogeneous layers. In these layers, the grains act as
conducting region as compared to grain boundaries which

behave as relatively less conducting channels. This noncon-
ducting behavior is dominant at low frequencies. When this
resistance increases at the grain boundaries, the electrons
reaching grain edges via hopping mechanism pile up. In
this way, the grains are polarized resulting in high value of
permittivity.When the frequency is increased, the probability
of electrons reaching the grain boundaries decreases and
hence a decrease in permittivity is observed. This in turn
decreases the dielectric parameters at high frequencies.

In order to visualize the interfacial polarization relaxation
process, a modulus representation of dielectric loss is used
[24, 25]. According to the relationship defined by Macedo et
al. [26], real and imaginary parts of the electronic modulus
𝑀
 and modulus𝑀 can be calculated using 𝜀 and 𝜀 [24].
Trends of both these parameters have been plotted in

Figures 8 and 9, respectively, as a function of frequency. The
plots reveal that real part of electric modulus increases as
the frequency increases whereas the imaginary part shows
a variable trend. The behavior is in accordance with the
previously reported work [24, 26].

4. Conclusion

High dielectric constant composites of TiO
2
/polypyrrole

have been synthesized by in situ polymerization of pyrrole in
an aqueous dispersion of low concentration of TiO

2
in the

presence of small amount of HCl. FTIR analysis confirmed
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the in situ formation of the Ppy in the composites. TGA
analysis revealed the expulsion of water from the 5wt%
TiO
2
composite occurs at 200∘C with weight loss of 10.8%.

Crystal structure of the prepared samples was confirmed
as anatase phase of TiO

2
. Grains of uniform sizes with

homogenous distribution inmicrometer rangewere observed
from the microscopic analysis. Dielectric parameters (𝜀,
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Figure 9: Electric modulus of imaginary part versus log 𝑓 for
Ppy/TiO

2
composites: (a) 1 wt% Ppy/TiO

2
, (b) 2 wt% Ppy/TiO

2
,

(c) 3 wt% Ppy/TiO
2
, (d) 4wt% Ppy/TiO

2
, and (e) 5 wt% Ppy/TiO

2

composites.

tan 𝛿, and 𝜀) were found to possess high values at low
frequencies which gradually decreased at high frequencies.
The dielectric data revealed that Ppy/TiO

2
composite with

5wt% TiO
2
has 𝜀 value of 4.3 × 103 at 1 kHz and decreased to

∼1.25 × 103 at 10 kHz; then it exponentially decreases to 284
at 1MHz.
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PVA/TiO2/polypyrrole composites showing high dielectric constant have been synthesized 

by in-situ polymerization of pyrrole in an aqueous dispersion of 5% TiO2 and, 1 wt%, 3 

wt% and 5wt%PVA. The structural, chemical and thermal properties of the composites 

were investigated by X-ray diffractometer, Fourier transform infrared spectroscopy and 

thermal gravimetric analysis, respectively.The structural morphology of the prepared 

samples was probed using the images obtained from scanning electron microscopy. An 

impedance analyzer was utilized to discuss the dielectric parameters. The data obtained 

from diffractometer confirmed the semi crystalline nature and the thermal gravimetric 

analysis confirmed the thermal stability of the prepared composites in a wide temperature 

range. The dielectric constant of 5 wt% PVA increased with filler contents up to 3.2 x 

10
3
at 1 kHz and then decreased to 354 at 1MHz. in this way, an increase in dielectric 

constant of 5 wt% TiO2/ppy by 70 has been achieved. 
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1. Introduction 
 

Amazing development in the microelectronic industry has become possible after the 

formation of micro sized as well as embedded capacitors [1-3] which in turn are produced using 

thin layers of high dielectric constant materials. These are being used between the charge storing 

plates of small area obeying the following formula: 

 

𝐶 =
kt

A
               (1) 

 

where C is the capacitance of a capacitor, t is the thickness of dielectric medium separating the 

plates, A is the area of the plates and k is the dielectric constant of the medium between the plates. 

As the thickness and area cannot be increased beyond certain limits in a microelectronic board so 

the dielectric constant of the materials, being used has to be increased. The other applications of 

such materials include active vibration control, aerospace, underwater navigation and surveillance, 
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hydrophones, biomedical imaging, non-destructive testing and air imaging microphones[4,5]. In 

most cases, the dielectric materials required should not possess only a high dielectric constant but 

it should also exhibit high dielectric strength, thermal stability, mechanical flexibility, easiness in 

processing, low cost, adhesive and stable under the environment. All these properties are hard to 

be found in a single material. The only possibility is to combine two or more components in the 

form of composites to exhibit multiple properties simultaneously. In this context, ceramics are 

synthesized which possess two of the above mentioned requisite properties, i.e., high dielectric 

constant and thermal stability. The remaining properties are found in polymers. Most of the 

research carried out so far includes a high dielectric ceramic filler (5 to 60 wt%) and a non-

conducting polymer matrix. The high concentration of the filler in a two phase composite 

introduces poor flexibility of the composites [6], weak interfacial attraction and pores [7].The 

other choices are polymer-conducting filler composites based on percolation mechanism, which in 

turn is an application of scaling theory [8] and three-phase polymer matrix composite[9-11]. 

The least focused combination is a ceramic filler of high dielectric constant in a 

conducting polymer matrix. The hurdle is the risk of short circuiting or low percolation threshold 

of the conducting polymer in spite of the fact that polymers of excellent properties are available 

such as polyaniline, polypyrrole and polyindole [12], which are thermally stable, easy to process 

and environment-friendly. Polypyrrole has been found to be less conducting or even non-

conducting if prepared at high temperature and under such conditions that the conjugation in its 

structure is not developed either due to the dominant quinonoid structure or the elimination of 

what is called polarons by reducing effect of the filler [13]. In a previous work, we have prepared a 

series of composites using low contents (1% to 5%) 250 nm sized particles of TiO2 as a filler [14] 

and polypyrrole by in-situ polymerization at 25-30 ºC [15]. The composites thus obtained were 

found to possess very low conductivity (1x10
-6

 to 5x10
-6

 Scm
-1

) and a high dielectric constant of 

54 to 284, and low dielectric loss of the order of 0.004 to 1.6 for 1% to 5% of the TiO2 contents, 

respectively.  

