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Polyaniline- (PANI) praseodymium Oxide (Pr
2
O
3
) composites have been synthesized by in situ polymerization method with

different weight percentages. The synthesized composites have been characterized by Fourier transform infrared spectroscopy, X-
ray diffraction and scanning electronmicroscopy.The temperature dependent conductivity shows that the conductivity is due to the
hopping of polarons and bipolarons.These composites show negative thermal coefficient (𝛼) behavior as a function of temperature,
which is characteristic behavior of semiconductingmaterials. Sensor studies have been carried out by two-probemethod and found
that the sensitivity increases with increase in % RH. It is noticed that stability increase is due to the presence of Pr

2
O
3
in polyaniline

up to 30wt%. A fast recovery and response time along with high sensitivity make these composites suitable for humidity sensors.

1. Introduction

Conducting polymer has achieved more attention towards
the humidity sensing application in present era due to its
low weight, easy processing, and high absorption capability
because of its porous nature [1]. Among the large variety
of conducting polymers, polyaniline (PANI) has emerged
as the most promising one because of its diverse proper-
ties like relatively inexpensive monomer, easy preparation,
high yield of polymerization, environmental stability, and
unique processability for device fabrication [2, 3].The various
techniques such as electrochemical polymerization, chemical
oxidation, and electrochemical deposition and spin coating
have been explored for the fabrication of polymer sensors
[4]. Advantages with polymers as sensing materials are light
weight, flexible, low cost, and simple fabrication process.
Polyaniline has shown very promising results for sensing
applications in comparison to other classical sensor materials

employed in the fabrication of sensors [5, 6]. Various oxide
doped polymer composite materials have been examined as
the humidity sensor; for example, ZnO, CdO, and WO

3
are

reported to exhibit high sensitivity toward humidity [7, 8].
However, further improvements in the performance of the
mixed-potential type polymer sensors are still needed in
order to realize a commercially viable device of this type [9].
Basically, polymer metal oxide is used in humidity sensor
applications and is prepared by conventional and advanced
wet chemical processing methods at room temperature and
is mainly developed to offer porous bodies. The advantage
of an absorbent spongiform surface rather than a condensate
is a greater permeability of water molecules, so water vapor
molecules can easily pass through the pore openings and cap-
illary condensation occurs in the capillary porous structures
which are formed between the grain distributions in ceramic
surface during the pore removal process.
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The proper control of the surface composition of polyan-
iline-metal oxide humidity sensors is essential for obtaining
rapid, reliable, and selective response to the adsorption of
water vapor [10]. As a result of the compositional changes,
the nature and extent of acidic and basic sites on the surface
are altered drastically and often the resultant oxide surface
behaves as a better proton acceptor/donor depending on
the nature of the dopants, leading to enhanced humidity
sensitivity [11–13]. Parvatikar et al. synthesized composites of
PANI with metal oxides such as WO

3
[14], Co

3
O
4
[15], and

CeO
2
[16] by using chemical polymerization and investigated

the humidity sensing properties. The electrical and optical
properties of polyaniline are easily tunable by doping inor-
ganic or organic compound [17–19]. These properties show
a possibility of using these polymers as a humidity sensing
materials. Various researches have shown that conducting
polymer-metal oxide nanocomposites are also convincing
humidity sensors because of their good stability and high
surface to volume ratio [18–20].

In this work, PANI-Pr
2
O
3
composites have been prepared

by in situ polymerization method with various weight per-
centages. The structural property and surface morphology
have been analyzed by using Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), and scanning
electronmicroscope (SEM). Further theDC conductivity and
humidity sensing behavior of these composites have been
studied by using Kelvin two-probe techniques.

2. Experimental

All chemicals used for synthesis are of analytical reagent (AR)
grade. Aniline, ammonium peroxydisulphate (NH

4
)
2
S
2
O
8
;

(APS), hydrochloric acid (HCl), and Pr
2
O
3
have been pur-

chased from Sigma-Aldrich, India. Aniline monomer is dou-
bly distilled before use.The composite samples so synthesized
are processed into circular pellets of 10mm diameter and
2mm thickness by applying pressure of 10 ton in a UTM-
40 machine (40 Ton Universal Testing Machine) using a
hydraulic press. For conductivity measurements, the pellets
are coated with silver paste on either side of the surfaces to
provide good electrical contacts.

