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Abstract

Samples of conducting polypyrrole (PPy) and Polypyrrole/ZnO composites were synthesized through chemical oxidative
polymerization method using an anhydrous ferric chloride (Fecls) as an oxidizing agent. DC conductivity as a function of
temperature as has been measured and data analyzed using Small polaron hopping and Variable range hopping theories.
Activation energies for conduction and density of levels at Fermi energy were determined. Conductivity was found to be in
the order of 107 (©2'm™) and exhibited semiconducting behavior with respect to temperature. Activation energy was found to
be in the order of a meV. It is for the first time PPy-ZnO nanocomposites were investigated for temperature variation of

conductivity and conduction mechanisms probed thoroughly.
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Introduction

Electronically conducting polymers have been used as artificial
metals because they can act as substitutes for metals and
semiconductors in electrical and electronic devices and at the
same possessing the mechanical properties of polymers'. The
widely exploited properties of conducting polymers in
technological and commercial applications are their thermally
withstanding capacity, bio-compatibility, electrical conductivity,
switching  capability between conducting-oxidized and
insulating-reduced state®*.

Polypyrrole (PPy) is a most investigated conducting polymer
because of its sizable electrical conductivity, ion-exchange
capacity, hydrophobic nature etc. PPy can be synthesized in the
form of powder, films, colloidal particles and composites in
micro and nano sizes as mentioned in literature®®,

Now days, polymer-inorganic hybrid nanocomposites have been
receiving extensive attention due to their innumerable
applications in various fields. As mentioned in reference’®, the
translucent conducting materials of the type zinc oxide (ZnQ)
and titanium dioxide (TiO,) have advantages of non-toxicity,
low price, chemical sustainability and feasibility of their being
doped with variety of ions. Among these, zinc oxide (ZnO) has
been greatly used in the fabrication of PPy hybrid materials™.
The dc electrical resistivity was found to be increased with
increasing temperature in PPy-ZnO composites which indicated
semiconducting nature'™. In polymer composites’?, electrical
conductivity got reduced for low concentrations of ZnO ie., for
10% and that was attributed to the deterioration in the
compactness of polymer. Moreover, for ZnO concentrations of
20% and 30%, conductivity was found to be increased and that
was understood to be due to improvement in the packing of the
polymer chains. For 40% of ZnO, conductivity decreased by
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two orders. This may be due to the composite transforming
completely into an amorphous state and in that charge transport
take place among localized states near Fermi level. The
conductivity of polypyrrole room temperature has been reported
to be 4.9 x10* S/cm . It has been reported* that PPy
nanoparticles are highly porous in sol form, exhibit good
conductivity and can be effectively dispersed due to their large
surface area for reactions. There are many reports on the studies
of electrical conductivity in polypyrrole™*® but, very few have
attempted to understand conduction mechanisms operated in
polypyrrole nanoparticles. In view of this, an attempt has been
made by us to study temperature variation of conductivity in
PPy-ZnO composites and probe conduction mechanisms.

Material and Methods

Analytical grade Pyrrole, Zinc oxide and ferric chloride have been
used to prepare Pyrrole. Pyrrole solution of 0.1M was prepared by
dissolving 5ml of Pyrrole in 100 ml of double distilled water and
the same has been placed in an ice tray and, magnetically stirred.
Pre-cooled 0.3M ferric chloride anhydrous (oxidizing agent)
solution was added drop by drop to Pyrrole solution. The mixture
was stirred continuously for 5 hours by maintaining temperature
of the solution to be below 276K. The Greenish black precipitate
of Polypyrrole was filtered and dried in a furnace maintained at
373K™. The yield of the polypyrrole was 5g.

PPy-ZnO composites were prepared by mixing different weight
percentages of ZnO with polypyrrole powder. The weight
percentages of ZnO considered for making PPy-ZnO
composites are 20%, 30%, 40% and 50%. The composites are
labeled as PZ1, PZ2, PZ3 and PZ4 respectively.

Pure PPy and PPy-ZnO powder were made into pellets of 1 cm
diameter and 3mm thickness in an hydraulic press by applying 3
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tones of pressure. The conducting silver paste was applied on
two large surfaces of the pellets to act as electrodes. The
conductivity of Pure PPy and PPy-ZnO composites were
measured in the temperature range from 302K to 423K by two
probe method.

