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Polyaniline (PANI) and polyaniline/fly ash (PANI/FA) composites with various concentrations of fly ash
(20%, 40% and 50%) were synthesized by the process of in-situ polymerization. The samples were char-
acterized by powder X-ray diffraction, thermogravimetric analysis, infrared spectroscopy, and scanning
electron microscopy. Moreover, the dc conductivity of the samples was measured as a function of tem-
perature in the range 80—290 K and it was found that the addition of FA decreases the conductivity. The
temperature dependence of the dc conductivity for PANI and FA/PANI composites has been explained on
the basis of the quasi one-dimensional variable hopping model. A very good agreement was found be-
tween the experimental data and the theory.
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1 Introduction

Composites and blends based on conducting polymers (CP’s) have recently emerged as a new class of
potentially useful materials. A great deal of work is being done by many groups all over the world to
understand and engineer their exceptional electrical, optical and chemical properties. In this direction,
several classes of novel materials like, organic/CP [1], CP/CP [2] and CP/insulator [3] blends and com-
posites, and more recently, inorganic/organic nanocomposites [4, 5] have been synthesized and studied in
detail. Although still in their elementary stage, these investigations have revealed the immense possibili-
ties of technological exploitation of these materials. What’s more interesting is the fact that these materi-
als also seem to have opened up a new field of research that could easily be considered as a link between
polymers and nanoparticles.

Polyaniline (PANI) is one of the most interesting CP’s, which is a suitable choice for various applica-
tions, such as, in solar cells, sensors, electromagnetic shields and rechargeable batteries’ electrodes. Addi-
tionally, it is also known for its easy preparation methods and environmental stability [1, 2, 5—8]. Because
of these unique properties, it has attracted special attention among all the CP’s in the recent years.

Electrical conductivity of PANI can be significantly modified by suitable doping. For example, doping
PANI with malonic acid increases its conductivity by an order of magnitude [1]. Similarly, nanocompo-
sites made of PANI and montmorillonite show a variation in room-temperature conductivity as much as
eight to nine orders of magnitude depending on the PANI content [4].
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Fly ash (FA), which is otherwise a waste product obtained from the coal-furnaces, is another useful
material that may by considered for doping in PANI. Being electrically insulating, the FA in its compos-
ite form with PANI, actually acts to regulate the conductivity of the material [3]. Effectively, it provides
yet another method to modify the conductivity of PANI in order to achieve a desired result in view of a
possible application. Moreover, since the processes involved in variation of conductivity of PANI and
other conducting polymers are still not known in detail, a study of these materials is expected to throw
some light on this aspect also.

In this paper, we present for the first time the results of thermogravimetric analysis (TGA) and dc-
conductivity (o, ) measurements on PANI-FA composites along with X-ray diffraction (XRD), infra-
red (IR) spectroscopy, and scanning electron microscopy (SEM) results.

2 Experimental

2.1 Synthesis of PANI/FA composites

The PANI/FA composites were synthesised according to the literature [3]. Aniline (AR) was purified by
distillation before use and ammonium peroxydisulfate [(NH,),S,0;], HCI were used as received. A puri-
fied fine and fresh (FA) was collected from a local source. The compositions of FA are: silica, alumina,
iron oxide lime magnesia and alkalis and different metallic and non-metallic elements [3, 8].

A 0.1 mol of aniline was dissolved in 1000 mL of 2 M HCI to form polyaniline (PANI). Varied wt%
amount of FA powder (20, 40, 50) was added to the PANI solution with vigorous stirring. A 0.1 mol
(NH,),S,04 aqueous solution was added slowly with continuous stirring, which acts as the oxidant. The
reaction mixture was agitated continuously for another 8 hrs keeping the solution in an ice bath. The
precipitate formed was collected by filtration and washed with distilled water and acetone until the fil-
trate became colourless and free from aniline and SO7". The filtrate was dried at room temperature. The
prepared PANI/FA composites contained 20%, 40%, and 50% by weight of FA in PANI.

2.2 Measurements

X-ray powder diffraction (XRD) measurements were done with a Shimadzu D5000 diffractometer (from
Shimadzu, Japan) using Cu K, radiation (1= 1.5406 A). Thermogravimetric experiments were carried
out with SDT 2960 Simultaneous DSC-TGA, TA Instruments, in static air (with no air flow). Approxi-
mately 12 mg of each sample were analyzed between 30 and 750 °C at flow rate of 10 °C min™' using
alumina crucibles. The FT-IR spectra of the samples were obtained with a Nicolet MAGNA-IR 760
Spectrometer in the range 4000—400 cm™. The samples were prepared as pellets using KBr. Moreover,
scanning electron microscopy (SEM) was carried out using JSM 5600 electron microscope (from Jeol
Ltd., Japan).