2.1. Synthesis of Polyaniline. Aniline (0.1mol) is dissolved in
1M hydrochloric acid for 20min to form aniline hydrochlo-
ride. The above solution is refluxed with 1mL of camphor
sulphonic acid (CAS) which acts as a surfactant for 3
hours at 0∘C to 5∘C. Further, 0.1M of ammonium persulfate
[(NH
4
)
2
S
2
O
8
] is added to the refluxed solution which acts as

the oxidant and is added drop-wise with continuous stirring
for 6 hours at ice temperature and is kept 24 hours without
stirring for complete polymerization. The green precipitate
powder is recovered using vacuum filter and washed with
0.1 HCl in order to remove the excess chlorine ions followed
by water and acetone to remove the excess ammonium
persulfate and unreacted monomers from the composites.
Finally the resultant precipitate is dried under dynamic oven
for 24 hours to achieve a constant weight [21, 22].

2.2. Synthesis of PANI-Pr
2
O
3
Composites. 0.1mol aniline is

dissolved in 1M hydrochloric acid and to this known amount
of Pr
2
O
3
(10, 20, 30, 40, and 50wt%) is added and stirred for

20min to formmetal oxide suspended aniline hydrochloride.
The above solution is refluxed for 3 hours at 0∘C to 5∘C with
1mL of camphor sulphonic acid (CAS) which acts as a surfac-
tant. Further, 0.1M of ammoniumpersulfate [(NH

4
)
2
S
2
O
8
] is

added to the refluxed solution which acts as an oxidant and
added drop-wise with continuous stirring for 6 hours at ice
temperature and is kept 24 hours without stirring to complete
the polymerization. The green precipitate powder of PANI-
Pr
2
O
3
composite is recovered by using vacuum filter and

washed with 0.1 HCl in order to remove the excess chlorine
ions followed by water and acetone to remove the excess
ammonium persulfate and unreacted monomers from the
composites. Finally the resultant precipitate is dried under
dynamic oven for 24 hours to achieve a constant weight.

3. Characterization

The above synthesized PANI-Pr
2
O
3
composites are struc-

turally and surface morphologically characterized by using
different techniques like FTIR, X-ray diffraction (XRD), and
scanning electron microscopy.

The FTIR spectra of polyaniline and its composites are
recorded on Perkin Elmer (model 783) IR spectrometer
in KBr medium at room temperature. For recording FTIR
spectra, sample powders are mixed with KBr in the ratio
of 1 : 25 by weight and grounded to ensure the uniform
dispersion of samples in KBr pellets. The mixed powders
are pressed in a cylindrical dye to obtain clean discs of
approximately 1mm thickness [23].

The X-ray diffraction patterns of the prepared samples
are obtained by employing Philips X-ray diffractometer using
CuK
𝛼
radiation (𝜆 = 1.5406 Å). The diffractograms are

recorded in terms of 2𝜃 in the range 10∘–80∘ with a scanning
rate of 2∘ per minute.

The surfacemorphology of polyaniline and its composites
are studied by using Phillips XL30 ESEM scanning electron
microscope (SEM). The powder samples are dispersed on
the surface of carbon tape mounted on aluminum tab
and conducting gold is sputtered on the sample to avoid
charging at the sample surfaces and hence selected areas are
photographed.

3.1. DC Conductivity Measurements. A typical experimental
setup used for the measurement of dc conductivity consists
of a sample holder securely locating the sample coated with
silver paste in order to get better contact inserted from top
aperture of the heating furnace. A potential difference is
applied across the sample. The electrodes and thermocouple
leads are taken out from top aperture and connected to
Keithely 2100 electrometer to measure the change in current
of the samples and temperature indicator, respectively. A
heater placed at the bottom of the furnace is capable of giving
a variable but linear rate of temperature increases over a broad
range of temperatures.TheDC conductivity of all the samples
is obtained by measuring current flowing through a piece
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Figure 1: Showing the schematic diagram of humidity sensor setup.

of the material and using the sample dimensions 𝜎 can be
calculated using

𝜎 = (

𝑑

𝐴𝑉

) 𝐼 S cm−1, (1)

where 𝑑 (cm) is the sample thickness. 𝐴 is its area
(cm2), 𝑉 is the potential difference across the material,
and 𝐼 is the current flowing through the material.

