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Abstract: With the addition of inorganic spherical nanoparticles to polymers allows the modification of the polymers
physical properties in the polymer matrix. This review article covers considerations on special the aspects of TiO,
nanoparticles composite materials in polyaniline during the polymerization. Classical hanocomposite properties, as thermo
mechanical, dielectric, conductive, magnetic, as well as, mechanical properties will be summarized. Finally, typical existing
and potential applications will be shown with the focus on new and innovative applications, like in energy solar systems and

environment systems.
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I. Introduction

The environment and energy are the biggest challenges of
the 21st century. Nanomaterials, with attractive chemical
and physical properties, are being explored for potential
uses in energy and environmental applications.
Considerable effort has been made to design, fabricate, and
manipulate  nanostructure  materials by innovative
approaches. The precise control of nanoscale structures will
pave the way not only for elucidating unique size/shape
dependent physicochemical properties but also for realizing
new applications in  science and technology.
Nanotechnology offers unprecedented opportunities for
improving our daily lives and the environment in which we
live. The addition of inorganic spherical nanoparticles to
polymers allows the modification of the polymers physical
properties. The resulting thermal, mechanical, optical,
magnetic or conducting properties of the nanocomposites
are influenced by the filler properties as well as from the
fillers surface properties. Specific interest is to develop the
polymeric nanocomposite with good thermo mechanical
properties, rheological characteristics and thermal stability
for energy and environmental applications [1]. As global
environmental and energy issues increasingly demand our
attention, numerous challenges in materials science and
technology will arise. Polyaniline is electro-conducting
polymer containing a system of conjugated double bonds,
and its properties combine semiconducting and metal
physics with the molecular and solid-state chemistry. To
make this polymer electrically conductive it is necessary to
introduce mobile charge carriers. This can be done by
oxidation or reduction reactions, commonly called ”doping”
and “dedoping”,respectively, which can be performed by
different chemical or electrochemical processing. Chemical
doping-dedoping occurs when the polymer is exposed to an
oxidizing or reducing agent; whereas -electrochemical
doping-dedoping can be obtained by anodic and cathodic
polarization  in  suitable  electrolytes  [2-4].The
nanostructured metal oxides are promising new materials
for blending with polymers for obtaining low weight
nanocomposites with excellent mechanical, electrical,
thermal, and multifunctional properties. The creation of
nanocomposites based on electro-conductive polymers and
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nanostructured metal oxides, i.e. incorporation of inorganic
filler into polymer matrixes, can dramatically improve their
processibility [5-7]. The main goal in this work is to enlarge
the existing knowledge of the preparation of new advanced
materials consisting of polymer matrix with nanoparticles.

1. Conductive Polymer

Conductivity or can be semiconductors. The biggest
advantage of conductive polymers is their processibility,
mainly by dispersion. Conductive polymers are generally
not plastics, i.e. they are not thermoformable. But, like
insulating polymers, they are organic materials. They can
offer high electrical conductivity but do not show
mechanical properties as other commercially used polymers
do. The electrical properties can be fine tuned using the
methods of organic synthesis (9) and by advanced
dispersion techniques (10). The linear —backbone “polymer
blacks” (Polyacetylene, Polypyrrole, and Polyaniline) and
their copolymers are the main class of conductive polymers.
Historically, these are known as melanins

i~y

O ny

Savhohene

naucting Folymers

..Poly (p-pheylene) (PPV) and its soluble derivatives have
emerged as the prototypical electroluminescent
semiconducting polymers. Today, Poly (3-alkylthiophenes)
is the archetypical materials for solar cells and transistors
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2.1 Polyaniline properties and structure:

2.1.1. Chemical properties

The name of polyaniline is a family of polymers which
have the length of polymer chain, differ in oxidation state,
redox properties and the value of conductivity. There are
three oxidation states of polyaniline; Leuocemeraldine
(LE), Emeraldine (E) and Permigraniline (PNA).

The reduced states of polyaniline are LE and PNA in which
all the nitrogen atoms are amine and the fully oxidized all
the nitrogen atoms are imine forms respectively and in E
the ratio amine / imine is 0.5. Standard electrochemical or
chemical oxidation gives the electrically insulating LE,
electrically conducting E, as for other conducting polymers
[11].
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Fig 1.2 Non—conducting Polyaniline Structure

The second redox process by the oxidation gives
an insulating material -PNA. Addition to this changing in
behaviors of conductivity as decreases by order of ten in
magnitude by the treatment of the conductivity E in neutral
or alkaline medium. There is no change in the number of
pie electrons while protonation induces for the transition of
insulator to conductor.
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FIG 1.3 Protonated emeraldine form in transition phase
from polyaniline base form. Arbitrary anion represented by
A
Recently the structure of polyaniline was established as
poly (P-phenyleneamine quinonedimine) as emeraldine

base form [12]
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FIG 1.4 Poly (p-phenyleneamine quinonediiming) structure