In the present work, a series of composites was prepared using 5% TiO2 in all the 

composites and a third component PVA was introduced (1 wt%, 3wt% & 5 wt%) during in-situ 

polymerization of pyrrole. The changes in structural and dielectric properties were then 

investigated. The addition of large amounts of PVA was not used to avoid film formation of the 

composites as it could complicate the characterization process and hence, the prospective 

applications might get limited to certain fields. 

 

 

2. Experimental 
 

Pyrrole monomers (distilled every time before use) and poly vinyl alcohol from Sigma 

Aldrich, titanium oxide(TiO2, Riedel-de Haen, 14027 purity >99.5%) with mean particle size of 

0.25 µm having specific surface area of 9.6 m
2
g

-1
, HCl (36.5-38.0%, Bio Reagent), NH4OH (28% 

NH3 in H2O, purity ≥99.99%), double distilled water and ferric chloride hexahydrate(FeCl₃.6H₂O) 

from Merck were used as ingredients in the present work to form the samples. 

First of all, a 5wt% PVA/Ppy composite was prepared. For this purpose, 0.335 g PVA was 

dissolved in 50 mL distilled water at 80
o
C. This solution was added to 0.3 M FeCl3 solution taken 

in a three necked flask and stirred for at least 30 min. 6.7 g(0.1 mol) of pre-distilled pyrrole was 

added drop-wise and the whole mixture was stirred for 1 h under inert environment of N2 flow at 

room temperature (RT, 20-25
o
C). The final product was washed through vacuum filtration 

apparatus with 1M NH4OH, ethanol and then double distilled water until the washings were clear. 

The product thus obtained was labeled as Ppy/TiO2/PVA (1 wt%) and was dried under vacuum at 

60
o
C for 48 h. 

0.335gof TiO2 (5 wt% to that of pyrrole) was dispersed in 1M HCl solution while being 

stirred magnetically overnight at RT. 0.067g of PVA (1 wt% to that of pyrrole) was dissolved in 

50 mL of water at 80 ºC. These two solutions were mixed in a three necked flask and stirred for 30 

min. Afterward, 0.3 M FeCl3solution was added and after stirring for another 30 min,0.1 mole of 

pyrrole was added drop-wise. The whole mixture was stirred for 1 h under inert environment of N2 

flow at RT (20 – 25
o
C). The final product was washed and dried following the same process as 
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described above. Following the same procedure, other samples of the composites were prepared 

adding 0.201 g and 0.335g of PVA to get Ppy/TiO2/PVA (3 wt%) and Ppy/TiO2/PVA(5 wt%), 

respectively. 

Fourier transform infrared (FTIR) spectra (BrukerVertex70, using KBr as a reference 

material) of the samples were obtained in normal IR region of 4000–400 cm
−1

atRT. A Rigaku 

Ultimate IV X-ray diffractometer (XRD)with CuK (1.5406 Å) was used to obtain the diffraction 

patterns at RT, in the 2𝜃range of 10
o
 to 85

o
with a scanning speed of 0.0.500

o
/min. A scanning 

electron microscope (SEM,JSM-6610) was utilized to investigate the surface morphology of the 

samples by obtaining images at magnifications of 20kto 100k.Thermal gravimetric analysis (TGA) 

was performed from 30 to 600 ºC to determine weight loss at high temperatures. Dielectric 

constant, dielectric loss and loss tangent were evaluated using the data obtained from an 

impedance analyzer (Wayne Kerr, 6500B). Compressed pellets of the composites were made 

under hydraulic press by applying a force of 10 – 12tons and then were placed between the 

electrodes. 

 
 
3. Results and discussion 
 

Fig. 1 (a) shows the FTIR spectra of all the basic ingredients, i.e., pure PVA, 5%PVA/Ppy 

composite and pure TiO2, used in this work. Major peaks in all the spectra belong to the 

characteristic bonds of the respective compounds. For, example, in TiO2 a broad band at 554–

792cm
-1

 corresponds to Ti-O-Ti stretching frequencies [13]. In case of 5%PVA/Ppy composite, the 

broad band observed at 3200–3500cm
-1 

is due to combined effect of hydrogen bonded O-H stretch 

of PVA and N-H stretch of aromatic amine of Ppy ring. The characteristic C-H stretch of CH2 of 

PVA was observed at 2945 cm
-1

. Absorptions due to Ppy at C=C stretching are visible at 1575 cm
-

1
. =C–H and N–H in-plane bending deformation characterizing absorption peak is observed at 

1097 cm
-1

. 

 

 

 

 

 
 
 
 
 
 
 

(a)                                                    (b) 

 

Fig. 1(a). FTIR spectra of pure PVA, 5%PVA/Ppy composite and pure TiO2 

(b) FTIR spectra of (a) 1% PVA, (b) 3% PVA and (c) 5%PVA in TiO2 (5%)/Ppy composites 

 
 

Fig. 1 (b) represents the FTIR spectra of 5% TiO2 +1%, 3% & 5% PVA/Ppy composites, 

respectively. The characteristic peaks mentioned above seem to be shifted towards comparatively 

shorter wave number indicating the interactions developed between all the three components 

combined. For instance, the Ti-O-Ti broad band ends at 785 cm
-1

. Similarly, N-H stretch of 

aromatic amine of Ppy ring shifts from 3345 cm
-1

towards 3410 cm
-1

. The characteristic C-H 

stretch of CH2 of PVA shifts from 2945 cm
-1

towards 2923cm
-1

. Absorptions due to C=C 

stretching, visible at 1575 cm
-1

shifts to 1561 cm
-1

 and .=C–H and N–H in-plane bending 

deformation, initially present at 1097 cm
-1

 was observed at 1046 cm
-1

. All these significant 

changes are attributed to the corresponding chemical interactions between active sites of the 

components of the prepared composites.   
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(a)                                                    (b) 

 

Fig. 2(a): XRD patterns of pure PVA and 5%PVA/Ppy composite,  

(b) XRD patterns of pure TiO2& (a) 1% PVA, (b) 3% PVA and (c) 5%PVA 

in TiO2 (5%)/Ppy composites 

 
 

Fig. 2 (a) shows the XRD peaks of pure PVA and its 5 wt% composite with Polypyrrole. 

