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Abstract

Polypyrrole (Ppy) was synthesized using Ferric Chloride (FeCls) as oxidant. The ratio of monomer to oxidant
was 1:2.4. The polymerization was carried out at 5°C. Attempts were made to increase the electrical conduc-
tivity by using various dopants viz. Lithium per Chlorate (LiClO,), para-Toluene Sulfonate (p-TS) and Nap-
thalene Sulfonic acid (NSA). The materials were characterized using FTIR, X-Ray diffraction and SEM. The
electrical conductivity was measured by two probe method and was found to be in the range of 10~ to 10> S/cm.
Thin films of these preparations were casted on the interdigited electrodes to study the detection of gases
such as ammonia and LPG. It was found that for the pure Ppy and one doped with LiClO4, when ammonia
gas was allowed to flow in, there was a sudden increase in the current, which decreased rapidly when gas
was stopped. This behavior is in contradiction to that observed in earlier investigations where Ppy was pre-
pared by electrochemical method. However when Ppy doped with p-TS and NSA were used, the trend was
reversed. Similarly it was noted that for pure Ppy and one doped with LiClO4, p-TS and NSA there was an
increase in the current when LPG gas was brought in. However the response to LPG was somewhat low as

compared ammonia gas.
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1. Introduction

Electroactive conducting polymers have assumed a great
importance in several technologies such as Display de-
vices, Solar cells, Gas sensors and Actuators [1-3]. Their
ease of processing together with their chemically tunable
properties makes them useful in electro-mechanical de-
vices. Delocalized electronic states combined with the
restriction on the extent of delocalization makes most of
the conductive polymers behave like p—type semicon-
ductors. As these polymers are Redox — active their
conductivity can be changed by means of doping/dedop-
ing. A great number of sensing applications are designed
by exploiting the very nature of conducting polymers.
Polypyrrole, in the form of films, have been used for
sensors for detection of various gases and volatile or-
ganic compounds [4-7]. Polypyrrole sensors are sensitive
with good response to these gases, showing larger re-
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sponse to polar than non-polar compounds.

Reliable sensing of Ammonia (NH;), LPG and volatile
organic compounds (VOC) are required in many applica-
tions like detection of leaks, explosives, fertilizer indus-
tries, compressors of air conditioners, breath analysis for
medical diagnosis etc. Further, its high toxicity also
warrants a rapid detection at very low concentrations [8].

The physical properties of conducting polymers
strongly depend on the type of dopant and the doping
levels. The doping levels can be easily changed by
chemical reactions at room temperatures and this pro-
vides a simple technique to facilitate detection of several
gases. Most of the conducting polymers are doped/un-
doped by redox reactions. When such conducting poly-
meric material is brought in contact with either a gas or a
liquid, transfer of electrons from or to the analyte takes
place. Electron transferring can cause the change in re-
sistance and work function of the sensing material. When
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Ppy is exposed to some gases, redox reaction can take
place. Gases such as NO, and I, which are electron ac-
ceptors can remove electrons from the aromatic ring of
polypyrrole. When this occurs, for a p-type conductive
polymer, the doping level as well as electric conductance
of the conductive polymers is enhanced. On the other
hand an electron donating gas, such as ammonia, reacts
with the Ppy, the electrical conductance falls down
sharply. However when desorption of the gas occurs the
process can be reversed. The following reaction is in-
volved in the process [9].
Ppy' +NH; — Ppy®+NH;""
Ppy’+ NH; — Ppy' +NH; desorption
In spite of such advances, the results obtained for
many gases may differ from this generalized postulate of
detection mechanism. For example work reported in thin
polycarboazole film sensors shows increase in conduc-
tance when the electron donating gas has been used [10].
In the present paper we report preparation of polypyr-
role in pure form and by using dopants such as LiClO,,
p-TS and NSA. The structure and morphology of these
materials has been investigated using the methods of
FTIR, X-Ray diffraction and SEM. The electrical con-
ductivity has been measured by two probe method. The
response of these materials, when exposed to ammonia
and LPG is being reported.

absorption

2. Experimental Methods and Preparations

Pyrrole (Sisco Research laboratory, 99% pure) was dis-
tilled before use. All other reagents and solvents obtained
from SDL were of reagent grade and were used as re-
ceived. All solutions were prepared using distilled water.
All reactions were conducted at a temperature of 5°C
[11]. The solution of the oxidizing agent, FeCl;, was
prepared using distilled water and was used in the ratio
of 1:2.4 (monomer: oxidant) [12]. Dopants were mixed
with Pyrrole solution (10% w/w) and stirred for 30 min-
utes for proper mixing and then the oxidant solution was
added slowly.

