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Abstract. The polyaniline nano fiber was deposited on glass and ITO by simple and economic oxidative
polymerization technique. The thickness of PANI Nano fiber deposited on glass and ITO found to be 190
nm and 210 nm respectively which are measured by gravimetric weight difference method. The XRD
study shows the amorphous nature of both the films with decrease in intensity for PANI deposited on ITO.
SEM micrograph shows that PANI is deposited uniformly and no more change was observed. FTIR study
represents the formation of PANI emeraldine salt, whereas, the optical absorbance spectra indicates three
characteristic peaks with higher intensity of absorption in case of PANI deposited on ITO. The DC
electrical resistivity of PANI deposited on glass and ITO was investigated by home made two probe
resistivity set up and the resistivity was found to be 5.49x10° Q.cm for PANI deposited on glass and
1.96x10° Q.cm PANI deposited on ITO. Furthermore, the ammonia gas sensing study of as deposited
PANI thin film was investigated by gas sensor system with different concentration of gas and higher
sensitivity i.e.17.7% found to be for 100 ppm of Ammonia gas also the response and recovery time found
to be 24 sec and 26 sec respectively.
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1 Introduction

Nanotechnology has emerged as one of the most
rapidly advancing fields of modern science and
engineering,  offering new  possibilities  for
manipulating materials at the nanoscale level [1-5].
Materials with dimensions in the range of 1-100 nm
exhibit unique physical, chemical, optical, and
electrical properties that differ significantly from their
bulk counterparts due to quantum confinement effects
and increased surface-to-volume ratios [7-10]. These
exceptional properties have led to widespread
applications of nanomaterials in diverse fields such as
medicine, environmental protection, electronics, and
energy  technologies  [11-15]. In  particular,
nanotechnology has revolutionized the development of
advanced functional materials for sensing, catalysis,
biomedical devices, and energy conversion systems
[16-20].

In the biomedical field, nanotechnology has enabled
the development of nanomedicine, which utilizes
nanoscale materials for disease diagnosis, targeted drug
delivery, and therapeutic treatments [21-25].
Nanoparticles can interact with biological molecules at
the cellular and molecular levels, enabling precise drug
delivery and improved treatment efficiency compared
to conventional pharmaceuticals [26-30]. Traditional

drug delivery systems often suffer from limitations
such as poor bioavailability, non-specific targeting, and
adverse side effects [31-35]. Nanotechnology-based
approaches overcome many of these limitations by
providing controlled drug release, improved cellular
uptake, and enhanced therapeutic efficiency [36-40].
Various nanostructures including fullerenes, carbon
nanotubes, quantum dots, dendrimers, liposomes, and
magnetic nanoparticles are currently being explored for
diagnostic imaging, biosensing, and drug delivery
applications [41, 42].

Beyond biomedical applications, nanotechnology has
also played a significant role in environmental
monitoring and industrial safety [43-45]. The detection
of hazardous gases is a critical issue for industrial
environments, laboratories, and chemical processing
facilities [46]. Among various toxic gases, ammonia
(NHs) is one of the most widely used industrial
chemicals [47]. It is commonly utilized in fertilizer
production, refrigeration systems, cleaning agents, and
chemical synthesis processes [48]. Ammonia is a
colorless gas with a strong pungent odor and is highly
soluble in water [49]. Although its odor provides an
early warning signal, prolonged exposure can reduce
the sensitivity of the human olfactory system, making
it difficult to detect dangerous concentrations through
smell alone [50, 51].
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Exposure to ammonia gas can cause serious health
hazards including irritation of the respiratory system,
skin burns, eye damage, and long-term lung
complications [52]. Therefore, the development of
highly sensitive, selective, and reliable ammonia gas
sensors is of great importance for environmental
monitoring, industrial safety, and public health
protection [53]. Conventional gas detection techniques
often require expensive instrumentation and complex
operating conditions [54]. In contrast, nanostructured
materials offer promising alternatives due to their high
surface area, rapid response, and enhanced interaction
with gas molecules [55].

Among various sensing materials, conducting polymers
have attracted considerable attention because of their
tunable electrical conductivity, chemical stability, ease
of synthesis, and strong interaction with gas molecules
[56]. Polyaniline (PANI) is one of the most widely
studied conducting polymers due to its simple
synthesis, environmental stability, and high sensitivity
to various gases including ammonia, hydrogen, and
nitrogen oxides [57]. The sensing mechanism of PANI
is primarily based on changes in electrical conductivity
resulting from the interaction between gas molecules
and the polymer backbone [58]. Nanostructured forms
of PANI, such as nanofibers and thin films, further
enhance sensing performance due to their increased
surface area and improved charge transport properties
[59, 60].