In the diffraction pattern of PVA, there is a major peak of medium broadness at 2θ ≈ 19.7
o
 which 

is characteristic of PVA with its semi-crystalline nature. The introduction of 5% PVA into Ppy 

caused the disappearance of this peak and a broad peak at 2θ ≈ 25.7
o
 appears due to amorphous 

Ppy matrix. It can be inferred that PVA particles have been totally encapsulated by Ppy and there 

is also a change of inter planner spacing [16].  

In Fig. 2(b), the XRD pattern of pure TiO2 reveals the diffraction peaks at 2θ values of 

25
o
, 48

o
 for its anatase phase and 37

o
, 55

o
 for its rutile phase. The same peaks are observed in the 

composites prepared, with a little broadening of the peaks. The peaks were more prominent in 5 

wt% PVA sample, due to the presence of semi-crystalline PVA and amorphous Ppy phases. All 

the peaks are in good agreement with the standard diffraction patterns available in the literature. 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 3. TGA curves of pure PVA, pure TiO2, 5% PVA/Ppy & (a) 1% PVA, (b) 3% PVA and 

(c) 5%PVA in TiO2 (5%)/Ppy composites 

 

 

Fig. 3 shows the TGA plots of the pure PVA, 5 wt% PVA/Ppy, pure TiO2 employed in 

this research work and the three phase composites prepared in the temperature range of 30 to 600 

ºC. Pure PVA used for all the samples seems to be the least stable component. Pure TiO2 remained 

unaffected in the whole temperature range. A weight loss of 5% occurred for all the composites 

even for pure PVA around 100 ºC. 10% weight loss is usually attributed to the expulsion of water 

from the polymer matrix occurred at 220 ºC for initially prepared 5 wt% PVA/Ppy containing 0% 

TiO2at around 220 ºC while the introduction of 5 wt% TiO2 enhanced the stability and the 

temperature reached in the range of 230 to 250 ºC. Pure PVA loses 10% weight at 265 ºC 

indicating the least moisture in it. The polymer degradation process was initiated in the pure PVA 
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at 285 ºC but in the prepared composite samples in the range 300 to 250 ºC. The process continues 

and at 600 ºC, the weight lost by pure PVA was found 85% while that for 5 wt% PVA/Ppy around 

80%. The three phase composites still proved thermally more stable and these lost 55 to 70% of 

their initial weight. The TGA plots clearly reveal that the introduction of a third component PVA 

into TiO2/Ppy composites has increased their thermal stability.  
 

 
 
 
 
 
 
 
 
 

Fig. 4.  SEM images of (a) pure TiO2 and (b) 5%PVA/Ppy composite 

 

 
Fig. 4 (a) shows the SEM images of pure TiO2 particles employed. The average particle 

size of 250 nm as claimed by the supplier company was confirmed. In the Fig. 4 (b), the flakes 

produced are attributed to the introduction of 5% PVA into Ppy and the single phase impression 

developed is due to the excess of Ppy which completely encapsulates the PVA particles.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. SEM images of (a) 1% PVA (b) 3% PVA and (c) 5%PVA in TiO2 (5%)/Ppy composites 

 

 

Fig. 5(a – c) shows the SEM images of three phase composites containing 5 wt% 

TiO2/Ppy with 1wt% , 3 wt% and 5 wt% PVA, respectively. The introduction of smaller amount of 

PVA has not only produced homogeneity but also an increase in its content has enhanced the 

formation of hemispherical particles engaged in clusters due to light weight nature of both the 

polymer components. A decrease in porosity can also be observed which is usually associated with 

pure Ppy [17]. The cluster formation is also accompanied by the reduction in size of grains 

providing more grain boundaries which results in the increase in dielectric properties as compared 

to the TiO2/Ppy composites. 
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Fig. 6. Dielectric constant as a function of frequency for  

(a) pure PVA and (b) 5%PVA/Ppy composite 

 
 

Fig. 6 shows dielectric constants (ε') and its change with AC frequency for pure PVA and 

its 5 wt% introduction into the Ppy-matrix. It is evident that this blend has improved the dielectric 

permittivity of both the polymers as compared to that of the pure components (PVA and Ppy).At 1 

kHz the composite exhibitε' value of 360 and it decreases to 14.4 at 1 MHz. 
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Fig. 7. Dielectric constant as a function of frequency for (a) 1% PVA (b) 3% PVA and 

(c) 5%PVA in TiO2 (5%)/Ppy composites 
 

 

It can be depicted from Fig. 7 that the introduction of smaller amounts of PVA has 

increased the dielectric permittivity of 5 wt% TiO2/ppy composites to a value of 284 at 1 MHz 

[15]. It is further evident that ε' values become 1.15 x 10
3
, 2.4 x 10

3 
and 3.2 x 10

3
 for 1 wt%, 3 

wt%  and 5 wt% PVA samples, respectively. However, as the frequency is increased to 1 MHz, the 

ε' value decreases to 294, 324 and 354, respectively for the above-mentioned composites.  

 

                                 

2 3 4 5 6

0

20

40

60

80

100

120

140

 (a)

 (b)

 

 

ta
n


Log f  
Fig. 8. Variation of dissipation factor as a function of AC frequency 

for (a) 5%PVA/Ppy composite and (b) pure PVA 



781 

 

Fig. 8 displays the variation in dissipation factor (tanδ) for pure PVA and 5 wt% PVA 

/Ppy. The introduction of PVA has increased the dissipation factor appreciably in the low 

frequency region (1 kHz) with a difference of 47 between the two. This difference becomes 

negligible to a value of 0.24 at high AC frequency (1 MHz). 
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Fig. 9. Variation of dissipation factor as a function of AC frequency for 

(a) 1% PVA, (b) 3% PVA and (c) 5%PVA in TiO2 (5%)/Ppy composites 

 

 

Fig. 9 shows the values of tan δ for the composites prepared. An increase in the contents 

of PVA has introduced a decrease in the tan δ, both in the low and high frequency regions. The 

change is comparatively less prominent probably due to 5 wt% TiO2. 
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Fig. 10. Variation of dielectric loss as a function of AC frequency for 

