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ABSTRACT: Polyaniline/CeO, composites were synthe-
sized by in situ chemical polymerization method using am-
monium persulphate as an oxidizing agent. This is the sin-
gle step polymerization process for the direct synthesis of
emeraldine salt phase of polymer. The polymers were char-
acterized by using FTIR spectral analysis, SEM, and XRD
studies. Formation of conducting emeraldine salt phase
is confirmed by spectroscopic techniques. High tempera-
ture conductivity measurements show “‘thermal activated

behavior.” The change in resistance with respect to percent-
age relative humidity (% RH) is observed, when the
pressed pellets of the polymer were exposed to the broad
range of humidity (humidity ranging between 10 and 95%
RH). © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102: 5533
5537, 2006
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INTRODUCTION

The study on conducting polymer (CP) has offered
many advantages for sensor technology development.
The CPs such as polypyrrole, polythiophene, poly(p-
phenylene), and polyaniline (PANI) have been com-
monly used in scientific and industrial studies and in
various applications as rechargeable batteries,” sen-
sors,>® and diodes in transistors and microelectronic
devices.” Among all the CPs, PANT has received a great
attention owing to its simple synthesis, good environ-
mental stability, ability to dope with protonic acids,
and moderately high electrical conductivity.®

In recent years, inorganic semiconducting oxides
like zinc oxide (ZnO), aluminum oxide (Al,O3), tita-
nium oxide (TiO,), tin oxide (SnO,), iron oxide (Fe,O3),
etc., have been studied extensively and have emerged
as economical sensors for monitoring toxic gases and
humidity.”* The sensitivity of these sensors to gas
and humidity depends on its microstructure. This can
be achieved by adopting special techniques of prepara-
tion or by doping impurities. It has been found that
doping of SOZ7, Ti, Sn, Zn, Si, etc., in a-Fe,Os5 has been
found to improve the sensing capabilities.'> ¢
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The inorganic sensors based on oxides have been
found to be less sensitive to gases and humidity when
compared with the CPs, which show high sensing
behavior due to their porous nature. However, the
instability of some of the CPs in air has limited their
commercialization as sensors."”

Humidity is one of the most common constituents
present in the environment. Therefore, sensing and
controlling humidity is of great importance in the
industrial processes, for human comfort, domestic pur-
pose, in medical applications and agriculture. Re-
cently, there has been a considerable increase in the
demand of humidity control in various fields such as
air conditioning systems, electronic devices, tire indus-
tries, sugar industries, and drying processes for ceramics
and food.'® The conventional materials used for sens-
ing humidity are electrolytic metal oxides, alumina
thin films, and ceramics.'” However, polymers are
identified as good candidates for practical applica-
tions, since they are compatible to oxides and ceramics
and also they can be used at room temperature.”*>* Of
these, a disc type sensor would offer higher sensitivity
toward humidity than a thin type film due to larger
capacity toward water absorption.

In our earlier studies on humidity sensing and elec-
trical properties of PANI/Coz;04 composites, we have
reported good humidity sensitivity to the broad range
of humidity (humidity ranging between 10 and 95%
RH).” In the present article, we report the study on
preparation, characterization, and successful utiliza-
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Figure 1 Sketch of capacitive type humidity sensors.

tion of PANI/cerium oxide (CeO,) composites as a hu-
midity sensor.

EXPERIMENTAL
Materials and methods

All chemicals used were analytical reagent (AR) grade.
The monomer aniline was doubly distilled prior to use.
Ammonium persulphate ((NH4)>S,0s), hydrochloric
acid (HCl), and cerium oxide (CeO,) (sigma) were used
asreceived.

Aniline (0.1 mol) was dissolved in 1M HCI to form
aniline solution. Cerium oxide was added to the ani-
line solution with vigorous stirring to keep the cerium
oxide suspended in the solution. To this reaction mix-
ture, 0.1M of ammonium persulphate [(NH4),5,0s],
which acts as the oxidant was added slowly with con-
tinuous stirring at 0-5°C. After complete addition of
the oxidizing agent, the reaction mixture was kept
under stirring for 24 h. The greenish black precipitate
of the polymer was recovered by vacuum filtration and
washed with deionized water. The resultant precipi-
tate was dried in an oven for 24 h to achieve a constant
weight.