The above structure of polyaniline was confirmed
by the C-NMR [13], IR and Raman spectroscopy
experimental data [14, 15]. Accordance to the results, the
bands C=N movement mode, C-N bending mode, for the
movement of benzenoid and quinoid rings are observed.
The chemical or electrochemical polyaniline oxidation
gives the idea of quinoid diamine units and changing of the
part of benzenoid diamine units, these results are verified
by the analytical results [16] and FTIR spectroscopy [17].
The quantitative p-benzoquinone almost formed by the
oxidation of Polyaniline [18]. The salts of PANI can be
prepared by the protonic acids as the presence of basic
amine and imine nitrogen atoms, 50% of nitrogen atoms
can be protonated explained by the existence of strong
effective pushing away between protons near to
neighboring nitrogen atoms [18]. Aromatic amines,
phenols, N, N-dimethylformahide phenols are some
organic solvents and in aqueous solutions of acids ,in cold
80% acetic acid , 60-88% formic acid in which polyaniline
is partially soluble. The molecular weight of polyaniline
base soluble in tetrahydrofuran, electrochemically obtained
in aqueous solution gives the maximum value is 4300 [19]
and maximum 50,000-55000, these value gives the idea of
different synthesizing methods and method of treatments
resulted in the molecular weight distribution shifts to the
low molecular weight side [20]. The molecular weight of
polyaniline effected by the temperature of synthesis, as
temperature decreases of synthesis molecular weight
increases [21].

2.1.2 Thermal, dielectric and mechanical properties of
Polyaniline

2.1.2.1. Thermal properties

Thermal stability of Polyaniline in both conducting and
insulating forms by thermo gravimetric analysis (TGA) and
differential scanning calorimetry (DSC) have been studied
by the researchers [22-25]. The thermogram of Polyaniline
represents weight loss process in three steps.

. Due to evaporation of water or solvent molecules
from the polymer between temperature ranges 65-125
0
C [22].
e Loss of low molecular weight polymer and
unbounded dopant ions from a Polyaniline chain
0

between 125-350 C [23].
e  The degradation of the main polyaniline chain after
0

the elimination of bounded dopant 350-520 C
between [24].

Thermal stability of doped polyaniline depends upon the
counter anion as methane sulfonic acid (MSA) doped
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polyaniline was stable up to 250 OOC [26].The first step

occurring in the range of 65-125 C is attributed to the
evaporation of water or solvent molecules from the polymer
g23]. The second-step weight loss occurs between 125-350

C and is due to the loss of low molecular weight polymer
and unbounded dopant ions from a PANI chain [024]. The

third-step weight loss occurs between 350 and 520 C and is
due to the degradation of the main PANI chain after the
elimination of bounded dopant [25]. But it should be
mentioned that the thermal stability of doped PANI is
dependent on the counter anion. For example, methane
sulfonig acid (MSA) doped PANI was found to be stable up

t0 250 C [26].

2.1.2.2. Dielectric properties
The electric field effects on polyaniline depend on the
different factors temperature, electric field frequency, acid

doping, and water content. The dielectric function & (®)
gives the information of transport mechanism in the system.
The dielectric response is described by the complex
pfzrmittivity

g (w)=¢" (o) - ie” ()

Where €’ (o) is storage energy in each cycle of applied
electric field,

€” (w) loss of energy in each cycle of applied electric field.

At high frequency the value of the value of & (®) is
constant in comparisons to at low frequency and high
temperature [27]. The increase of the dielectric permittivity
with doping is a result of contributions from the backbone
emeraldine base and the formed polaron and bipolarons to
the polarization [27].

2.1.2.3. Mechanical properties

As it is known, the main disadvantages of PANI are its poor
processibility and mechanical properties caused by its
backbone stiffness. It was found that the mechanical
property of PANI can be substantially enhanced when it
was prepared from the gel and after the cross linking [28,
29]. The influence of the PANI oxidation state on the
mechanical property was also established [28]. It was found
that the tensile strength of EBOfiIm was improved by about

25% upon heating to 150 C. This improvement was
attributed to the interchain cross linking of PANI at high
temperature and the formation of the PANI aggregates
through interchain hydrogen bonding. The tensile sotrength

of LE improved only upon its exposure to air at 200 C, but,
at the same time, the color of the film changed from yellow
to blue [28]. The XPS results revealed the conversion of
amine units to imines ones at this temperature [30]. Also,
with the help of XPS analysis it was found that the
mechanical property of the PANI film is closely related to
the oxidation state of the polymer and the degree of cross
linking [30]. The film orientation also was found to
influence the mechanical properties. Monkman et al [30]
showed that the tensile strength increases with elongation
which indicates the alignment of polymer chains along the
stretch direction. X-ray diffraction analysis suggested [29] a
possible link of the mechanical behavior and changes in
crystallinity with elongation.
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2.1.3. Effect of acid-dopants on the polyaniline
preparation and properties