(a) 1% PVA, (b) 3% PVA and (c) 5%PVA in TiO2 (5%)/Ppy composites 
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Fig. 11. Electric modulus of real part vs frequency for (a) 1% PVA,  

(b) 3% PVA and (c) 5%PVA in  TiO2 (5%)/Ppy composites 
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Fig. 12. Imaginary part of electric modulus vs frequency for (a) 1% PVA,  

(b) 3% PVA and (c) 5%PVA in TiO2 (5%)/Ppy composites 

 

 

Fig. 10 depicts the variation in dielectric loss (ε") with frequency for the composites 

prepared. The introduction of 1 wt% and 3 wt% PVA has surprisingly small values of dielectric 

loss at higher frequencies. The trend is usual and can be explained with reference to the SEM 

images of these composites, where the formation of somewhat inhomogeneous layers with less 

porosity are evident in accordance with Maxwell–Wagner medium. 

Interfacial polarization-relaxation processes defined by Macedo et al [18] in terms of real 

and imaginary parts of the electric modulus (M') and (M"), respectively were calculated using ε' 

and ε", and were plotted against log of frequency as shown in Figs. 11 and 12, respectively. Both 

these parameters have been found to exhibit increasing trend with little exceptions. The behavior is 

in accordance with the previous work reported in the literature. The resulting improvements in the 

dielectric behavior of the composites prepared may be attributed to the introduction of PVA into 

TiO2/Ppy which probably restricted the internal pi-conjugation system of the Ppy whereby, 

facilitating the availability of most of electrons on nitrogen for polarization phenomena and not for 

conduction. The possibility of intermolecular hydrogen bonding could also have contributed for 

binding the three phases.   

 
 
4. Conclusions 
 

Three phase composites with high dielectric constant were successfully synthesized by in-

situ polymerization of pyrrole in the presence of PVA and TiO2 particles. FTIR confirmed the 

formation of Ppy matrix. XRD confirmed the presence of semi crystalline PVA and crystalline 

TiO2 particles of almost 250 nm size were evident by SEM images. TGA analysis revealed that the 

introduction of PVA enhanced the thermal stability by increasing the temperature ranges for 

expulsion of water and degradation processes.  

From the microscopic analysis, grains of uniform sizes and their shapes were visualized. 

Dielectric parameters were found at their higher values in the low frequency regions which 

gradually decreased at high frequencies. A dielectric constant of 354 was achieved at 1 MHz 

which was 284 in the absence of PVA under the same circumstances. 
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Abstract: Higher concentrations of ceramic fillers induce brittleness in the ceramic/polymer hybrids
which restrict their applications to limited fields especially when such hybrids are prepared for
their use as dielectrics. We have synthesized and characterized different BaTiO3-polypyrrole
(PPy) composites by changing the concentration of BaTiO3 from 1% by weight of PPy taken to
5 wt % to explore its effect on the dielectric parameters of the final product and found that the
BaTiO3-polypyrrole composite with weight ratio of 0.05:1 exhibited highest dielectric constant,
lowest dielectric loss and thermally most stable. All the composites were prepared using in-situ
polymerization of pyrrole in an aqueous dispersion of low content of BaTiO3 in the presence of small
amount of Hydrochloric acid. These composites were characterized for their microstructure and
crystallinity by X-ray diffractometer (XRD), Fourier transform infrared (FT-IR) spectroscopy and
scanning electron microscopy (SEM) while thermal stability by thermo gravimetric (TGA) analysis.
An impedance analyser (LCR meter) was utilized to investigate the dielectric parameters. FT-IR
data confirmed the presence of the two phases and their interaction, inferred from the shifting of
normal PPy peaks. The data obtained from XRD confirmed the presence of crystallites of 2.8 to 5 nm
with dominant crystallinity of the filler, TGA analysis (25 to 600 ◦C) confirmed the higher thermal
stability induced on successive addition of the filler into the prepared composites as compared to
that of pure PPy in a wide temperature range which is unusual for such a low % age addition of
the filler. The SEM analysis together with XRD results reveal that the successive introduction of
BaTiO3 particles produced crystallites of 2 to 5 nm size which bonded together and changed the
hemispherical shaped larger grains of the matrix to regular shaped smaller grains. The dielectric
constant of the composites was enhanced with filler contents from 178 to 522 at 1 MHz for 1 wt %
and 5 wt % BaTiO3 respectively. It was concluded that the introduction of BaTiO3 into the polymer
matrix with this new procedure has greatly affected the polymerization process, thermal stability,
morphology and dielectric properties of the host matrix and has resulted in a novel series of the
composites which may have broad applications.
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1. Introduction

The rapid development of the electronic industry can, no doubt, be attributed to the success in
the synthesis of ceramic/polymer composites with high dielectric permittivity, semi conductivity and
electromagnetic interference shielding [1–4]. These composites must possess low dielectric losses,
convenient and low cost processing conditions and excellent thermal stability to utilize these in the
devices which can store electrical energy such as capacitors and batteries [5,6]. Besides this a number
of other prominent applications of such materials are being exercised in the fields of engineering,
biomedicine and military warfare equipment [7–12]. The introduction of ferroelectric ceramic particles
into different polymers used as host has been reported with their novel electronic properties [13–20].
The ferroelectric particles used to enhance the dielectric properties include BaTiO3, TiO2, SrTiO3,
PbTiO3and chemical combinations of these [21,22]. The host polymer matrix which have been mostly
employed for the purpose of above mentioned requisite properties fall under the category of insulators
which have polar nature like PEN (polyarylene ether nitrile), PVDF, PVA, PVC, polyimide and so forth.

Dielectric constant of a material is directly related to its polarizability in the applied field of given
strength and is a complex function of a number of variable factors, in addition to the nature of the
filler and polymer. Among these, the most important are concentration and particle size of the filler
which directly influence the polarization developed at the interfaces. The increase in the dielectric
constant is not significant as agglomeration of the particles of the filler at their high loading results in
porosity which contain air and the overall dielectric constant decrease from the expected value [23,24].
Higher concentration of the filler also induces brittleness, severe deterioration of mechanical properties
and flexibility [25] in the polymer matrix which restricts its applications to a narrow spectrum of
electronic devices. The size and morphology of the particles in the final composites, also referred as
effective filler, is responsible for the overall behaviour of the composite under consideration and it is
not the size of the particles in the powdered filler that was initially introduced [26].