Various techniques such as chemical oxidative
polymerization, electrochemical deposition, spin
coating, and chemical vapor deposition have been
employed to synthesize PANI nanostructures. Among
these methods, oxidative polymerization is considered
a simple, low-cost, and scalable approach for
producing uniform nanostructured PANI films on
different substrates [17]. In addition, the choice of
substrate plays an important role in determining the
electrical and sensing characteristics of the deposited
films. Conductive substrates such as indium tin oxide
(ITO) can significantly enhance electrical transport and
sensing efficiency compared to insulating substrates
like glass [23].

In this paper, polyaniline (PANI) nanofiber thin films
were successfully prepared on glass and indium tin
oxide (ITO) substrates using a simple and cost-

2.2 Materials and solution preparation

The chemicals used for the synthesis of polyaniline
thin films included aniline monomer, ammonium
persulfate (APS), hydrochloric acid (HCI), and double
distilled water. All chemicals were of analytical grade
and used without further purification. Aniline served as
the monomer precursor, while ammonium persulfate
acted as the oxidizing agent during the polymerization
process. Hydrochloric acid was used as the acidic
medium for polymer formation, and double distilled
water was used as the solvent.

effective oxidative polymerization technique. The
prepared films were systematically characterized to
investigate their structural, morphological, optical, and
electrical properties. The thickness of the deposited
films was determined using the gravimetric weight
difference method, while X-ray diffraction (XRD)
analysis was employed to study the structural nature of
the films. Surface morphology and film uniformity
were examined using scanning electron microscopy
(SEM), and Fourier transform infrared spectroscopy
(FTIR) was used to confirm the formation of the PANI
emeraldine salt phase. In addition, optical absorption
behavior was analyzed to evaluate the characteristic
electronic transitions of the material. The electrical
properties of the films deposited on glass and ITO
substrates were measured using a two-probe resistivity
setup. Finally, the gas sensing performance of the
PANI nanofiber thin films toward ammonia gas was
investigated at different gas concentrations, and key
sensing parameters such as sensitivity, response time,
and recovery time were evaluated to assess the
suitability of the films for ammonia gas sensor
applications.

2 Materials and methods

2.1 Substrate cleaning

Proper substrate cleaning plays a crucial role in
obtaining uniform and adherent thin films.
Contaminated substrates may provide unwanted
nucleation sites, leading to porous, non-uniform, and
poorly adhered films. Commercial microscope glass
slides with dimensions of 75 x 25 x 1.35 mm? were
used as substrates. The substrates were cleaned
following a standard procedure. First, the glass slides
were washed thoroughly with tap water to remove dust
and surface impurities. Subsequently, the substrates
were boiled in 0.5 M chromic acid solution for 1 hour
to remove organic contaminants. After chemical
cleaning, the slides were rinsed several times with
deionized water followed by double distilled water.
Finally, the cleaned substrates were dried in air and
stored in a dust-free environment prior to film
deposition.

2.3 Deposition of polyaniline thin films

Polyaniline (PANI) nanofiber thin films were
synthesized using a simple and cost-effective in situ
oxidative polymerization technique. Initially, 0.2 M
aniline solution was prepared in distilled water and
stirred using a magnetic stirrer for approximately 30
minutes. In a separate beaker, a 0.25 M solution of
ammonium persulfate (APS) was prepared in aqueous
medium and stirred for 15 minutes. Before mixing,
both solutions were pre-cooled in an ice bath at 4 + 2
°C to control the polymerization reaction. The APS
solution was then added dropwise to the aniline
solution under constant stirring. After complete
mixing, the pre-cleaned glass and ITO substrates were
vertically immersed in the reaction mixture and kept
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for 1 hour at room temperature to allow the formation
of polyaniline nanofiber thin films. The deposited films
exhibited a characteristic greenish color, indicating the
formation of polyaniline emeraldine salt phase.