The Polypyrrole was prepared by chemical polymeri-
zation method. 1 M Pyrrole solution was prepared using
distilled water and then mixed with oxidizing agents in
the ratio mentioned above, slowly under constant stirring
for 30 minutes. Then the polymerization was conducted
for 4 hours under constant stirring. This preparation was
kept unagitated for 24 hours so that Ppy powder settled
down. The Polypyrrole powder was filtered out under
vacuum and washed with distilled water several times to
remove any impurities present. The Polypyrrole was
dried for 2 days at room temperature.

The chemical bonding was analyzed using FTIR spec-
troscopy by FTIR spectrometer model Perkin-Elmer Ltd.
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system 2000 using KBr pellets. The Polypyrrole was
characterized by XRD using PANalytical (Philips), mod-
el XpertPro. The XRD patterns were recorded between
26 = 10° to 40°. The X-ray diffractometer uses CuKa
radiation of 1=1.5418 A° generated at 40 kV/20 ma.

The morphology of Polypyrrole was examined using
Scanning Electron Microscope (SEM) JEOL make JSM
— 5400 model. The Polypyrrole was tested for conductiv-
ity by preparing its pellets of area of cross section of
I sq.cm. and 1lmm. thickness. The conductivity was
tested by two probe method at room temperature and
various temperatures up to 70°C in the voltage range
from0to 12 V.

In order to measure the gas response, interdigited
electrodes, separated by 1mm. from all sides, were pre-
pared on a printed circuit board (PCB) and the slurry of
Polypyrrole powder prepared with distilled water was
spread over it uniformly and dried for 24 hours under
vacuum at room temperature. A specially prepared gas
chamber was used in which the PCB was fitted firmly.
Various gases were passed through the chamber at room
temperature with Nitrogen gas as a carrier. The current
was recorded, at a constant voltage, for every 15 seconds
for the total time of 3 minutes. The flow of the gas was
stopped and the desorption was also recorded for interval
of every 10 seconds till current recovered up to 90% of
its original value. The gas response was recorded con-
tinuously for 3 cycles.

3. Result and Discussions

3.1. Characterization of Ppy

3.1.1. FTIR Spectroscopy

The Polypyrrole powders prepared in different ways
were analyzed by FTIR. FTIR spectra showed the main
characteristic peaks at 788 cm ' corresponding to C-N
bond, 1291 cm™' corresponding to C-H deformation,
1540 cm ™' and 1467 cm™' corresponding to the fundame-
ntal vibrations of polypyrrole ring, The peak at 1640 cm™'
corresponding to C=C. The peak at 3411 cm ' corre-
sponds to the N-H bond [13,14]. These peaks were ob-
served in the present work for preparations using FeCls
as oxidants and various dopants such as LiClOy4, p-TS
and NSA (Figure 1). This agrees well with the ones
available the literature, confirming the formation of Po-
lypyrrole [13,15].

3.1.2. X-Ray Diffraction Analysis

A typical X ray diffraction pattern for polypyrrole pre-
pared using FeCl; as oxidant is shown in Figure 2.The
XRD patterns for samples using the dopants also show
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Figure 1. FTIR of Polypyrrole using FeCls, and dopants P-TS, NSA, LiCIO,.
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Figure 2. X ray diffraction pattern for polypyrrole pre-
pared using FeCl; as oxidant.

broad peaks in the region 15° < 26 < 30° revealing that
the resulting polypyrrole powders are amorphous in na-
ture. This agrees well with the structure reported in lit-
erature [16]. Such broad peak usually indicates short
range arrangement of chains. The half width of this peak
was measured for all the four samples and their values
are given in Table 1. The half widths were measured
from the diffraction curve from the angles higher than
the peak positions and assuming Gaussian distribution
for the low angle part of the diffraction curve.

However the diffraction peaks centered at around 26°
shows some displacement when we go from pure pyrrole
to the doped ones. In general the doping leads to shift of
the peaks toward the higher angle by about 1°. This indi-
cates that the inter planer spacing decreases with the ad-
diton of dopants. This would make the chains come
closer as also the interaction of dopants stronger leading
to higher overlap of bonds. This can cause increase in the
conduction which has indeed been observed in the pre-
sent investigation. In addition it was noted that the dif-
fraction profile is highly asymmetrical and there is con-
siderable broadening towards lower angles from the peak
positions.