As far as the conducting polymers, such as polyaniline (PANI), polypyrrole (PPy) and so forth,
are concerned, their use as the host have been avoided due to the probability of risk of conduction
in the applications where short circuiting is the most likely expected. PANI has been filled with
magnetic [27,28] and dielectric particles [29] and the composites thus obtained were found to have
excellent magnetic and dielectric properties, respectively. Polyptrrole (PPy) being used in gas
sensors, photovoltaic cells, conductive fibres and capacitors for its conductivity, physiochemical
stability and relatively low cost [30]. In addition to this PPy possess environmental and thermal
stability, easy to prepare and exhibits pseudo capacitance [31]. BaTiO3 carries the properties like
ferroelectricity, Perovskite structure and high dielectric constant [32]. It is also considered lead free,
environment friendly and has low manufacturing cost. The combination of these two is likely to
meet the requirements of high dielectric constant ceramic polymer composites. Very small amount
of polypyrrole (0.3% to 1.4%) has been deposited on the surface of (5.0 g) BaTiO3 by Shin Nosuke
Miyauchi et al. (1989) using different amounts of FeCl3 as oxidant and a dielectric constant of 103 to 104

was reported in the frequency range of 100 Hz–1 MHz. The reason for this much higher permittivity
was not clear and it was attributed to the content of polypyrrole [33]. In this regard no investigation
into dielectric losses and thermal stability were reported. Similarly in another such deposition of PPy
on BaTiO3nanoparticles was done by Ipsita Halder and Arabinda Nayak (2017). They prepared 32 wt %
PPy-BaTiO3 composite and studied its temperature dependent dielectric properties and magnetic
properties and concluded that the said composite may be used as magnetic field sensor even at low
magnetic field [34]. The study of ferroelectric particles into the conducting polymer matrix has revealed
that there is a decrease in conductivity with the increase in the wt % or vol % of the filler [35]. Keeping
in view such investigations and focusing the effect of processing conditions on the conductivity of such
polymers, the composites using TiO2 in PPy and TiO2-PVA in PPy [36,37] were successfully prepared
and characterized exhibiting excellent dielectric behaviour found both at low and high frequencies
of the applied electric field (AC). The trend was attributed to the very small particle size in the final
composites which offered large surface to volume ratio for high interfacial polarization.
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In the present work, a series of composites have been synthesized and characterized for desired
structural, thermal and dielectric properties by introducing only 1 to 5 wt % BaTiO3 into the PPy
matrix. The novelty of the work lies in the fact that it is not merely the deposition of PPy on BaTiO3 but
method of synthesis employed was designed to result in the formation of composites which have final
crystallite size of less than 5 nm so that such a low concentrations of the filler induce the equivalent
dielectric behaviour along with the maintenance of the flexibility of the matrix (PPy) as compared to
the previous works where the %ages of the filler were in the range of 5%–50% [33,34]. The dielectric
properties were actually focused rather enhancement in conductivity where PPy has always been
prepared at 0 ◦C while for the present work a temperature of 30 ◦C, acidic and aqueous medium and
vigorous stirring under inert atmosphere resulted in formation of high dielectric constant composites
with low dielectric losses and high thermal stability. To the best of our knowledge all these conditions
have never been combined to prepare PPy composites.

2. Materials and Methods

2.1. Materials

Pyrrole monomer (Sigma-Aldrich, Bestellen, Germany), distilled every time before use at
130 ◦C in the absence of sunlight and was kept carefully at 4 ◦C in dark, barium titanate
(Sigma-Aldrich), hydrochloric acid (Merck A.G., Darmstadet, Germany)), ammonium hydroxide
(Purity of NH3 ≥ 99.99%), ferric chloride hexahydrate (FeCl3·6H2O) Merck A.G. Double Distilled
Water, Ethanol (Merck A.G.).

2.2. Synthesis of Polypyrrole (PPy)

0.1 mole of freshly distilled pyrrole was added drop wise into 0.3 M FeCl3·6H2O solution taken in
a three neck flask. The mixture was stirred vigorously under inert atmosphere of N2 at 30 ± 1 ◦C for
1 h. Black coloured precipitates thus obtained were filtered and washed with water, ethanol, 1.0 M
NH3 solution and finally with water. It was dried at 60 ± 1 ◦C in vacuum oven for 48 h.

2.3. Synthesis of BaTiO3/PPy Composites

BaTiO3 (1 wt % to that of pyrrole) was suspended in 1.0 M HCl solution by stirring for 12 h at
30 ± 1 ◦C. This homogeneous suspension along with 0.3 M FeCl3·6H2O was stirred for another hour
and then transferred to a three neck flask to which 0.1 moles of freshly distilled pyrrole was added
drop wise. The similar procedure of reaction conditions, washings, drying and so forth, were adopted
to obtain the final composite as mentioned for the synthesis of pure PPy. The composite has been
labelled as PPy/1% BaTiO3

Similarly four more other composites were prepared using various amounts of BaTiO3 as specified
in the Table 1.

Table 1. Amounts of BaTiO3 and PPy in the composites 2–5.