For the conductivity measurements, the powder sample was pressed into small pellets by using about
10 tons of pressure with a cold-press. The pellets so formed were brittle and therefore they were left for a
week at room temperature so that they become hard enough for cutting. Then the pellets were cut into
parallelepiped shapes and mounted on a four-probe dipstick resistivity set up one by one. Electrical con-
nections for current and voltage probes were made using silver paste and the stick was dipped into a
liquid nitrogen dewar. The resistance of the samples was measured during warming up of the sample as
the dipstick was pulled up gradually from the dewar, from about 80 K up to room temperature (290 K).
After the measurements, the dc-conductivity o, (7)) was calculated from the resistance data.

3 Results and discussion

3.1 X-ray diffraction

Figure 1 shows the XRD results for pure PANI and for PANI-FA composites with increasing concen-
trations, viz., 20%, 40% and 50% weight-percentage. Pure PANI shows a characteristic XRD peak at
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260 =25.9°, that corresponds to the emeraldine salt (ES-I) phase of the polymer [9, 10]. Crystalline
phases of quartz (SiO,), alumina oxide (Al,O;) and mullite (3A1,0, - 2Si0,) are three main constituents
of FA, which also contains amorphous phases of these materials along with some other oxides. There-
fore, the XRD pattern of PANI-FA composites shows the semi-crystalline nature of the material. As
reported earlier by Raghavendra et al. [3], the PANI-FA composites show a sharp peak at 260 = 26.6°,
which is evident in our XRD results (Fig. 1). As the FA concentration increases, the height of 25.9°
PANI peak gradually diminishes and a peak around 26 = 26.1°, increases and becomes more prominent.
This new peak is essentially a combination of the PANI peak (28 = 25.9°) and the peaks due to the con-
stituents of FA around the same 26 value. For example, two main constituents of FA, namely, quartz and
alumina oxide peak at 26.6° and 25.6°, respectively [one more constituent, titanium oxide (TiO,) also
peaks at 260 = 25.8°, although its weight percentage present in FA is insignificant when compared to that
of quartz and alumina oxide]. Therefore, as the FA concentration increases, the PANI peak gradually
disappears. In the XRD plots, this occurs as a gradual shift of peaks near 26 = 25.9° towards slightly
higher 28 values.

3.2 Thermogravimetric analysis

The thermal behaviour of the FA and the different PANI/FA samples was investigated by thermogravim-
etry (TG) and the results are shown in Fig. 2. The steady weight lose observed for the PANI/FA samples
in the temperature range 80—450 °C is attributed to the elimination of adsorbed water (up to 30%) from
both the oxide and polymer surface and acid dopant [11—13]. In this temperature range, there is no ob-
served weight lose for the FA sample. In addition to this, a well-differentiated behaviour marked by a
strong weight loss in the temperature range 470—600 °C are observed for PANI and PANI/FA compos-
ites. This attributes to the degradation of the skeletal polyaniline chain structure [11—13]. In this tem-
perature range the FA sample also exhibits a relatively small weight loses (about 6%), which is mainly
due to the complete burning off carbon in the fly ash [14]. Using the TG data, a plot of % weight lose
versus % FA added in PANI gave a straight line with correlation coefficient of 0.990 indicating a good
ratio of FA to PANI in the synthesised samples. Based on the TG data, the amount of polyaniline in each
sample was assigned, corresponding to the following (in weight percent): 100.0; 83.9; 73.5; 69.6 for the
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Fig. 2 Thermogravimetric curves obtained in air atmosphere at 10 °C min™' for: FA; PANI + 50 wt%
FA; PANI + 40 wt% FA; PANI + 20 wt% FA; PANL

samples: PANI; 20% FA in PANI; 40% FA in PANI and 50% FA in PANI samples respectively. The
above values are reasonably acceptable since a certain amount of the added FA in each sample would be
expected not to form precipitate with PANI.