2.4 Characterization techniques

The structural properties of the polyaniline thin films
were analyzed using an Bruker D8 Advance X-ray
diffractometer manufactured by Bruker (Germany).
The instrument operates with Cu Ko radiation (A =
1.5406 A) in Bragg-Brentano geometry. The
diffraction patterns were recorded in the 28 range of
approximately 5°—140° with a typical operating voltage
of 40 kV and current of 30 mA. This instrument is
widely used for phase identification, crystallinity
evaluation, and crystallite size estimation of thin films
and nanomaterial. The surface morphology and
microstructure of the deposited films were investigated
using a Scanning Electron Microscope (SEM)
manufactured by JEOL (Japan). The microscope was
operated at an accelerating voltage range of 5-20 kV to
obtain high-resolution images of the thin film surface.
SEM analysis provides detailed information about the
surface texture, grain distribution, and nanofiber
morphology of the deposited films. The optical
absorbance spectra of the thin films were recorded
using the Lambda 25 UV Vis Spectrophotometer
manufactured by  PerkinElmer (USA). The
measurements were carried out in the wavelength
range of 200—1100 nm to study the optical absorption
characteristics and electronic transitions of the
polyaniline films. The chemical bonding and functional
groups present in the synthesized films were analyzed
using an FTIR spectrometer manufactured by Thermo
Fisher Scientific (USA). The spectra were recorded in
the wavenumber range of 400—4000 cm™! to confirm
the formation of polyaniline emeraldine salt structure.
The electrical resistivity of the films was measured
using a home-built two-probe resistivity measurement
system consisting of a regulated DC power supply,
nanoammeter, and temperature-controlled sample
holder. The resistivity measurements were carried out
in the temperature range of 300—450 K to evaluate the
electrical transport properties of the polyaniline thin
films. The electrical characteristics of the films were
further analyzed using a computer-controlled -V
measurement system integrated with a constant DC
power supply and digital electrometer. The
measurements were performed at room temperature
(=300 K) to study the conduction behavior of the thin
films.

The electrical resistivity p of the film is calculated
using [33]:

p=7%% ()
where V is the applied voltage, I is the measured
current, A is the cross-sectional area, and d is the
distance between probes. The measurements were
carried out in the temperature range of 300-450 K.

In case of semiconducting thin films, the resistivity
decreases with increase in the temperatue.

The thermal activation energy (Ea) is calculated by
using resistivity relation [12]

p=poexp(=2) @)
Where symbols have their usual meanings. The slope
of the log (p) versus 1/T leads to the estimation of
activation energy. The instrument of two-point probe is
consisting of a brass block, which is used as a sample
holder-cum-heater. The films of the size 2.0 cm x 0.5
cm on the glass substrates were used.

The ammonia gas sensing characteristics were
investigated using a custom-built gas sensor unit
consisting of a sealed test chamber (volume =250 cm?),
digital electrometer, and microsyringe for gas injection.
The sensing measurements were carried out at room
temperature (300 K) with ammonia gas concentrations
ranging from 20 to 100 ppm. The resistance changes of
the sensing films were recorded as a function of time to
evaluate sensitivity, response time, and recovery time.
The resistance of the film in air is denoted as Ra, while
the resistance in the presence of gas is denoted as Rg.
The sensor response was calculated as [57, 58]:

S(%) = LD 5 100 3)

The response time and recovery time were determined
from the resistance versus time curves during exposure
to and removal of the target gas.

3 Result and discussion

3.1 XRD analysis

XRD of both the Polyaniline deposited on glass and
ITO were recorded on a Bruker AXS (D8 Advanced,
Germany) diffractometer in the scanning range of 20°—
70° having the wavelength of 1.5405 A. Fig. 1 shows
the XRD spectra of PANI deposited on glass as well as
on ITO substrates.

——PANIon ITO
——— PANI on glass

20 30 40 50 60 70 80

Fig. 1. XRD spectra of PANI deposited on glass and
ITO

From above figure it is clear that PANI deposited on
glass and ITO substrate shows the no peak in spectra
which confirms the amorphous nature of PANI on both
the substrates.