Composite No. Composite Label Weight of BaTiO3
(mg)

Weight of PPy
(mg)

Weight Ratio of
BaTiO3:PPy

1 PPy/1% BaTiO3 67 6700 0.01:1
2 PPy/2% BaTiO3 134 6700 0.02:1
3 PPy/3% BaTiO3 200 6700 0.03:1
4 PPy/4% BaTiO3 268 6700 0.04:1
5 PPy/5% BaTiO3 335 6700 0.05:1

FTIR Spectra of the prepared samples were taken in normal IR region of 4000–400 cm−1 obtained
at RT. Samples were dispersed in KBr as a reference in the form of compressed pellets and were
analysed using a Burker Vertex 70 spectrometer (Bruker, Yokohama, Japan) X-ray diffraction studies
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were performed using a Rigaku Ultimate IV X-ray diffractometer (Rigaku, Ohieu, Japan) was used set
at scanning speed of 0.02◦ per minute in the 2θ range of 5◦ to 80◦ using CuKα lines. The XRD data
was also utilized to estimate the size of the crystallites (D) with the help of well-known equation [38]
as given below:

D =
k λ

β cos θ
(1)

where k is the shape factor (≈0.9), λ is the wavelength of the X-ray of Cu Kα radiation (λ = 0.15408)
and β is the full width at half maximum of the most intense peak obtained at 2 theta which then gives
the value of θ as divided by 2. To study the surface morphology of the composites a scanning electron
microscope (SEM, JSM-6610, Jeol, Peabody, MA, USA) was utilized. For dielectric studies an LCR
meter (Wayne Kerr, 6500 B, Wayne Kerr, London, UK) was utilized. Compressed pellets were prepared
under hydraulic pressure of 12 tons were placed between the electrodes of the capacitor attached to the
LCR meter. The meter gives us the values of Capacitance (C) and Resistance (R) at different frequencies
(Usually 100 Hz to 10 MHz)

The real part of the dielectric (έ) was calculated from the equation:

έ =
Ct

Aε0
(2)

where C is the capacitance, t is the thickness of the sample pellet, A is the area of the sample pellet and
ε0 is the permittivity of space (8.85 × 10−12 F m−1).

The tangent of the dielectric loss (tan δ) and the dielectric loss factor (ε′′) was calculated as:

tan δ =
1

2π f RC
(3)

ε′′ = ε′ tan δ (4)

Here f is the frequency of the applied A.C., R is the resistance and C is the capacitance. The real
and imaginary parts of the electronic modulus are then calculated applying the formulas

M′ =
ε′

(ε′)2 + (ε′′)2 (5)

M′ =
ε′′

(ε′)2 + (ε′′)2 (6)

3. Results and Discussion

3.1. Fourier Transform Infrared (FT-IR) Analysis

Figure 1 shows the FT-IR spectra of pure BaTiO3 and pure PPy. For the pure BaTiO3, two major
absorption peaks at 423 cm−1 and 550 cm−1 correspond to Ti–O bending and stretching vibrations,
respectively [39]. The additional absorption peaks of interest are at 1633 and 3473 cm−1 may be
attributed to moisture absorbed in the concerned material [40]. For the pure PPy prepared the
characteristic N–H bond stretch occurs at 3461 cm−1 whereas the peaks observed at 1560 cm−1 and
1390 cm−1 are attributed to C=C and C–N in plane deformation respectively. A medium absorption
peak at 1175 cm−1 and weak absorption at 1040 cm−1 are the responses of =C–C stretching =C–H in
plane bending.

Figure 2 presents the FT-IR spectra of the composites in which at 3415–3430 cm−1 a medium band
is due to N–H bond stretching of PPy benzenoid rings [41] and this bond seems to have been affected
on the introduction of BaTiO3 which was observed at 3473 cm−1 for pure PPy. Absorption observed
at 1560 and 1308–1317 cm−1 is the result of stretching due to C=C and in plane deformation of C–N,
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respectively. The C–N deformation absorption is also in the lower energy region as compared to that
of pure PPy (1390 cm−1). The absorption peak due to the stretching of =C–C and in plane bending of
=C–H is appearing at 1195 and 1040 cm−1, respectively. It can be inferred from the shifting of most of
the peaks mentioned above for the PPy in the composites towards the shorter frequency that the molar
mass of the PPy matrix has increased with associated lengthening of the chain as the wave number
or frequency of the absorbed radiations is inversely related to the molar mass according to the well
known Hook’s Law. The absorptions due to Ti–O bending vibrations at 423 cm−1 and Ti–O stretching
vibrations at 550 cm−1 attributed to these bonds present in the BaTiO3 are observed as weak narrow
bands at 446 cm−1 and 567 cm−1 [42] respectively. All these absorption peaks have been found in
connection with the data obtained from the literature concerned [39] and therefore the presence of
both phases and in-situ formation of the desired composites is confirmed.Polymers 2018, 10, x FOR PEER REVIEW  5 of 17 
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3.2. X-ray Diffraction Analysis

Figure 3 shows the XRD patterns of pure PPy where reveals its amorphous behaviour and typical
diffraction peak at 25.6◦ [43]. Figure 4 gives XRD pattern of BaTiO3 powder employed and Figure 5 of
the formulated composites. All the characteristic peaks concerned to the Perovskite tetragonal phase
of BaTiO3 are confirmed at 2θ = 22◦, 31.4◦, 38.8◦, 45.2◦, 50.9◦, 56.2◦ and 65.8◦ (JCPDS 05-0626) [44]
and (ICSD-29148) [45]. The peaks at 2θ = 22.07◦, 31.6◦, 38.8◦, 45.4◦ are attributed to the reduction
in crystallographic elements in the unit cells of BaTiO3 [44]. The diffraction peaks at 25.4◦ to 25.7◦

confirm the presence of PPy being the typical characteristics of the matrix. The pattern is an index to
the result that composites are of semi crystalline nature with crystallites of 1 to 5 nm embedded in
amorphous PPy matrix [46]. Table 2 shows the values of parameters use d to calculate the crystallite
size of the composites and its results.
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Table 2. Estimated crystallite sizes for PPy/BaTiO3 (1%–5%) composites.