3.3 Infrared spectroscopy

Figure 3 shows the IR spectra of PANI and 40 wt% FA in PANI. The characteristic peaks observed at
the spectrum of PANI are due to the quinoid ring absorption at 1630 and 1150 cm™, absorption of ben-
zoquinone at 885 cm™', the absorption due to benzenoid at 1375 and 1500 cm™, and the broadband for
the N—H stretching at 3400—3100 cm™ [3, 15]. These absorption bands are clear indications of the exis-
tence of the quinoid and benzenoid rings in the polymer chain. The bands at 1630 and 1150 cm™ are
characteristic of the emeraldine salt (ES-I) form of PANI (as observed from the XRD also). The presence
of these peaks also indicates that the emeraldine salt is composed of quinoid and benzenoid moieties
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Fig. 3 Infrared spectra of PANI and PANI + 40 wt% FA.
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[15—18]. The intense and sharp band at 1630 cm™ further indicates the relative abundance of the quinoid
ring in the polymer structure. The IR spectrum of the FA/PANI composite in most of the cases resembles
that of PANI indicating the existence of PANI in the emeraldine salt form. Slight shifts and additional
peaks are observed in the range 2500—3000 cm™'; 1300—1500 cm™' and 1100—1300 cm'. The shifts and
the additional characteristic peaks may be attributed to the presence of silica and metal oxides present in
FA. The IR spectrum of FA (spectrum not shown) gave a very broad peak in the range 1500—400 cm™'.
The broadening of the peak could be due to the merging of the IR peaks that arise from the absorption of
the various metal oxides present in FA [3]. The IR spectra of 20 wt% FA in PANI and 50 wt% FA in
PANI do not exhibit much variation in the characteristic peaks.

3.4 Scanning electron microscopy

SEM was recorded for two different magnifications, i.e., 1000x and 10000x. Figure 4 (a) shows a typical
scanning electron micrograph of pure PANI at 10000x magnification. It is apparent from the picture that
the material is homogeneous with the particle size ranging from 4 pm to 10 wm, with most of the parti-
cles around 5—6 pum size. It may also be noted from the SEM that the bigger particles are agglomerations
of smaller, well-connected grains. The good connectivity among grains is expected to facilitate good
electrical conductivity in this sample.

The SEM of the PANI-FA composites with 20 wt%, 40 wt% and 50 wt% of FA at the same magnifi-
cation of 10000x are shown in Fig. 4(b), (c) and (d), respectively. From the SEM pictures, it is evident

H
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Fig. 4 SEM pictures of PANI-FA composites. (a) Pure PANI. (b) PANI + 20 wt% FA. (c) PANI + 40 wt% FA
(the cenospheres are clearly seen in this micrograph). (d) PANI + 50 wt% FA.
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that granularity increases with addition of FA in PANI, although the pure PANI appears to be more
granular (at 10000x) than the composites. The spherical FA particles (cenospheres) [3] of 1-2 um size
may also be seen clearly in Fig. 4(c). Moreover, the grain size seems to decrease as the FA concentration
increases. For example, in the composite with 20 wt% FA, the grains are much bigger than the scale in
the SEM, i.e., 20 um, whereas in the composite with 50 wt% FA, the size ranges from a few microns to
about 10 um. Again, the bigger particles seem to be agglomerates of smaller grains. This may also be
looked upon as the decreasing grain-connectivity with increasing FA concentration in these composites.
Effectively, it should be expected that the electrical conductivity decreases with increasing FA concen-
tration.

3.5 Electrical conductivity

The conductivity o, (T) for pure PANI and two different compositions of PANI-FA composites is
shown in Fig. 5 for the temperature range 80—290 K. It may be noted from the graph that o, of pure
PANI as well as that of the composites increases with increasing temperature showing their semicon-
ducting nature. The value of temperature coefficient of resistivity (TCR) for pure PANI around room-
temperature as calculated from our plots is —2.8 x 10° Q cm K™ at 0—10 °C range, which is comparable
with a reported value of —4.0 x 10 Q cm K ™' at 20—30 °C range [19]. However, considering the differ-
ence of temperature ranges, the value of TCR calculated from our graph is slightly lower than what was
expected. Nevertheless, the conductivity of PANI was found to be 4.17 S cm™ around 285 K (12 °C),
which is in very good agreement with the reported average value of 4.37 S cm™ at 20 °C [19].