The rate of polymerization as well as conductivity and
others properties of PANI strongly depend on the used acid-
dopant [31-32]. It is known that the electrical conductivity
is influenced by the size and shape of the counter ion [33].
On one hand, higher the penetration of counter ions in the
formed film is, the higher its conductivity is. But, on the
other hand, the small molecular weight anions are more
quickly removed from the polymer. That’s why the choice
of dopant might be a very important factor — if we need
thermally stable conducting PANI we should use larger
molecular weight acids, if the high value of conductivity is
more important — it is better to use small protonic anions.
The size of counter ion can also affect the interchain
distance and, correspondingly, intermolecular interaction
that can change the disorder in the polymer system [34].
Therefore, the choice of the dopant depends on the PANI
application.

It should be mentioned that the rate of the aniline
polymerization also changes depending on the acid in such
sequence: HCI < HCIO < HBF < HF < H PO < H SO

[32, 35]. The acid nature at the same doplng Ievel
determines also the PANI conductivity as one can see from
the results in Table 1.1. Therefore, it is shown the same
anion differently influences the rate of polymerization and
the conductivity value of formed PANI.

In recent studies of PANI doped with various protonic acids
[33, 36, 37] it was found that hydrochloric and sulphuric
acids are the best dopants in terms of stability of
conductivity. Kiattibutr et al [38] producing sensors for
SOZ—N2 mixtures found that at the same doping level

specific conductivity of PANI-HCI is greater as compared
with PANI-CSA because of two factors: a more closely
packed crystalline mobility, and the ability to absorb more
water molecules which induced ionic conductivity. But, in
the other work [39] the opposite results can be found — the
authors showed that poly (o-methoxyaniline) (POMA)
doped with HCI is easily.

Table 1.1 Influence of the anion nature on the PANI

conductivity [33]
Anion Doping Conductivit
level Y,
-1
Ohm - cm
1
CFSCOO- 0.33 0.7
BFA' 0.34 0.8
CIOA_ 0.31 2.0
cl 0.36 1.4
N03 0.33 1.9
7-
SO 0.23 0.5
4
2386 | Page



International Journal of Modern Engineering Research (IJMER)

WWW.ijmer.com
deprotonated in comparison to polymer doped by p-toluene

sulphonic acid (TSA). The CI anion is a weaker base than

p-toluene sulphonate, thus, CI ions are more easily
removed [39]. Also, amic acids were found to be dopants
for PANI [40]. PANI reacted with the selected amic acid by
mixing the N-methyl pyrrolidone (NMP) solutions of the
two materials in appropriate ratios. It was found that the
conductivity in all the polymer matrices was limited by
geometric limitations between the two polymers.

Phosphoric acid diesters with long alkyl
substituents are also very good candidates for protonating
agents which induce solution and melt processability of
conducting PANI [41]. Due to their lower pH value,
compared to the parent acid, they are sufficiently acidic to
protonate emeraldine base. Their hydrophobic alkyl chains
also induce solubility of PANI. Phosphoric acid esters are
known as plasticizers for a variety of polymers. Thus, the
esters can serve as plasticizers and protonating agents for
PANI. Protonation of PANI was achieved by treatment with
diester [bis-(2-ethylhexyl) hydrogen phosphate] (DiOHP)
and diester [bis-(2-methylpropyl) hydrogen phosphate]
(DiBHP) dissolved in an appropriate solvent (toluene,
decaline, chlorinated hydrocarbons, m-cresol) or by
mechanical mixing of PANI with neat diester. Phosphoric
acid esters are also known to form strong intramolecular H-
bonds [41].

The PANI-dopant interaction can be related to an
increase in the polymer molecular weight, the polymer
crystallinity and/or the molecular conformation of doped
PANI that changes from a compact coil to an open coil-like
structure. Not only conductivity, but also electrochromic
properties depend strongly on the acid-dopant. Gazotti et al
[39] established that POMA doped with TSA presents a
higher optical contrast in the visible region than the same
polymer doped by HCI.

Many researchers also reported that the dopant

mixtures induced high conductivity and processibility [37,
42]. Dopant mixtures gave higher conductivity to PANI
than a single dopant, because they could provide an
effective conjugation length and a high protonated level.
It should also be pointed out that not only dopant can
influence the PANI properties, but also the used solvent. As
it was shown, the conductivity of the PANI samples varies
with dopants (TSA, CSA, and benzene sulphonic and
naphthalene sulphonic (NSA) acids) in the same solvent
[42]. However, wusing different solvents (m-cresol,
chloroform, 2-hyroxybutanol (BeOH)) conductivity with
the same dopant dramatically changes [42], which indicates
that transport properties can be controlled by both dopants
and solvents.