Sample 2θ Value of Max. Intensity Peak FWHM Crystallite Size

PPy 26.12◦ 8.02◦ 1.01 nm
PPy/BaTiO3 (1%) 31.3◦ 1.68◦ 4.9 nm
PPy/BaTiO3 (2%) 31.5◦ 2.02◦ 3.9 nm
PPy/BaTiO3 (3%) 31.6◦ 1.65◦ 5.0 nm
PPy/BaTiO3 (4%) 31.2◦ 2.29◦ 3.6 nm
PPy/BaTiO3 (5%) 30.6◦ 2.92◦ 2.82 nm

3.3. Thermogravimetric Analysis (TGA)

Figure 6 displays TGA curves of pure BaTiO3, neat PPy and the five composites prepared.
The initial weight loss of about 5% in between 124–133 ◦C is the result of dehydration of the polymer
matrix [47,48]. From the temperature scan of 134–231◦C, the weight reduction is because of the
beginning of chemical changes thus resulting into the minor decomposition producing the gases
like CO2 and NH3 [49]. In the third stage, the degradation process left still 72% mass in the range
250–600 ◦C for 5 wt % of BaTiO3 (0.335 g in 6.7 g of PPy) which proves its much thermal stability as
compared to the pure PPy. Table 3 summarises the wt % age weight losses of the composites with
rise in temperature. It is concluded that the introduction of very small amount of BaTiO3 induced
an overall much higher thermal stability in the composites as compared to those ceramic-polymer
composites which have higher wt % ages of the filler [50]. The sharp increase in the thermal stability
with the increasing amount of BaTiO3 may be attributed to lower mobility of PPy chains when said
chains are bound onto the filler particles and chemical interactions developed between PPy and BaTiO3

as inferred from FT-IR results.
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Table 3. Weight loss data from TGA analysis of PPy/BaTiO3 composites at various temperatures.

Temp
(◦C)

Weight Loss (%) of PPy/BaTiO3 Composites

PPy PPy/BaTiO3-1%
(0.067 g)

PPy/BaTiO3-2%
(0.134 g)

PPy/BaTiO3-3%
(0.20 g)

PPy/BaTiO3-4%
(0.268 g)

PPy/BaTiO3-5%
(0.335 g)

200 9.8 9.5 9.2 8.8 8.6 8.3
300 15.0 14.9 13.8 13.4 12.6 11.7
500 28.9 22.4 20 19.6 19 18.9
550 31.8 28.9 27.6 26.3 25.7 24.3
595 34.3 34.6 30.6 28.9 28.6 27.3

3.4. Scanning Electron Microscopy (SEM) Analysis

Figure 7a,b shows SEM images of Pure BaTiO3 and PPy and Figure 8a–e that of PPy/BaTiO3 with
1–5 wt % BaTiO3 filler, respectively all at the same magnification of 20 k for better comparison of grain
size and porosity induced with increase in the amount of the filler. Comparing the Figures 7 and 8 to
understand the morphology of the composites, one of the most common features is the aggregation
of grains of different sizes and the isolation of the clusters thus produced. In 1 and 2 wt % BaTiO3

composites the grains have plate like structure which then immediately changed to granular structure
with decrease in grain size, more compactness and an increase in inter granular spaces. When BaTiO3

was increased in the range of 3 to 5 wt %. The increase in the filler content has pronounced effect on
the bonding between the grains. It is apparent in the SEM image of the final composite having 5%
BaTiO3 clusters of small granules appear as if these are bridges between different zones. From SEM,
FTIR and XRD results we can conclude that the polymerization process has greatly been affected
by the introduction of the filler (BaTiO3). The pixel ruler estimates the grain size from 0.1 to 0.3 µm
and a porosity of 0.5 to 1.0 µm in the composite having 1 wt % BaTiO3 (Figure 8a) and a grain size
of 0.05 µm to 1.0 µm and interstices of which increased to 1.0 to 1.5 µm in the composite with 5%
BaTiO3 (Figure 8e). The decrease in grain size and increase in porosity causes increase in interfacial
polarization and decrease in the chances of charge transfer from one zone to the other [44,51].
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Figure 7. SEM images of (a) BaTiO3, (b) Pure Polypyrrole.
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3.5. Dielectric Studies

The dielectric permittivity has always proved as if it was a complicated function of different
factors such as type of solids, frequency, temperature and so forth [52]. that is why it varies from
material to material. The BaTiO3 particles employed were of 2 µm size and the grain size of the matrix
as confirmed from the SEM analysis is much lower (0.1 µm to 0.5 µm) still consisting of crystallites
of 1 to 5 nm size in the amorphous matrix revealed that the polarization mechanism thus developed
has greatly enhanced the dielectric constant at all the frequencies and it continuously increased with
the increase in %age by weight of BaTiO3. The Figure 9 reveals that the value of dielectric constant
was found 529 at 1 kHz and 178 at 1 MHz for 1 wt % BaTiO3. The dielectric constant increased to
an exceptional value of 2060 at 1 kHz and finally 522 at 1 MHz when the amount of BaTiO3 was
5 wt %. An abrupt change in dielectric constant was observed when the amount of the filler was
increased to two folds (2 wt %). This may be explained on the basis of the reduction of particle size as
evident from Figure 10 where one can see that the particle or crystallite size remained in the range
of 4 to 5 nm for composites with 1 wt % to 3 wt % BaTiO3 and then reduced to 3.6 nm for 4 wt %
BaTiO3/PPy and finally 2.82 nm in 5 wt % BaTiO3/PPy composite. Smaller particles offer more surface
area for polarization phenomena and hence an increase in dielectric constant is observed. Combining
the results of crystallite size data obtained from XRD analysis and morphology from SEM images
the dielectric constant values are predicted to be high as the charge associated with the individual
particles of such a system is localized. The restriction of movement of charges thus produced form an
atmosphere of mini capacitors within the composites and then each of these contributes to the overall
dielectric constant of the material [51].

The FT-IR and XRD datahas also revealed that the composites do not belong to a homogeneous
system as the all the characteristic peaks of both components have been obtained. For such a
semi heterogeneous system the high dielectric constant values are well explained on the basis of
Maxwell-Wagner-Sillars effect [53,54]. When there are two media in contact that possess different
conductivities and permittivity space, charges build up at their interfaces [55,56]. Interfacial
polarization is mainly a function of intrinsic physical & chemical properties/structure of the filler
and intrinsic polarizability of the matrix. In the present work the composites obtained have the
filler—matrix strong interfacial interactions which enhanced the dielectric constant [57,58].



Polymers 2018, 10, 1273 11 of 17
Polymers 2018, 10, x FOR PEER REVIEW  11 of 17 

 

 

Figure 9. Dielectric constant as a function of AC frequency PPy/BaTiO3 composites. 