3.2 SEM and EDX

The surface morphology and elemental study were
carried out by scanning electron microscopy and
EDX. The scanning electron microscopy is widely used
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to study the surface morphology and nature of thin
films and nanocrystalline materials. Whereas in present
case we used SEM also for the study of surface
morphology of PANI nano fiber deposited on the glass
and ITO substrates. The EDX was carried in present
work to study the elemental composition of PANI
deposited on glass and ITO substrates. The SEM was
studied in present work to investigate the
morphology of Polyaniline on different substrates.
Fig. 2 a and b shows the surface morphology of
Polyaniline deposited on glass and ITO substrates.
From above SEM micrograph the Polyaniline is
uniformly deposited on glass and ITO also it is found
to be compact nature. Also there is no large difference
was found on glass and ITO substrates. Also the EDX
of Polyaniline deposited on ITO was carried out to
investigate the presence of ITO in polymer. Figure 2 ¢
shows the typical EDX spectra of Polyaniline
deposited on ITO substrate. From EDX spectra it is
well defined sharp peaks were observed for Carbon,
Oxygen, which confirms formation of Polyaniline.
Also the peaks were observed for Tin and Indium due
to presence of ITO. The Silicon peaks are observed due
to the ITO coated glass.

- " v L

Fig. 2. (a) PANI deposited on glass (b) PANI deposited
on ITO (C) EDX spectra of PANI deposited on ITO

3.3 Fourier transforms infrared spectroscopy
(FTIR)

For the conformation of the formation of the PANI on
the glass and ITO substrates we investigated this
sample by FTIR spectroscopy. Fig. 3 shows the IR
spectrum of the PANI nano fibers synthesized by the in
situ polymerization method on the glass and ITO
substrates.

The characteristic bands at 3240, 1574 and1492
cm™! correspond to the N-H stretching vibration and
the C—C stretching of the quinoid ring and benzenoid
ring, respectively. Bands at 1292, 1108 and 815 cm™!
arose from the C-N stretching of the secondary
aromatic amine, the C—H in-plane bending mode, and
the out-of-plane bending vibrations of the aromatic C—
H, respectively. These characteristic bands conformed

that the PANI contained the conducting emeraldine salt
phase [95]. Also from above figure it is found that
intensity of transmittance is higher for PANI nano fiber
deposited on ITO substrate than PANI nano fiber
deposited on glass substrate.

Transmittance

40 1 w— PANI on ITO
e PANI on glass

500 1000 1500 2000 2500 3000 3500 4000

Wave number (cm™)

Fig. 3. FTIR spectra of PANI deposited on glass and
ITO

3.4 Optical absorbance spectroscopy (UV-Vis)

Polyaniline deposited on the glass and ITO substrate
were studied by Perkin-Elmer Lamda 25 UV-Vis
spectrophotometer in the range 300 nm to 1000 nm.
Fig. 4 shows the optical spectra of PANI deposited on
glass and ITO. The spectrum shows three fundamental
characteristic peaks at 324, 413 and 830 nm. The
absorption peak present at 324 nm is described as the
n—m* transition of the benzenoid rings, while the peaks
at 413 and 830 nm are attributed to the polaron—m* and
the m—polaron transitions, respectively [96]. It was also
reported in the previous works [97] that the peaks at
413 and 830 nm are related to the doping level and
polaron formation and peak broadening is occurs as
volume of HCl increased in ml. It is due to the numbers
of polaron goes on increasing which makes the
Polyaniline highly conductive.

®  PANIon glass
*  PANIonITO

10 4

a4

'] T T T T T
300 400 500 600 700 800 900
wavelength (nm)

Absorption

Fig. 4. Optical absorbance for PANI deposited on glass
and ITO

3.5 Electrical resistivity

The dc electrical study of PANI nano fibre thin films
were carried out by home made two probe resistivity
set up. The figure shows the variation of electrical
resistivity (log p) as function of temperature (1000/T).
Fig. 5 shows the electrical resistivity plot for PANI
deposited on glass and ITO subustrates. Decrease in
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resistivity when the temperature increased which
shows the semiconductor nature of PANI nano fibre on
both the subustrates [48]. From the resistivity plots it is
clear that resistivity is higher for PANI deposited on
glass substrate. The calculated room temperature
resistivity found to be 5.49x10° Q.cm for PANI
deposited on glass and 1.96x10° Q.cm in case of
PANI deposited on ITO. Also the activation energy
was calculated by following formula.

E, = 2303 x 105 x Slope )

The calculated activation energy (E.) for PANI
deposited on glass

J —®—PANlonglass - 5624 —#— PANlonITO o
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Fig. 5. (a) Resistivity plot of PANI deposited on glass
(b) Resistivity plot of PANI on ITO

3.6 I-V characteristics

I-V study of the PANI nano fiber deposited on the
glass substrate was carried out by computerized -V
measurement system. Plot sows the variation in the
current as function of the applied voltage on the PANI
nano fiber (see Fig. 6), from this figure it is clear that
PANI shows the ohmic nature which is the one of
property of semiconductor [19].