Taking into account a specificity of used systems,
the observed divergences in obtained experimental results
may be explained by using different polymerization
methods and conditions. Significant fact may have been
here also attributed to the different PANI-dopant
interactions.

2.2 Synthetic methods of the polyaniline preparation
PANI is synthesized by the chemical or
electrochemical oxidative polymerization of aniline [11].
There exists also a method of plasma polymerization [43],
but this method is not very convenient and not easy in
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application. So, we will speak only about two ways of the
PANI obtaining — chemical and electrochemical
polymerization.

It is possible to select such conditions under which
PANI is the main reaction product. In this case the chemical
and electrochemical ways of the PANI preparation produce
polymers of the same composition since their
electrochemical behavior is practically identical [44-46].

2.2.1. Chemical way of obtaining polyaniline
Suitable oxidants such as ammonium persulphate
(APS) (NH4)28208, sodium chlorate NaClOa, potassium

dichromate KZCr207, Fenton reagent, hydrogen peroxide
HZOZ, etc. [46-50] in solutions containing mineral or

organic acids. As a result, dark green product is obtained,
which because of its color received the name “Emeraldine”.
The treatment of this product by alkaline or ammonium
solution converts it into dark blue Emeraldine base (Fig.
1.2). Under these conditions Emeraldine can be received
quantitatively: if oxidant is taken on the basis of 1.25 mol
per one aniline molecule, so the yield reaches 97% [26].
Similar values have been found recently [31]: 1.15 + 0.04
mol of APS per mol of aniline. These results are in good
agreement with the Emeraldine formula proposed on the
basis of elemental analysis and quantitative ratio [32]
including quinoneimine units 1/4, brutto formula CGH4 5N

CHNH +1.25[0] > CH N+125HO.
6 5 2 6 45 2

This formula is, certainly, approximate, but is close enough
to reality. The aniline oxidation reaction is an exothermal
reaction with an induction period [51]. It was established
that the presence of PANI leads to the decrease of induction
period time, i.e. the chemical oxidation as well as
electrochemical one is an autocatalytic process. The
properties of formed PANI are practically independent of
the chosen oxidant, but only under conditions when the
oxidant is not taken in excess. In the case of oxidant excess
the decrease of the PANI vyield is observed which is due to
the PANI decomposition [31]. Moreover, the polymer
formed is a little more oxidized and as a result the value of
its conductivity is lower [31].

2.3 COMPOSITE MATERIAL

Ceramics and polymers, composites, especially
polymer-matrix composites (PMC), allow for a physical
property tailoring using different type of fillers [52,
53].Depending on the particle size, particle shape, specific
surface area and chemical nature, the following polymer
matrix properties can be modified:
e Electrical and thermal conductivity
e Polymer phase behavior and thermal stability
e  Mechanical properties like stiffness, Young’s modulus,

wear, fatigue, and others

e Flame retardancy [54]

e Density
e Physical properties such as magnetic, optic or dielectric
properties.

In principle, the whole bandwidth of polymer
processing technology can be used for shaping, molding or
replication of the polymer-based composites enabling a low
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cost fabrication of components and devices. On the one
hand new potential applications can be realized using
nanoparticles with small sizes, but on the other hand they
complicate the realization of homogeneous and highly filled
composites. Polymer matrix composites containing
different kinds of nanosized fillers like clay, carbon
nanotubes, and others, can be found in [54-55].

2.3.1. Features of Nanoparticles

2.3.1.1. Particle size dependent properties of inorganic
nanoparticles

Ensembles of isolated nanoparticles with particle
sizes below around 20 nm exhibit physical properties that
may differ from their bulk counterparts. The effects are
sometimes crucial, as they will strongly influence the
desired or expected property of the nanocomposite. A
significant influence of particle size is observed as well as
on magnetic, dielectric, electronic, optical, thermodynamic,
and thermo mechanical, and on structural properties. The
following explanations rely on general features, found in
metallic, ceramic and semiconducting nanoparticles. Size-
dependent magnetic properties have been studied for
around two decades. Tang et al. [56, 57] reported an
increasing saturation magnetization in the particle size
range from 7.5 nm to 25 nm. In this size regime, the authors
also observed a decrease of the transition temperature. Han
et al. described similar behavior for Co-containing ferrite
nanoparticles [25]. The size dependence of saturation
magnetization is depicted exemplarily in Figure 2 (left).
These dependencies can be stated as general rules as
nanoparticles are typically covered by a 0.5 to 1 nm thin,
nonmagnetic surface layer. As the amount of surface
increases with decreasing particle size, the ratio of
nonmagnetic surface layer to magnetic material also
increases.
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Figure 2.1 a. Examples for typical particle size-dependent
physical properties. Left: Saturation magnetization as a
function of particle size. Data taken from [58]. Right: Band
gap energy for SnO, as a function of particle size. Data
taken from [59]