0 1 2 3 4 5

1

2

3

4

5

 

 

C
ry

st
ta

lit
e 

si
ze

 (n
m

)

wt %age of BaTiO3
 

Figure 10. Crystallite size as a function of wt % BaTiO3 in the composites. 

Figure 11 shows variation in dissipation factor (tan δ) and Figure 12 depicts dielectric loss which 
is defined as the combined parameter of the dielectric constant and dissipation factor (�ʺ) with 
frequency and amount of the filler. It can be seen that at 1 kHz, the value of tan δ was 20 times greater 
for 5% BaTiO3 composite as compared to 1 wt% BaTiO3 composite which then reduced to 3 times at 
1 MHz. The final value of tan δ for the composite with the highest obtained dielectric constant is 1.2 
which indicates that the composite has very low heat/dissipation factor which is almost always 
desired. 

Figure 9. Dielectric constant as a function of AC frequency PPy/BaTiO3 composites.

Polymers 2018, 10, x FOR PEER REVIEW  11 of 17 

 

 

Figure 9. Dielectric constant as a function of AC frequency PPy/BaTiO3 composites. 

0 1 2 3 4 5

1

2

3

4

5

 

 

C
ry

st
ta

lit
e 

si
ze

 (n
m

)

wt %age of BaTiO3
 

Figure 10. Crystallite size as a function of wt % BaTiO3 in the composites. 

Figure 11 shows variation in dissipation factor (tan δ) and Figure 12 depicts dielectric loss which 
is defined as the combined parameter of the dielectric constant and dissipation factor (�ʺ) with 
frequency and amount of the filler. It can be seen that at 1 kHz, the value of tan δ was 20 times greater 
for 5% BaTiO3 composite as compared to 1 wt% BaTiO3 composite which then reduced to 3 times at 
1 MHz. The final value of tan δ for the composite with the highest obtained dielectric constant is 1.2 
which indicates that the composite has very low heat/dissipation factor which is almost always 
desired. 

Figure 10. Crystallite size as a function of wt % BaTiO3 in the composites.

Figure 11 shows variation in dissipation factor (tan δ) and Figure 12 depicts dielectric loss which is
defined as the combined parameter of the dielectric constant and dissipation factor (ε′′) with frequency
and amount of the filler. It can be seen that at 1 kHz, the value of tan δ was 20 times greater for 5%
BaTiO3 composite as compared to 1 wt % BaTiO3 composite which then reduced to 3 times at 1 MHz.
The final value of tan δ for the composite with the highest obtained dielectric constant is 1.2 which
indicates that the composite has very low heat/dissipation factor which is almost always desired.

The polarization at the interfaces of the amorphous and crystallite phases and the molecular
polarity especially due to N–H bond is the major cause of dielectric losses [54]. As shown in the SEM
micrographs the porosity has greatly increased in the 5% of BaTiO3/Ppy which restricted the charge
transport between the grains, the major cause of dielectric loss (ε′′) [51].

These dielectric parameters can well be explained if the composite media are considered under
Koop’s theory and Maxwell-Wagner model in which the polarization is almost always developed by
the electrons roaming from the grains to their boundaries/edges under the electric field. The increase
in frequency causes an increase in the number of hurdles for the electrons to reach the grain boundaries,
thus decreasing the polarization and the subsequent fall in dielectric constant.
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Figures 13 and 14 presents the frequency dependence of the real and imaginary parts of the
dielectric modulus of BaTiO3/PPy composites. These parameters enable us to interpret the interfacial
polarization and chain segmental relaxation phenomena under the influence of varying electrical
field [59,60]. The relaxation time distribution increases after 100 kHz and are maximum at 1 MHz as
far as the measurements are concerned. The peak maximum for the imaginary part of the dielectric
modulus (M′ ′ is visible only for 1 wt % BaTiO3/Ppy composite and for the other composites (2 to
5 wt % BaTiO3/Ppy) cannot be interpreted as the interval of the frequency was not wide enough to
present these. This type of behaviour of a system at higher frequency reflects its higher conductivity
under the said circumstances and can be attributed to huge number of nanoscale PPy particles which
induces semi conductivity [61]. The shift of these peaks maxima towards higher frequencies with
increase in the filler is a sign of decrease in molar mas, poor relaxation and in turn the flexibility of the
composites [62,63].
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When the results of the dielectric behaviour of the composites of BaTiO3 and PPy are compared
with those of the previously published similar PPy composites [33,34,64–67] we find that such results
have been obtained either through the higher weight or volume percentages of the filler into PPy or by
the addition of a third component. These methods induce brittleness and high dielectric losses and
make the processing conditions expensive and difficult. In addition to this their application was found
almost limited to the capacitors and electromagnetic shielding (EMS)

4. Conclusions

High dielectric constant composites of BaTiO3-PPy with low dissipation factor and high thermal
stability of were synthesized using aqueous dispersion of small amounts of the filler via in situ
polymerization. The FT-IR confirmed the formation of PPy in all the composites with characteristic
absorption peaks of BaTiO3 and it was inferred that the filler particles were partially wrapped by the
polymer matrix. The same conclusion was drawn from the XRD studies which also revealed that
there are present both amorphous and crystallite phases. With the help of Scherer’s equation, the
average sizes of the crystallites in the composites formulated were also calculated and were found in
the range of 1–5 nm, which should be the major reason for the dielectric behaviour of the synthesized
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products, as such particles can serve as mini capacitors within the composite. TGA revealed that the
thermal stability of PPy increased with a small amount of BaTiO3, which, to the best of our knowledge,
is comparable to the composites reported earlier with very high percentages of the ceramic fillers.
Dielectric parameters were found exceptional and a value of dielectric constant of 522 and dielectric
loss of 1.2 were achieved for the PPy/5% BaTiO3 composite (with weight ratio of BaTiO3:PPy as 0.05:1)
at 1 MHz frequency where the values are usually mentioned in the literature. These parameters along
with electric modulus analysis (M′ and M′ ′) when related to particle size and morphology can account
for the electrical properties. It was confirmed that the Maxwell-Wagner-Sillars (MWS) polarization
existed in the systems which has been described in the section on dielectric properties. It is also
concluded that the composites are suitable for use at both low and high frequencies as dielectric
medium under AC electric field.
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