3.1.3. Morphology Using SEM
The morphological features of polypyrrole synthesis che-

mically and electrochemically have revealed that mostly
the growth is in the globular form but changes some time
due to dopant molecules. Typical SEM images of differ-
ent Polypyrrole preparations are shown in Figure 3. All
the photographs show a globular structure [16]. It can be
seen from Figure 3(a) that when polymerization was
done with FeCl; the average size of globules was found
to be 0.59 um. The individual granules observed were
nearly spherical and have a close packing. It seems that
such spherulites are growing one over the other and
forming a continuous structure. The sizes of these spher-
ulites are varying from 0.4 pm to 0.9 um. When dopants
were used during the polymerization with FeCls, the siz-
es of the granules were found to be different. With Li-
ClO, the average size was found to be 0.61 um, with
variation between 0.4 pum to 0.8 pm. When p-TS was
used as a dopant, there was a considerable reduction in
the size amounting to 0.30 pm. More over the morpho-
logical feature was spongy in nature and there was con-
siderable difficulty in distinguishing the granules from
each other. This shows that a much closed packed struc-
ture is formed and this fact supports our earlier conclu-
sion on the basis of X ray diffraction. When NSA was
used as dopant it was observed that average globular size
is 0.85 pum which is rather large in comparison to other
preparations. Such morphological features are considered
to be good for gas sensing applications.

3.2. I-V Characteristics

Typical plots of I vs. V for polypyrrole prepared using
FeCl; as oxidant and LiClOy, p-TS and NSA as dopants
are given in Figure 4. Nearly linear relationship of the
I-V curve was noted. It was observed that the electrical
conductivity of polypyrrole increased when dopants such
as LiClOy4, p-TS and NSA were used with FeCl; as
oxidant the conductivities were found in the range of
10~ S/em to 107> S/cm.

The temperature dependence of the electrical conduc-
tivity of the polypyrrole, prepared with FeCl; and their
doped varieties were studied at various temperatures
from 30°C up to 70°C. It was observed that the electrical
conductivity decreased gradually for all the samples.
This behavior resembles the metallic conductors. It may

Table 1. Half widths, Globular sizes and conductivities of polypyrrole prepared using different dopants.

Sample X ray peak position X ray Half width in degrees SEM Size of Globule Conductivity at Room Temp.
Pure Polypyrrole 25.63° 5.0° 0.59 pm 2.14x10°°
Polypyrrole with LiClO4 25.6° 5.0° 0.61 pm 28.74 x 107
Polypyrrole with p-TS 25.3° 7.0° 0.30 pm 51.00 x 107
Polypyrrole with NSA 26.2° 5.4° 0.85 um 19.15x107°
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Figure 3. (a) SEM of Ppy using FeCl; as an oxidant, prepared by our method; (b) SEM of Ppy using FeCl; as an oxidant and
LiClO, as dopant, prepared by our method; (c) SEM of Ppy using FeCl; as an oxidant and P-TS as dopant prepared by our
method; (d) SEM of Polypyrrole using FeCl; as an oxidant and NSA as dopant, prepared by our method.

be mentioned that pure pyrrole is more like insulator but
behaves like semiconductor in the doped form. The me-
chanism of conduction is supposed to be by polarons and
bipolarons formation due to the dopant molecules [15].
The mechanism of polaron formation is illustrated in
Figure 5. In case of polypyrrole the absence of electron
in the chain leads to formation of holes i.e. p-type con-
duction. Thus addition of dopants leads to the modifica-
tion of energy levels as shown in Figure 5.

Additional energy bands are formed above the valence
band and just below the conduction band. This reduces
the energy gap and the doping leads to semiconduction.
Thus it is expected that increasing temperature will lead
to increase of energy for an electron in the valance band
which jumps to conduction band and hence the conduc-
tivity should increase with the temperature. However the

Copyright © 2011 SciRes.

present studies revealed that the materials do not behave
like semiconductor but like metals where the conductiv-
ity is decreasing with temperature [17]. Such behavior
can be caused due to the large number of intermediate
energy states in the energy gap region. In the present
studies the doping level was 10% which is comparatively
high and leads to overlap of a large number of energy
states. In addition the size of the dopants ions ClO4 and
SO; is quite large and overlap of energy states can oc-
cur. Thus the temperature dependence can be understood.
The conductivities change in the order p-TS > LiClO4 >
NSA > pure.

Of all the samples studied in the present investigation
polypyrrole doped with p-TS was found to have maxi-
mum conductivity. In addition it was noted that the con-
ductivity does not change much with temperature for
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Figure 4. 1 vs V characteristic of Polypyrrole at various temperatures prepared using (a) FeCls, (b) LiClO, (c) NSA (d) p-TS.