Size-dependent refractive indices were reported for narrow
band-gap semiconducting nanoparticles such as PbS by
Kyprianidou-Leodidou et al. [60]. Above 25 nm particle
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size the refractive index of PbS at different wavelengths
was more or less independent of the particle size, and near
the bulk values, respectively. For PbS particles with
diameters below 25 nm the refractive indices decreased
significantly with size. Similar observations were made
from these authors featuring the absorption coefficient. In
Si-nanoclusters a significant luminescence peak blue-shift
was calculated for decreasing particle size. In parallel the
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Mean particle diameter (nm)

Figure 2.1 b Examples for typical particle size-dependent
physical properties. Left: Saturation magnetization as a
function of particle size. Data taken from [58]. Right: Band
gap energy for SnO, as a function of particle size. Data
taken from [59]

Spectra became broader with decreasing particle size. These
effects were described in the size regime from 2 to 6 nm
[61]. Theoretical considerations predicted size-dependent
energy band gap and dielectric constants for
semiconducting nanoparticles [62]. Lee et al. [59] studied
the size dependence of band gap energies in SO, quantum
dots. Figure 2 (right) shows the significant increasing band
gap energy with decreasing particle size. Nienhaus et al.
[63] and Szabo et al. [64] observed a blue shift of the
plasmon losses with decreasing particle size in SnO,.

Concerning thermodynamic properties such as phase
transitions or phase stabilities, interesting observations were
made for materials existing in several polymorphs. The
physical properties such as optoelectronic, photochemical
or catalytic properties may be influenced by phase as well
as by size. This is the case for ZnO, and TiO,, both existing
in different phases, and very interesting as nanofillers in
composites. Suresh et al. [65] described an inverse
relationship between transformation temperature and
particle size in ZnO,, and deduced a grain size dependent
phase diagram. Li et al. [66] made energetic considerations
and calculated decreasing transition temperatures with
decreasing particle sizes for nanoscaled ZnO,. Zhang and
Banfield [67] analyzed the phase stability of nanocrystalline
TiO,. They found anatase to be more stable than rutile
when the particle size decreased below around 14 nm.
Phase stabilities of TiO, and ZnO, were also investigated
by Schlabach et al. [68, 69]. Both ceramics were found to
occur in non-typical phases as nanoparticles compared to
the bulk material and are subject to phase transformation
and grain growth with increasing temperature. Coating the
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nanoparticles with a different ceramic layer suppresses
phase transformations and obstructs grain growth. The
knowledge about which phase is stable under which
conditions is in-so-far important, as TiO; is frequently used
as filler to modify optical properties of polymers. The
phases differ in their refractive indices: bulk anatase is
characterized by a refractive index of 2.54 (at 550 nm) and
a band gap of 3.20 eV, whereas rutile is characterized by a
refractive index of 2.75 (at 550 nm) and a band gap of 3.03
eV for bulk, respectively. For amorphous thin TiO, films a
refractive index of 2.51 (at 550 nm) and a band gap of 3.27
eV were reported [70]. Size effects regarding
electrochemical properties and cycling stability were
described for nanoscaled TiO, [71, 72]. With decreasing
anatase particle size from 30 m to 6 nm, an increase of
capacity was observed, indicating an improved lithium
storage capability [38]. Similar effects were observed for
rutile [72]. Here the authors found a significant increase in
capacity with decreasing size from 300 nm to 15 nm for
rutile particles. As both phases were cycled under different
conditions, the results cannot be compared directly. Deng et
al. [73] comment that anatase - among all different TiO,
phases - presents the most interesting potential regarding
electrochemical properties.

2.3.1.2. Thermo mechanical Composite Properties
For many years, micron sized fillers have been
used for the reinforcement of the polymers poor mechanical

properties. In a rough approximation, the resulting
composite properties correlate with the filler volume
content in the matrix. In contrast, the use of nanofillers with
particle or agglomerate sizes below 100 nm and primary
particles below 30 nm does not follow this simple approach
in all cases, because due to size effects the following
additional aspects have to be considered:

. Particle shape, agglomeration, and size distribution
. Particle specific surface area and related surface
chemistry

. Particle-polymer matrix interface and interaction

. Compounding method and related shear forces.

Quite often the influence of nanoparticles on the polymer
properties is not unique, but in general some trends can be
observed. Jordan and coworkers collected in a very
comprehensive overview the main trends of the nanofillers
impact on the resulting composite mechanical behavior,
considering attractive as well as repulsive interactions of
the filler with an amorphous or crystalline polymer matrix
[74]. Table 2.1 gives a selection of the influence trend of
nanoparticles on the mechanical properties of amorphous
polymers taken from [74]. Table 2.2 lists the related
information for semi crystalline polymers, also taken from
[74].