3.2. Fabrication of Humidity Sensor Set Up. Humidity sensor
chamber is made up of side glass plates of size 250mm ×
250mm in dimension and 5mm thickness provided with top
and bottom glass plates. The chamber is made airtight by
rubber beading [13, 24]. The sample holder is then fixed at
the central part of the chamber and dc fan at the left corner
in order to distribute the humidity uniformly throughout the
chamber. The vapors are allowed to pass through the bottom
of the left side inlet which is controlled by using dimmer stat.
The percentage of humidity in the chamber is monitored by
using hygrometer and changes in the resistance of the samples
are measured by Keithley meter. Thermal filament is inserted
in right side of the bottom connected to the temperature
indicator.The right upper side is connected to vacuum pump
to dehumidify the chamber for the next cycle/sample. The
block diagram of the sensor setup is shown in Figure 1.

4. Results and Discussion

4.1. Characterization. Figures 2(a) and 2(b) show the X-
ray diffraction pattern of (a) Pr

2
O
3
and (b) PANI-Pr

2
O
3

composite (30wt% of Pr
2
O
3
in PANI). It is seen from the

figure that the cubic peak of praseodymium oxide indicates
the crystalline nature of the composite. By comparing the
XRD pattern of composite with that of Pr

2
O
3
(JCPDS No.

47–1111) the prominent peaks corresponding to 2𝜃 = 26.75∘,
56.09∘ are due to (100) and (100) planes of Pr

2
O
3
. By

comparing the XRDpatterns of the composite and Pr
2
O
3
, it is

confirmed that Pr
2
O
3
has retained its structure even though

it is dispersed in PANI during polymerization reaction [25].
Figure 3(a, b, and c) shows FTIR spectra of the pure PANI,

Pr
2
O
3
, and PANI-Pr

2
O
3
composite. Figure 3(a) represents

the FTIR spectra of pure PANI. The strong peaks in wave
number are in the range 1000–1600 cm−1, attributed to the
vibrational bands. The band at 504 cm−1 is due to CH out of
plane bending vibration.The bands at 1561 and 1450 cm−1 are
attributed to C=N and C=C stretching mode of vibration for
the quinoid and benzenoid units of polyaniline. The bands
at 1301 and 1421 cm−1 correspond to the characteristic of
pure polyaniline [26, 27]. The FTIR spectra of the composite
(Figure 3(c)) exhibit the characteristic peaks similar to that
of pure PANI with a small shift in the characteristic peaks
corresponding to that of the pure PANI. The characteristic
peaks of Pr

2
O
3
completely disappear in the IR spectra of

composite which reveals the strong interaction between
PANI backbone and Pr

2
O
3
particles during the formation of

composite.
Figures 4(a), 4(b), and 4(c) show the surface morphology

of pure PANI, Pr
2
O
3
, and PANI-Pr

2
O
3
composite (50wt%)

recorded using SEM. Figure 4(a) shows the SEMmicrograph
of pure PANI with smooth surface having micro pores. The
SEM image of Pr

2
O
3
in Figure 3(b) shows an agglomerated

particle structure having uniform distribution. Figure 4(c)
shows the SEM micrograph of PANI-Pr

2
O
3
(30wt%) com-

posite. From the micrograph of composite, one can clearly
observe the uniform distribution of Pr

2
O
3
particles in PANI

matrix with the formation of more capillary pores and a con-
ducting network. These capillary pores facilitate the absorp-
tion of more water molecules leading to enhanced humidity
sensitivity in the composite compared to pure PANI.