NSA and p-TS doped samples.

3.3. Gas Sensor

All the polypyrrole samples were studied for detection of
ammonia gas. A typical plot of current vs. time for po-
lypyrrole prepared using FeCl; as oxidant and exposed to
ammonia gas is given in Figure 6. All samples were stu-
died for 3 cycles to check their reproducibility and ab-
sorption and desorption process. It may be seen from the
Figure 6 that the I vs time plot for 2™ and 3™ cycles
somewhat differ from the first cycle. This may be be-
cause desorption may be not completed within the given
time.

The Sensitivity factor is calculated using the equation
_Rg—Ro
Ro

S

where Rg and Ro are resistances with gas and without
gas (in air) respectively [17,18]. The values calculated
during the present investigation for sensors fabricated
using differently doped polypyrrole and for different
gases are given in Table 2.

The response of different materials towards ammonia

gas was seen to be different. When pure Ppy and Ppy

Copyright © 2011 SciRes.

doped with LiClO; was exposed to ammonia gas there
was an increase in current. This behavior is exactly op-
posite to that observed for Ppy prepared by electro-
chemical method [7,14]. This is mainly because in
chemical preparation CI ion is incorporated as counter
ion to maintain the electroneutrality. Usually partial oxi-
dation state (upto + 0.33) is produced in the process. In
addition it is observed that some amount of ions remain
within the polypyrrole in the Fe** state. Thus there is a
possibility that higher oxidation state can be induced in
the interaction with ammonia. In such a situation the
higher charge on cations can lead to increase in current.
When LiClO4 was used as dopant the situation is same
with additional ClO, ions interacting with pyrrole ring.

Table 2. Sensitivity for Ammonia of Ppy prepared with
different dopants.

Sample Sensitivity for Ammonia
Pure Polypyrrole 0.84
Polypyrrole with LiCl1O, 0.86
Polypyrrole with p-TS 0.55
Polypyrrole with NSA 1.66
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Figure 5. Conduction mechanism in Polypyrrole.

Therefore the material doped with LiClO, also show electrical conductivity of these two products shows
increase in current when exposed to ammonia gas. higher conductivity than pure Ppy which means that the

It was noted during these investigations that when Ppy doping levels and the number of charge carriers pro-
doped with p-TS and NSA were used, a decrease in cur- duced in the process is quite high. This is probably due
rent was observed when exposed to ammonia gas. The to the presence of sulfonic acid group inducing more

Copyright © 2011 SciRes. JST
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Figure 6. Gas sensing response for Ammonia gas of Polypyrrole prepared using (a) FeCl; (b) FeCl; + LiClIO, (c) FeCl; + NSA

(d) FeCl;z + P-TS.

charge on pyrrole ring. Thus there already exists a higher
density of charge and therefore the presence of ammonia
cannot produce more charges, but rather decrease the
effective charge. In such a situation therefore the con-
ductivity of Ppy will decrease, which has indeed been
observed in our studies.

The four different samples produced in the present
studies were also tested for their ability to detect LPG
gas. It was found that when LPG gas was injected the
electrical conductivity of pure Ppy was found to be de-
creasing as shown in Figure 7(a). However when the
Ppy samples doped with p-TS and NSA were used it was
observed that the electrical current increases to a small
extent (1 to 2 pa) when exposed to LPG gas. This shows
that the type of dopant has a great effect on the change in
the electrical resistance. It is interesting to find that these
changes are exactly in opposite direction to those ob-
served with the experiments on ammonia gas. However
the range of effective change in the currents were found
to be quite small as compared to changes observed when
sensors were exposed to ammonia gas. Further the re-

Copyright © 2011 SciRes.

sponse time for LPG was observed to be in terms of few
minutes whereas with the ammonia gas it was just few
seconds. LPG gas consist of Butane (C4H,) and Propane
(C3Hg) and as such are not much capable of electronic
interaction with the polypyrrole. Thus it seems that Ppy
materials prepared in the present investigation have very
good capability of detection of ammonia but are not effi-
cient for detection of LPG gas.

4. Conclusions

Polypyrrole was synthesized in the pure form and doped
with LiClO,, p-TS and NSA. All these four varieties
were characterized using FTIR, X ray diffraction and
SEM. It was seen that there are structural and morpho-
logical differences which affects their electrical proper-
ties. The electrical conductivity was highest for p-TS
doped polypyrrole (5.1 x 107? S/cm). These materials
were used as gas sensors for the detection of ammonia
and LPG. It was found that where as ammonia could be
detected efficiently. The detection of LPG was not very
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