PANI/CeO, composites were prepared in weight
percent ratio, in which the concentration of cerium ox-
ide (10, 20, 30, 40, and 50 wt %) was varied. The test
samples to be used as a sensor was prepared in pellet
form (diameter: 10 mm; thickness: 3 mm) by applying
pressure of 100M Pa using Pye-Unicam dye. The con-
tacts were made using silver paste as electrodes on
both sides. Figure 1 shows the sketch of the capacitive
type of humidity sensor. The testo 601 capacitative hy-
grometer was used to monitor the humidity, and
Keithley electrometer was used to measure the resist-
ance.

The FTIR spectra of the samples were recorded on a
PerkinElmer 1600 spectrophotometer in KBr medium.
X-ray diffraction studies were performed by using
Philips X-ray diffractometer with Cu Ko as the radia-
tion source. The morphology of the composites in the
form of pellets was investigated using Philips XL
30 ESEM scanning electron microscope (SEM). Tem-
perature dependent electrical conductivity was mea-
sured by two-probe technique using a laboratory-made
setup.

PARVATIKAR ET AL.

The planar resistance of the sensor was recorded by
controlling the humidity in a closed chamber at room
temperature. The humidity was first lowered by keep-
ing CaCl, in a chamber. Controlled water vapors at
room temperature were then introduced steadily for
increasing the humidity inside the chamber from 10 to
95% relative humidity. Relative humidity inside the
chamber was monitored by a standard precalibrated
humidity meter.**

RESULTS AND DISCUSSIONS

Figure 2 shows the X-ray diffraction pattern for the
composites having 50 wt % of cerium oxide in PANI. It
is seen from Figure 2 that the cubic peak of CeO, indi-
cates the crystalline nature of the composite. When
comparing the XRD pattern of composite with that of
CeO,, the prominent peaks corresponding to 20
=33.51°, 56.04°, and 67.05°, are due to (200), (311), and
(400) planes of CeO,. The XRD diffraction studies per-
formed on all the samples (10, 20, 30, 40, and 50 wt %
cerium oxide) show that the peaks were found to be
broadened, which were possible due to the formation
of oxide particles. By comparing the XRD patterns of
the composite and CeO,, it is confirmed that CeO, has
retained its structure even though it is dispersed in
PANI during polymerization reaction.

Figure 3 shows the FTIR spectra of PANI-CeO, com-
posites (50 wt % of CeO, in PANI). Polymerization of
aniline can be confirmed by the presence of spectral
peaks at 1566, 1487, 1298, 1244, and 1125 cm !, which
may be due to PANI and 500 cm ' peak corresponds to
metal-oxygen stretching frequency as given in Table L.
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Figure 2 XRD spectra of PANI/CeO, composite (with 50
wt % of CeO, in PANI).
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Figure 3 FTIR spectra of PANI/CeO, composite (with 50 wt % of CeO, in PANI).

The similar stretching frequency can also be found in
other composites but intensity of metal oxygen peak
increases as the wt % of CeQj, is increased.”* Metal
oxygen stretching frequency of 494 cm ™' in pure CeO,
shifted to 500 cm ' in the composite indicates the weak
interaction between CeO, and PANIL

The SEM micrograph for 50 wt % of cerium oxide in
PANI is shown in Figure 4. The composites possess
grains and porous structure, and, further, the compo-
sites have capillary pores connected by pores. Such
composites are likely to facilitate the adsorption of
water vapors due to the large surface area and capil-
lary pores. The SEM studies performed on all the sam-
ples indicated a transformation from a cluster pattern
to a branched chain structure (or a fibrillar morphol-
ogy) with increase in wt % of cerium oxide.?

Figure 5 shows the temperature dependent conduc-
tivity of PANI/CeO; (50 wt % of CeO, in PANI) com-
posites. From the figure, it is observed that the con-
ductivity is found to increase with the increase in tem-
perature. Among the five composites, PANI/CeO, (50
wt % of CeO, in PANI) was seen to yield with highest
conductivity. This sudden increase in the conductivity
could possibly be explained on the basis of percola-
tion theory. Conductivity is found to increase as the
wt % of CeO, in PANI is increased. The increase in
conductivity with increase in temperature is the char-
acteristic of “thermal activated behavior.” The de-
crease in resistance or increase in conductivity may be
due to the increase of efficiency of charge transfer
between CeO, and polymer chains with increase in
temperature.”" It is also found that the thermal cur-
ing affects the chain alignment of the polymer, which
leads to the increase of conjugation length, and that
brings about the increase of conductivity. Also, there
had to be molecular rearrangement on heating, which
made the molecular conformation favorable for elec-
tron delocalization.’!