4.2. D.C. Conductivity. Figure 5 shows the variation of DC
conductivity as a function of temperature for polyaniline
and polyaniline-Pr

2
O
3
composites for different weight per-

centages. It is observed that the conductivity of polymer
composites increases with increase in temperature as well
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Figure 2: Showing the XRD spectra of (a) Pr
2
O
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and (b) PANI-Pr
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3
composites (30wt%).
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Figure 3: Showing the FTIR spectra of (a) PANI, (b) Pr
2
O
3
, and (c)

PANI-Pr
2
O
3
composites (30wt%).

as increase in dopant percentages. The three-step conduc-
tivity is observed in the range of 30∘C to 180∘C. In first
step, the temperature from 30∘C to 60∘C the conductivity
of the pure polyaniline and it remains constant because
insufficient activation energy fails in hopping of polaron
from one island to other [28]. In second step from 60∘C
to 130∘C, the conductivity increases gradually due to the
hopping of polarons and bipolarons in short range order.
Further, in third step from 130∘C to 180∘C the conductivity
suddenly increases due to hopping of charge carriers in
long range order.The three-step conductivity is characteristic
property of amorphous semiconducting materials explained
by Mott theory. Among all composites 30 weight percentage
polyaniline-Pr

2
O
3
Composite shows high conductivity due to

the elongation of polymer chain in framed network favorable
of hopping polarons in long range orders. The conductivity
of other composites like 10, 20, 40, and 50 followed 30wt%
and its conductivity is lower due to the partial blocking of
polarons at the interface of two composite islands. However

the expansion of composites is confirmed from thermal
coefficient plot as shown in Figure 6. It is observed that the
composite shows negative thermal coefficient (NTC) behav-
ior as a function of temperature. The NTC value decreases
with increase in metal oxide percentage in polymer matrix
due to decrease in the distance between two grains [29]. It is
also known that the thermal expansion will cause significant
stress in the matrix as the filler does not allow expansion
or contraction, which increases the electron density at the
junction, causing the blocking of charge carriers [20, 30].

4.3. Humidity Sensing Properties. Figure 7 shows the change
in resistance as a function of humidity from 15% RH to
95% RH at room temperature. It is found that the change
in resistance increases with increase in percentage of rel-
ative humidity (% RH) due to the uncurling of polymer
chain giving more favorable path for conduction of charge
carriers. The proposed mechanism for change in resistance
of these polymer composites is adsorption and desorption
of humidity. In lower humidity level the change in the
electrical resistance is slow due to the lower adsorption
limit (LAL), where uncurling process of the polymer is
very slow leading to large distance of hopping sites. At
higher humidity, composites absorb more vapor from a long
conduction path as shown in Figure 8. Hence change in
resistance decreases suddenly [31]. It is important to note that
the pure polymer shows large change in resistance but above
30% RH the polymer becomes unstable and starts degrading
as results change in resistance almost constant. Among all
composites, 30wt% of polyaniline-Pr

2
O
3
composite shows

linear decrease of change in resistance throughout the range
indicating that these composites are more stable and help
in holding the vapor molecules. Another possibility is when
composites are exposed to humidity, in the first stage of
the interaction a few water vapour molecules are chemically
adsorbed (chemisorption) at the neck of the crystalline grains
on activated sites of the surface, which is accompanied
with a dissociative mechanism of vapour molecules to form
hydroxyl groups (two hydroxyl ions per water molecule). As
an interaction between the surface ions of the grain necks
and the adsorbed water, the hydroxyl group of each water
molecule is adsorbed on metal cations which are present in
the grains’ surfaces and possess high charge carrier density
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Figure 4: Showing the SEM image of (a) PANI, (b) Pr
2
O
3
, and (c) PANI-Pr

2
O
3
composites (30wt%).

and strong electrostatic fields, thus providingmobile protons.
The protons migrate from site to site on the surface and
react with the neighbour surface O2− groups (oxygen) to
form a second hydroxyl (OH−) group. The chemisorbed
layer is the first formed layer so once it has formed on the
surface it will not change further by exposure to humidity.
As a second stage, after chemical completion of the first
layer, subsequent water vapour layers are physically adsorbed
(physisorption) on the first formed hydroxyl layer and stack
to form the physisorbed hydroxyl multilayer. After forming
the first physisorbed layer, another water molecule adsorbs
via double hydrogen bonding to two neighbouring hydroxyl
groups. As water vapour continues to increase in the surface,
an extra layer forms on the first physisorbed layer; therefore
the physisorption changes from monolayer to multilayer.
These layers are less ordered than the first physisorbed layer,
andwater vapourmolecules in these layersmay be only singly
bonded to local hydrogens.