Table 2.1 Impact of nanoparticles on composite properties with amorphous polymer matrix.

Item Polymer filler Item
Interaction Impact

Elastic modulus Attractive/repulsive Increase with volume fraction
Attractive/repulsive Increase with size decrease

Density/volume Attractive Increased volume as size decreases
Repulsive n.a.

Glass transition | Attractive Increase with size decrease

temperature Repulsive Level until 0.5%, drops off level from 1-10%

Table 2.2 Impact of nanoparticles on composite properties with semi crystalline polymer matrix.

Item Polymer filler Impact Item
Interaction

Elastic modulus Attractive/repulsive | Increase with volume fraction
Attractive/repulsive | Increase with size decrease

Density/volume Attractive Increased volume as size decreases
Repulsive n.a.

Glass transition | Attractive Decrease with addition of particles

temperature Repulsive n.a.

Crystalline Attractive/repulsive | No major effect

In the following, a few examples demonstrate the influence
of nanoparticles on the phase behavior, elastic modulus,
scratch resistance, hardness and elastic properties. A
comprehensive review covering the impact of different
nano particle types like clay, carbon nanotubes and
spherical particles on the mechanical properties of polymer
nanocomposites was published by Tjong in 2006 [75].

2.3.1.3 Glass transition temperature and coefficient of
thermal expansion

The Rensselaer group of Siegel investigated the influence
of coated and uncoated Al,Os (average particle size around
39 nm) on the glass transition (TG) behavior of PMMA [76,
77]. They found, that uncoated Al,O; caused, at
concentrations greater than 0.5 wt %, a significant TG-drop
of around 25 °C. The silanization of the Al,O; enabled a
constant TG even at higher Al,O; load of 10 wt %. In
contrast, the Hu group found that the addition of
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hydrophobic nanosized SiO, (Aerosil®) to PMMA vyielded
a pronounced increase of the glass transition temperature up
to 15 °C at a solid load of 4 wt % due to a strong attractive
interaction of the non-polar nanoparticle with a huge
specific surface area up to 200 m“g and the non-polar
polymer [78]. The decomposition temperatures of the
composites were elevated remarkably even at low SiO,
contents. Both groups used sonification in MMA as
dispersing method prior to the polymerization to the final
PMMA-based composite [76, 78]. The addition of two
different nanosized Al,O3 (primary particle sizes 13 and 38
nm, solid load up to 10 wt %) to a methylmethacrylate
based reactive resin caused after polymerization only a
slight drop of TG [79].The coefficient of thermal expansion
(CTE) was more affected by the 13 nm Al,O3, which can be
explained by the larger specific surface area of 107 m?/g
than the 38 nm Al,0; with only 34 m%g enabling
pronounced polymer chain immobility. Although a TG-
increase could not be detected in PMMA/SIO,
nanocomposites by thermal analysis (DSC), dielectric and
IR-spectroscopy gave evidence for a strong attractive
interaction of the nanoparticles with the polymer chains by
means of reduced chain movement and longer relaxation
times [80]. The direct chemical bonding of monodisperse
nanosized SiO, to a polymer backbone, here polystyrene
(PS), via grafting, caused a TG increase up to 6 °C at 2 wt
%, while the simple physical mixing via sonification
generated a slight TG decay [81]. Composites, consisting of
nanosized Al,O; and the semi crystalline high performance
polymer polyetheretherketone (PEEK), fabricated by wet
chemical methods followed by hot pressing, showed an
elevated decomposition temperature in comparison to the
neat polymer [82]. In contrast, the melting temperature was
not affected by the addition of the nanosized Al,Os even at
very high load (30 wt %). The crystallization temperature
increased slightly with load. Due to the increasing ceramic
content the CTE was reduced [82]. Chen and coworkers
[83] found, that small amounts (5 wt %) of the nanofiller
induced a higher thermal stability, while larger Al,O;
concentrations (9 wt %) caused a pronounced weight loss
even at low temperatures [83]. Same behavior could be
found for TG. A TG increase up to Al,O; filler
concentrations of 5 wt % were reported by Omrani and
coworkers as well [84]. Surface modified nanosized SiO,
monospheres with an average diameter of 400 nm,
dispersed in an epoxy matrix, caused an increase of TG as
well as a reduction of the CTE with solid content [85]. A
chemical bonding to the polymer amplified these effects.
Summarizing the data the following statements can be
made:

e The addition of ceramic fillers lowers the CTE.

e An increase of TG can be observed if an attractive
interaction of the nanofillers with the polymer matrix
by physic- or chemisorptions is given.

e A decrease of TG occurs if the nanoparticle has a
repulsive interaction with the matrix.
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2314 Elastic modulus, tensile strength, flexural
strength and impact performance