Results and Discussion

The change in conductivity with increase of temperature for
pure PPy and composite PZ1 is shown in Figure-1. The
conductivity of pure PPy increased with increasing temperature
exhibiting semiconductor characteristics. Rest of the composites
showed similar behavior.
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Figure-1
Temperature dependence of electrical conductivity, o of (a)
pure PPy and (b) PZ1

It is observed that conductivity of PPy—ZnO composites at room
temperature increases from 1.955 X 10° Q'm™t0 5.28 X 10° Q)
'm* as doping concentration of ZnO increased from 20% to
40% as shown in Figure-2. This may be due to increase in
number of charge carriers with increase in doping of ZnO. The
increase in the number of carriers with increase of ZnO content
might be due to delocalization effect associated with doping
process and that produces polarons and/or bipolarons in the
composite structure which in turn enhance conductivity?®?*, At
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higher (> 40 %) content of ZnO, the conductivity decreases.
This decrease in conductivity may be due to the accumulation of
charge carrier”. The charge carriers form nonlinear
configurations in PPy when it is doped with ZnO. Consequently,
conductivity does not change much. The degree of formation of
nonlinear configuration may be more for ZnO doping of 50%
than 40% »°.
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Conductivity versus ZnO concentration for PPy/ZnO
composites
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Plots of In(cT) versus (T)™" as per SPH model (a) Pure PPy
and (b) PZ2. Solid lines are the straight line fits in high
temperature region
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The temperature variation of conductivity of the composites has
been fit to the expression due to Mott’s Small polaron hopping
(SPH) in noncrystalline semiconductors. It can be noted that
there exist no good quantitative theory for explaining
conduction mechanism in polymers. That is why, here SPH
model has been employed. According to this model®®?’, the
conductivity is given by,

G—EEX _E
T P TRT @)

Where, oy is the pre exponential factor and E, the activation
energy for small polaron hopping. The plots of In(cT) versus
(T)* for pure PPy and PZ1 are depicted in Fig. 3(a) and (b)
respectively. The linear lines were fit at high temperature where
linearity came into view. The activation energy, E, was
determined using slope.

Activation energy, E, with weight % of ZnO in PPy-ZnO
composites are tabulated in table-1. It is seen that E, increases
with weight % of ZnO nanoparticles except for PZ3. It is
interesting to note that presently measured conductivity of all
the four composites is greater than that reported for pure PPy
nanoparticles in reference?®.

Table-1
Activation energy, E,, of PPy and PPy-ZnO nanoparticle
systems
Samples | PPy PZ1- Pz2- PZ3- Pz4-
20% 30% 40% 50%
E. (meV) | 0.076 | 0.092 0.097 0.075 0.240
Mott’s 3-dimensional VRH model has been utilized for

analyzing data deviated from SPH fit. Mott’s VRH has been
previously used by others®®*° for understanding temperature
dependence of conductivity of polypyrrole and polythiophenes.

According to this model, the conductivity is given as***,

1
o= Aexp(— BT 4} @)
1 1
3 2 2
Where, A:4[LJ4 and B=—° ; V{N(EF )j
ks N(E. ) 208r)? \ okgT

Where, N(Ef) defines density of levels at Fermi energy, v, the
phonon frequency(=10"*H) and a~1.2A (Size of the monomer
unit). The plots of In(c) against (T™*) were sketched as per this
model for PPy and PZ1 composite as shown in figure-4. The
straight lines were fit to the data.

Density of states, N(Eg), were determined using slope and the
same are tabulated in table-2. The N(Eg) values are of the order
of 10*! eV™'m™ to 10*° eV*m. These values of N(E) are larger
than those reported for conventional semiconductors and
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polymers®. Therefore, we conclude that Mott’s (VRH) model
fit seems to be in good agreement with data but the N(Eg) values
derived from the fits are far off from the expected values and
hence this model cannot be considered to be suitable for
explaining the present data.
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The plots of In(s) vs.(1/T™*) for (a) Pure PPy (b) PZ1. Solid
lines are the linear fits to the data

Table-2
Density of states at Fermi level, N(Eg) for PPy-ZnO

nanocomposites
Sample PPy | Pz1- | PZ2- | Pz3- | Pz4-
20% | 30% | 40% | 50%
N(Ep) 501X | 264X | 1.79X | 269 X | 5.49 X
(evim?®) | 10% 10* 10* 10* 10*
Conclusion

Pure Polypyrrole and Polypyrrole/ZnO composites have been
synthesized by chemical oxidation method. Temperature
variation of dc resistivity has been investigated and it indicated
semiconducting nature. Conductivity data analyzed using Mott’s
polaron hopping theories. Activation energy for conduction and
density of levels of carriers at Fermi energy were determined. It
is confirmed that the charge transport in these systems is due to
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small polaron hopping at higher temperature and variable range
hopping at lower temperatures.
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