Finally, by forming more layers, a large amount of water
molecules is physisorbed on the necks and flat surfaces, hence
singly bondedwater vapormolecules becomemobile and able
to form continuous dipoles and electrolyte layers between
the electrodes, resulting in an increased dielectric constant
and bulk conductivity. Therefore, the slight variations of
conductivity with humidity adsorption can be due to a water

protonation and polarons conduction mechanism on the
composite surface.

The sensitivity of detecting the humidity is defined by the
percentage change in resistance per 10% change in the value
of relative humidity [32]. The variations in the resistivity as
a function of relative humidity (RH) value for PANI/Pr

2
O
3

composite in the form of pellets for five different weight
percentages (10, 20, 30, 40, and 50wt%). The percentage of
sensitivity for detection of humidity is defined as

𝑆 =

RH
2
− RH
1

RH
1

× 100, (2)

where RH
2
is the resistivity of the sample for humidity at

level 2 (highest RH level) and RH
1
is the resistivity of the

sample for humidity at level 1 (lowest RH level). Figure 9
shows the sensitivity of polyaniline and polyaniline-Pr

2
O
3

composites as a function of relative humidity for different
weight percentages.The sensitivity ismeasured fromRH 20%
to RH 95%. It is found that the sensitivity increases with
increase in relative humidity. Among all composites 30wt%
shows high sensitivity and more stability in long range of
RH % followed by other composites which shows almost
similar behavior [33, 34].These composites above 30wt% the
absorption is good but as the polymer percentages is more
than metal oxide fails to hold the water vapor for longer time
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as a results after some period of exposingwith humidity starts
saturating the surface. Hence sensitivity decreases. In case of
pure polyaniline sensitivity even more than composites but
the stability of the polyaniline loses above 50% RH and starts
degradation of polymer.

The vapor is removed from the humidity chamber by
using vacuum pump but we cannot remove it completely
from the samples. Therefore once the humidity of chamber
attends 40% RH, heating should be switched on till the
electrical resistance comes to base level in order to start
next cycle. Figure 10 shows the response and recovery curves
corresponding to water adsorption and desorption process
for 10, 20, 30, 40, and 50wt% of PANI/Pr

2
O
3
composites.

The average response time of PANI/Pr
2
O
3
composite is 377
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Figure 8: Schematic illustration of humidity absorption in polyani-
line composites.

seconds and the recovery time is 453 seconds as the humidity
changes from 15% to 95% RH. Among all composites 30wt%
shows first response to humidity and less recovery time.
Therefore these polymer composites can be used in food
industries, domestic storage chamber, packing industries,
solar cell, battery, and so forth.

5. Conclusions

In this paper, we have reported humidity sensing properties
of polyaniline-Pr

2
O
3
composites prepared by in situ poly-

merization. The SEM micrograph of the composite shows
the encapsulation of Pr

2
O
3
in PANI matrix and reveals the

presence of capillary pores which facilitate the sensing behav-
ior. From the XRD spectrum of PANI-Pr

2
O
3
composite, it

is evident that with the Pr
2
O
3
content in PANI, the peak

intensity corresponding to both PANI and Pr
2
O
3
is modified

which confirms coexistence of PANI and Pr
2
O
3
phase in

the composite. The FTIR spectrum reveals the formation
of composite with strong interaction between PANI chains
and Pr

2
O
3
particles. The humidity sensing mechanism is
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investigated using homemade two-probemethod.The studies
on temperature dependent conductivity of the composite at
various humidity levels have shown the increase in sensitivity
for the composite with increase in %RH. Among all compos-
ites, 30 wt% of PANI-Pr

2
O
3
composite shows high sensitivity

and exhibits the maximum humidity sensing response and
shorter response-recovery time. Hence our studies suggest
that PANI-Pr

2
O
3
composite can be a promising material for

high performance humidity sensing applications.
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