6.00E-008 4 ‘ =  PANI on glass

4.00E-008 o

2.00E-008 «

-4.00E-008

E00E.008
Fig. 6. I-V plot of PANI deposited on ITO

3.7 Ammonia gas sensing study

The as-synthesized thin films of PANI on the Si and
the glass substrate were used to study the ammonia gas
sensing properties at room temperature. For this, a
silver (Ag) contact was made on the sides of the 1x1
cm2 area PANI samples. Hence the actual area
exposed to the ammonia gas was 0.5x0.5 cm?. The gas
sensing study of Polyaniline deposited on glass

substrate was studied by gas sensor system which is
shown here. First the stabilization curve was recorded
which gives the resistance of Polyaniline in the air
called Ra. Then change in resistance was recorded as
function of time in second in absence and in presence
of different ammonia gas concentrations which gives
the resistance in ammonia gas called R,. The following
figure shows the plot time versus gas response. The gas
response was calculated by formula R. /R, [53] (see
Fig. 7 a, b, ¢, d, e, and f) which shows the plot of
Polyaniline in presence of Ammonia for different
known concentrations. Also all plots shows the nearly
same pattern in presence of the Ammonia gas. For all
samples did not gives the response for some time. But
after some it suddenly gives the response goes in
saturation when the gas was removed from the
chamber again the response was decreased. The
observed response time was found to be 32 sec, 31sec,
26 sec and 24 sec also the recovery time found to be 17
sec, 31sec, 15 sec and 28 sec for 10 ppm, 40 ppm, 80
ppm and 100 ppm respectively. Fig. 7 f shows the plot
of sensitivity as function of gas concentration. From
the graph it is clear that the sensitivity of PANI
increases as the concentration increases due to more
gas molecules were interacted with the PANI surface.
The sensitivity of PANI for different gas concentration
was calculated by Eq. 2. The observed sensitivity for
PANI on glass was 5.6%, 10.2%, 16.4% and 17.7% for
10 ppm, 40 ppm, 80 ppm and 100 ppm of gas
concentration respectively. The observed sensitivity
was higher for 100 ppm of Ammonia.
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4 Conclusion

The Polyaniline nano fiber was successfully
deposited on the glass and ITO substrates by chemical
oxidative polymerization technique. The observed
thickness of PANI nano fiber found to be 190 nm and
210 nm on the glass and ITO substrate respectively
which is measured by Gravimetric weight difference
method. . The XRD study shows the amorphous nature
of both the films with decrease in intensity for PANI
deposited on ITO. SEM micrograph reveals the PANI
deposited uniformly and no more change was
observed. An EDX spectrum shows the presence of
Carbon, Oxygen, Nitrogen, Tin and Indium for
PANI deposited on ITO. The optical absorbance
spectrum PANI gives three fundamental peaks and at
lower wave length the absorption is higher for PANI
nano fiber deposited on ITO substrate. FTIR spectra
confirm the formation of the PANI emeraldine nano
fiber tin film on glass and ITO substrates. The DC
electrical resistivity of PANI deposited on glass
and ITO was investigated by two probe resistivity
set up and the found to be 5.49x10° Q.cm for PANI
deposited on glass and 1.96x103 Q.cm PANI deposited
on ITO. The Ammonia gas study shows the higher
sensitivity for 100 ppm of gas for as deposited PANI
nano fiber thin film i.e. 17.7 % . There is a need to
reduce the cost of gas sensor material in the field of
sensor optoelectronic device applications. Conducting
polymer materials thin films provide wvast and
promising field to researchers, so as to invent new
sensor materials. Today we find large scale usage of
sensor in many areas such as domestic, agricultural,
biomedical, defense and scientific research, etc.
However, the verities of sensors and vastly different
disciplines have hindered in sensor technology
becoming dependent field. Recently the new hybrid
material i.e. polymer/metal oxide composite thin films
have attracted much attention for fabrication in gas
sensor and optoelectronic devices. The change in
opto-electrical and structural properties due to using
adding various metal oxides and irradiation makes it a
suitable candidate for the gas sensors and various
applications. So, in our future work we will irradiate
our samples at higher energies which might improve
the gas sensing properties of PANI/metal oxide
composite thin films.
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