Figure 6 shows the characteristic response of PANI/
CeO, composites (10, 30, and 50 wt % of CeO, of in
PANI) as a function of relative humidity (% RH). From
the figure, it can be noted that the resistance is varying
almost linearly from 10 to 95% RH and is found to
decrease from low humidity (dry state) to high humid-
ity (wet state). At low humidity, when adsorption
starts on the clean oxide surface, a layer of hydroxyl
groups is formed. The water vapor molecules are
chemisorbed through a dissociative mechanism by
which two surface hydroxyls per water molecule are
formed. At higher relative humidity, the water mole-
cules adsorbed on the PANI/CeO, composite (50 wt %
of CeO, in PANI) having grains and capillary pores
enhance the electrolytic conduction as well as the pro-
tonic conduction by permitting capillary condensation
of water molecules within the pores. The response time
for sensing the humidity for an increase in relative hu-
midity values by 10% was measured to be about 4-5s,
wherein it recovers back to the normal value in around
10 s. The samples were found to be stable more than
1 year.

The decrease in the resistance or increase in the con-
ductivity with increasing humidity can be attributed to
the mobility of the CeO, ion, which is loosely attached

TABLE I
IR Peak Position in PANI/CeO, Composite
Wavenumber
(em™) Assignment
1566 PANI Ring stretching
1487 PANI Benzenoid ring stretching
1298 PANI C—N stretching + CH bending
1244 PANI C—N stretching 4+ C—C stretching
1125 PANI CH (ip) bending
500 PANI and v,,_,

CEOZ
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Figure 4 Scanning electron micrograph of PANI/CeO, composite (with 50 wt % of CeO, in PANI).

to the polymer chain by weak van der Walls’ forces of
attraction. At low humidity, the mobility of the CeO,
ion is restricted because under dry conditions the poly-
mer chains would tend to curl up into compact coil
form. On the contrary, at high humidity, the polymer
absorbs water molecules and gets hydrated, followed
by the uncurling of the compact coil form into straight
chains that are aligned with respect to each other. This
geometry of the polymer is favorable for enhanced mo-
bility of the CeO, ion or the charge transfer across the
polymer chains and hence the conductivity.

Also, it has been reported that the conductivity of CP
increases when the sample absorbs the moisture.
Decrease of resistance with the increase in the humid-
ity proves the adsorption of the water molecules,
which makes the polymer more p-type in nature, i.e.,
the whole concentration is increased by the donation of
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Figure 5 Temperature dependent conductivity of PANI/
CeO, composite (with 50 wt % of CeO, in PANI).

lone pair from the conducting complex toward the
CeO, water molecules. Thus, the partial charge trans-
fer process of conducting species with that of water
molecules results in the decrease of sheet resistivity. At
higher humidity level, the mechanism may be differ-
ent. The almost linear variation with respect to percent-
age relative humidity (% RH) can be used in an ampli-
fier circuit for converting the measured values into
measurable % RH values. On careful observation of
Figure 6, it is clearly seen that PANI/CeO; (50 wt % of
CeO, in PANI) composite shows a linear response
from 10 to 95% RH. On the other hand, in PANI/CeO,
composite (10 and 30 wt % of CeO, in PANI), the resist-
ance is found to drop down from 20 up to 50% RH in a
linear fashion while, after 60% RH slightly saturation is
observed with a very small decrease in the resistance
up to 95% RH. In other words, we can say that, PANI/
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Figure 6 Variation of resistivity with change in relative
humidity (%) for PANI/CeO, composites (10, 30, and
50 wt % of CeO, in PANI).
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CeO; (10 and 30 wt % of CeO, in PANI) shows two step
sensing response. Thus PANI/CeO, (50 wt % CeO, in
PANI) shows better sensing properties and exhibits
good linearity in sensing response curve.

CONCLUSIONS

PANI/CeO, composites were synthesized by in situ
chemical polymerization method using ammonium
persulphate as an oxidizing agent. This is the novel
polymerization process for the direct synthesis of em-
eraldine salt phase of the polymer. By comparing the
XRD patterns of the composite and CeO,, it is con-
firmed that CeO, has retained its structure, even
though dispersed in PANI, during polymerization
reaction. Formation of conducting emeraldine salt
phases is confirmed by spectroscopic techniques. SEM
micrograph clearly reveals the homogeneous distribu-
tion of CeO, in polymer. High temperature conductiv-
ity measurements show ““thermal activated behavior”
of the composite. The almost linear response of PANI/
CeO; (50% of CeO, in PANI) composites to the broad
range of humidity proves to be a competent material as
humidity sensor.
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