Hot compression molding of surface modified
SiO, (primary particle size 12 nm) or Al,O; (primary
particle sizes 15 and 90 nm), mixed with micron sized
PEEK powder, was used for the fabrication of test
specimens for mechanical testing [86]. The authors
investigated the influence of different mixing methods
(direct mechanical mixing, liquid-solid mechanical
dispersing, sonification, ball milling) and particle sizes on
the composite properties. In agreement to results listed
earlier the addition of the nanofillers to PEEK caused an
increase of TG but no remarkable change of the melting
behavior. The amount of crystalline domains in the polymer
decreased. The authors found, that tensile and compressive
strength increased with Al,O5 particle diameter while the
flexural strength was not affected. Comparable trends could
be detected for the Al,O; and SiO, fillers load increase.
Both materials showed an optimized concentration of 5 wt
% for a raise of the tensile, compressive and impact
strength; but a further filler concentration increase yielded a
strength reduction. A nanofillers surface modification using
different coupling agents did not result in a unique trend of
mechanical property reinforcement or weakening. A clear
influence of the dispersing method on the investigated
mechanical properties was not found [86]. Surface modified
nanosized Al,Oz (primary particle size 39 nm), dispersed in
PMMA, caused an increase in strain-to-failure over 28% at
a solid load of 5 wt % enabling a ductile flow in the glassy
state [87]. Thin films, consisting of up to 22.8 wt % SiO,
and polyamide 6, were investigated with respect to their
mechanical properties [88]. A significant change of the
viscoelastic properties (increase of storage and loss
modulus) with increasing load as well as of the Young’s
modulus as function of solid load and temperature was
reported. The mechanical properties of an in situ
synthesized and surface modified nanosized TiO, using
acrylates as reactive resin matrix were investigated after
polymerization [89]. The sol-gel based nanoparticle
synthesis and the in situ composite formation avoided
particle agglomeration guaranteeing a homogenous particle
distribution in the matrix. Increasing TiO, content caused
an increase of hardness (from 0.030 GPa for the pure
polymer and 0.198 GPa for a TiO, content of 10 wt %) and
Young’s modulus (from 2.83 GPa for the pure polymer and
4.98 GPa for a TiO2 content of 10 wt %). The thermal
stability was improved also, an increase of the refractive
index in the visible range from 1.5 up to 1.8 (TiO; load 50
wt %) due to the high intrinsic refractive index value of
TiO, accompanied with a good optical transmittance was
measured [89].The effect of the nanoparticle size and
amount on resulting mechanical composite properties were
measured by Cannillo et al. [90]. Fracture images showed a
strong bond between the surface-modified SiO, and the
polymer matrix. Tensile tests showed an improvement of
the Young’s modulus with solid load; in case of untreated,
hydrophilic SiO, no reinforcement was observed. Hence,
for a numerical description of the mechanical behavior
using FEM-methods an interfacial layer between the filler
and the matrix had to be assumed. Cho and coworkers
found, that a pronounced dependence of the mechanical
properties like Young’s modulus and tensile strength is
given [91]. Surface coated nanosized Fe,Oz with a nominal
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particle size of 9 nm, dispersed in an epoxy matrix, induced
an improved thermal stability of the resulting composite, a
significant TG increase of 15 °C at a 10 wt % solid load as
well as an improved pencil hardness[92]. The properties of

nanosized  SiO2-latexcomposites are described by
Oberdisse [93].
As a short resume the particle size, size

distribution, specific surface area, particle load, degree of
dispersion, and the particle morphology determine
especially the composite’s mechanical behavior [94]. The
formation of disordered aggregates and agglomerates
generating flexible micron sized clusters instead of isolated
nanosized particles affect directly the mechanical
properties. Hence a pronounced modulus enhancement in
thermoplastic polymers is difficult.