It may be easily noted from Fig. 5 that the conductivity decreases with the increasing concentrations
of FA. For the composites with 20 wt% and 40 wt% of FA in PANI, the values of o, around room tem-
perature (285 K) are 0.81 Scm™ and 0.21 S cm™, respectively. The TCR calculated from the plots for
the composites are 8.6 x 107 Q cm K™ and 3.5 x 102 Q cm K™', respectively, for the 20 wt% and 40 wt%
of FA in PANI. Evidently, as expected, the TCR as well as the room temperature resistivity increases
(conductivity decreases) with the addition of FA in PANI.

In order to explain the temperature dependent conductivity behaviour of our samples, we assume that
polymer chains are extended through the disordered regions and they connect the ‘crystalline islands’. In

Ic
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Fig. 5 Temperature dependence of dc electrical
conductivity (o). The solid lines show the best-fit
according to the expression (1) (see text). The inset
shows the experimentally determined values of g,
as a function of temperature.
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this picture, charge carriers may diffuse along the electrically isolated disordered chains but are always
capable to get localized because of the 1D nature of the chains. In such a situation, the temperature de-
pendence of o, for PANI and the composites may be explained on the basis of the quasi one-
dimensional variable hopping (quasi 1D VRH) model [4, 20—22]. Within the framework of this model,
0, 1s given by the relationship

04 = 0, €Xp [—(?)7}, @)

with the value of y = 0.5 for 1D hopping (¥ = 0.33 for 2D hopping, and y = 0.25 for 3D hopping). Here,

the quantity o, is also temperature dependent, but its dependence may be neglected when

compared to the stronger dependence of the exponential term. 7| is given by the relationship

16

8l =

LN(Ep)z

level, z is the number of nearest-neighbour chains. Effectively, Ty, is the energy barrier for electrons to
hop between localized states.

To fit our experimental o, data (Fig. 5) for PANI (pure), we have used the reported value of
T,=6400 K [21] in Eq. (1). As evident from the figure, a very good agreement was found between ex-
perimental data and the theoretical straight line. For the composites with 20 wt% and 40 wt% of FA in
PANI, however, the best fit was achieved by using the value of 7, equal to 6500 K and 6700 K, respec-
tively. This increase in T is expected with increase of FA percentage in PANI. Since 7, is inversely
proportional to the localization length L, it means that as the FA percentage increases, [, for the charge
carriers in the composites decreases. As a result, the charge carriers become more localized, and thus are
less free to move. Consequently, the conductivity decreases with increasing FA concentrations. In terms
of T, this means that addition of FA in PANI increases the energy barrier required for hopping of elec-
trons, and thus making the conduction less easier. Therefore, it may be concluded that the quasi one-
dimensional hopping is the mechanism responsible for electrical conductivity in PANI/FA composites.

. In this expression, [, is localization length, N(£;) is the density of states at Fermi

4 Conclusions

Conducting polyaniline and fly ash/polyaniline composites were synthesized by in-situ polymerization
and characterized by X-ray diffraction, thermogravimetric, infrared, SEM and dc conductivity tech-
niques. The XRD pattern of pure PANI showed the presence of the emeraldine salt (ES-I) phase of the
polymer and that of the PANI/FA composites showed the semi-crystalline nature of the material. As the
concentration of FA increased in the composites, a small gradual shift of peaks around 28 = 25.9° to-
wards higher 26 values was also observed. This may be attributed to the merging of the ES-I peak with
those due to the FA constituents, which peak around the same value of 26. The thermogravimetry curves
showed a clear and marked difference between PANI, FA, FA/PANI composites, where the major
weight losses were associated with the degradation of the skeletal polyaniline chain structure. The TG
analysis enabled us to assign the weight percent of PANI in each synthesized sample. Infrared spectra of
PANI and FA/PANI composites indicated the existence of the quinoid and benzenoid rings in the poly-
mer chain of PANI. These spectra also supported the XRD result that the polymer used in this work was
the emeraldine salt (ES-I) form of PANI. The SEM pictures of the FA/PANI composites showed the
increase in granularity with addition of FA in PANI and the existence of the spherical FA particles
(cenospheres). From the study of dc conductivity as a function of temperature, it was inferred that both
the pure PANI as well as the PANI/FA composites were semiconducting in nature. Moreover, the con-
ductivity was found to decrease with the addition of FA in PANI. The observed temperature behaviour of
conductivity of PANI as well as that of PANI/FA composites was explained on the basis of quasi one-
dimensional variable range hopping model. Thus it was concluded that the conductivity in PANI/FA
composites is due to the quasi one-dimensional hopping, and therefore, the decrease of conductivity with
the addition of FA may be attributed to the localization of charge carriers.
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