2.3.1.5 Scratch resistance, wear and creep properties

Ng and coworkers [95] compared the influence of
micron-sized and nanosized TiO, (10 wt %, average
particle size 0.24 pm and 32 nm, respectively) on the
scratch resistance of an epoxy. They found an improvement
of the scratch resistance when using the nanosized in
comparison to the micron-sized filled polymer and the neat
polymer. Same trend was found for the strain to failure
behavior; interestingly at other concentrations no impact
relative to the pure polymer of the nanosized TiO, was
found. The grafting of nanosized SiO, (average particle size
9 nm) with acrylamide and the dispersion in an epoxy
matrix via stirring and sonification yielded composites with
improved wear properties and reduced friction coefficient
relative to the pure polymer and a composite with the
untreated SiO, even at low nanofillers content (~2 vol
%)[96]. A slight increase of the glass transition temperature
due to an attractive filler-matrix interaction and the
resulting reduced polymer chain mobility was observed
also. Surprisingly no difference between the uncoated and
grafted nanosilica was observed. Highly transparent
composites, consisting of surface modified SiO, (Aerosil®
600, average primary particle size 40 nm) and Al,O3
(average primary particle size: 20 nm), dispersed in an
acrylate-based polymer, with improved scratch resistance
were synthesized by Bauer et al. [88, 89]. Melt mixing of
polyethyleneterephthalate and nanosized Al,O; yielded a
composite with slightly increased friction coefficient and
reduced wear rate at low filler contents up to 2 wt % [99].
In contrast, a further Al,O; addition caused an increase of
the wear rate to values significantly higher than the pristine
polymer. This optimized filler concentration of 2 wt %
correlates with a reduction of the polymers crystallinity
[99]. Daseri and coworkers published quite recently a
comprehensive overview covering all aspects of wear and
scratch resistance in polymer-based nanocomposites [100].
Co-extrusion of nanosized TiO, (primary particle size 21
nm) with polyamide 6, 6 yielded composites, which were
examined with respect to their creep resistance under
ambient conditions and at elevated temperature (50 °C)
[101]. Test specimens were fabricated by injection molding.
Composites containing 1 vol % TiO, possesses a significant
improvement of the creep resistance and a reduction of the
creep strain in comparison to the unfilled polyamide.
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2.4 Energy and Environment application

2.4.1 Intrinsic conductive polymer nanocomposites and
organic solar cells

Organic solar cells are widely under investigation
by O’Regan and Graetzel in 1991 dealing with the
photocurrent generation after photon absorption by an
organic dye and electron injection into the conduction band
of a n-type semiconductor like TiO, [102]. Modern dye-
sensitized organic solar cell uses polymer electrolytes quite
similar to systems used in lithium-ionbatteries [103]. Quite
recently the positive influence of nanosized TiO, (13 nm,
Degussa/Evonik), dispersed in PVDF, on the long term
stability of the solar cell was demonstrated [104].Intrinsic
conductive polymers have gained more importance at the
latest since the Noble prize for Alan J. Heeger in chemistry
in 2000. These polymers, like polyaniline (PANI),
polythiophene (PTP), PPy or PPV, are expected to be used
in organic solar cells, display technology, photodiodes or
batteries. In the last years the addition of nanosized
ceramics like SiO,, AlLO; or TiO, for a chemical
stabilization, an improvement of the physical properties as
well as a better dispersibility in water or organic solvents
has been investigated. Ballav and Biswas prepared
composites consisting of PTP and nanosized alumina
(particle size: 22—74 nm) [105]. They found a slight
increase in the electrical conductivity and an improved
thermal stability in contrast to the pure homopolymer. In
contrast to the neat polymer, the composite showed the
formation of stable suspensions in water and
isopropanol.Yang and coworkers investigated the influence
of nanosized SiO, (20 nm) and TiO, (20 nm) on the
stability of the PPV-precursor molecule [106].

242 Sensors

Public awareness of environmental issues rises and
governments make international commitments to reduce
emissions, sensor arrays (electronic noses) can play a very
important role in the protection of our environment [107].
Nanostructured TiO, films have been widely explored as
sensor units for various gases. Grimes et al. reported that
TiO, nanotubes prepared by anodization exhibited high
sensitivity to hydrogen at temperatures as low as180 °C
[108] It was reported by Birkefeld and co-workers that the
conductivity of anatase TiO, varied in the presence of CO
and H, at temperatures above 500 °C but Al-doped TiO,
(10%) became selective to H, [109]. For ZnO, a variety of
nanostructures such as nanowires, nanorods, nanotetrapods,
and nanoparticles have been investigated for gas sensing
[110-111].

I11. Conclusion

The results and data discussed above allow us
making a conclusion that the formation of composite
materials based on PANI and common polymers opens new
possibilities for production of the materials with desired
conductivity, mechanical, thermal and other properties.
Although a lot of such composite systems have been well
known, their industrial applications are still very limited,
and in the case of the important polyaniline TiO, / SnO,and
polyvinyl alcohol composites are unknown. This fact can be
explained by a lack of data on effects of the chemistry and
physico-chemistry of the aniline polymerization process in
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the presence of the matrix polymer on conductivity, thermo
stability, mechanical, structural and other properties of the
composite materials.

To synthesis conductive (PANI) and polyaniline- TiO,
/ SnO, composite through in situ polymerization
technique.s

To make conductive films of PANI/other polymer like
PVA and PAni-TiO,/ SnO; other polymer like PVA by
using solution casting method.

To study the effect of TiO2 / SnO, content on the
conductivity behavior of the blends with varying
TiO,/aniline weight ratio.

To study the heating effect on conductivity behavior.
To study the effect of weight fractions of conductive
components (PANI and PANI-TiO,).
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