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Abstract
Objectives: The synthesis of Polypyrrole based nanocomposites using chem-
ical techniques and then characterize using various techniques to study the
Structural, morphological, and Thermal characteristics of these materials. The
main objective of this research is to fabricate room temperature operative
NH3 gas sensor. Methods: Turkevich method is used for the synthesis of
gold nanoparticles. These Gold nanoparticles are further employed to form
polypyrrole-based nanomaterials using the Chemical oxidative polymerization
method. These nanocomposites were comprehensively characterized using
SEM, TEM, X-ray Diffraction, FTIR, UV-vis Spectroscopy, and TGA. The two-
probe approach was used to measure electrical conductivity. Synthesized PPy-
Fe(ClO4)2-Au nanocomposite was then applied to fabricate room temperature
operated gas sensor that can detect ammonia (NH3) gas at low ppm levels.
Findings: The SEM of the PPy based nanoparticle shows its globular morphol-
ogy with size in 180-250 nm. XRD shows an amorphous nature with some crys-
talline formation indicating Au presence. FTIR reveals prominent peaks show-
ing significant bonds of PPy. The UV-visible spectra of pure PPy shows a peak at
349 nmwhile PPy-Fe(ClO4)2 and PPy-Fe(ClO4)2-Au show additional peak at 541
nm and 421 nm. The I-V characteristic of PPy-Fe(ClO4)2-Au shows enhanced
conductivity of 30.58 Scm-1 which is higher than pure PPy. Novelty: A novel
dopant Iron(II) per chlorate Fe(ClO4)2, was added to the nanoparticles to syn-
thesize PPy-Fe(ClO4)2-Au nanocomposites. Sincemost of the sensorsworked at
some elevated temperature, this paper presents low ppm level NH3 gas sens-
ing at room temperature which is the key step for this research work.
Keywords: PPy; AuNPs; Polypyrrole; NH3; PPy-AuNPs-Fe(ClO4)2
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1 Introduction
In recent times, gas sensors have been developed with growing demand and utilized in various sectors such as environmental
monitoring, the automotive industry,medical applications, and indoor air qualitymanagement. Ammonia (NH3) is a hazardous
gas that has attracted considerable interest in gas detection research due to its extensive production and consumption
worldwide (1). The majority of ammonia exposure occurs in agriculture due to the use of powerful fertilizers, although it is
also widespread in mining, metallurgy, petroleum refining, specialty workers handling commercial refrigerants or de-icing,
and agricultural workers handling significant amounts of fertilizer (2). Short-term exposure to ammonia can result in burns to
the skin and eyes, while even low concentrations can irritate the respiratory system, nose, and throat and induce freeze burns.
The worst risk occurs when ammonia reacts with body fluids to create ammonium hydroxide, which can cause instant internal
burns, tissue death, and even blindness. This highlights the vital necessity of gas sensors in sectors with significant ammonia
exposure (1,2). Advances in nanotechnology attracted researchers to fabricate gas sensors based on conducting polymers which
can sense gases at room temperature with high sensitivity (3).

Conducting polymers (CPs) are an emerging class of beneficial compounds. They have sparked great interest in a variety
of disciplines due to their simplicity of production, anti-corrosion properties, light-weight nature, cost-effectiveness and
exceptional electrical, mechanical, and optical characteristics (4). Among many conducting polymers such as Polyacetylene,
polyaniline and polypyrrole, the most promising conducting polymer according to many researchers is Polypyrrole (PPy). PPy
has superior environmental stability, simple synthesis, along with its excellent conductivity (5).

There are numerous methods for synthesizing PPy, including Chemical, vapor phase deposition and electrochemical
processes. Chemical oxidation is a simple, fast, affordable, and reliable method among them. In this paper, the synthesis of
PPy nanocomposites with gold nanoparticles is presented. Iron(III) Chloride (FeCl3) is used as an oxidant and iron perchlorate
(Fe(ClO4)2 is utilized as dopant. Initially, pyrrolemonomers react with FeCl3 to create PPy, which is followed by the byproducts
FeCl2 and HCl. The next step involves doping PPy with Fe(ClO4)2, the process followed according to the literature (6,7). This
allows the perchlorate ions (ClO4

-) to be incorporated into the polymer chain, stabilizing the positive charges and enhancing
electrical conductivity. The total reaction yields doped polypyrrole with the perchlorate ions acting as dopants to enhance the
conducting characteristics of the polymer.

When dopant Fe (ClO4)2 is added to PPy, it produces ClO4
- anions, which are critical in the doping process. Positive charges

such as polarons and bipolarons are introduced into the PPy structure by doping with ClO4
- ions. This facilitates a charge-

transfer mechanism that substantially enhances the conductivity of the polymer. This dopant balances the positive charges on
the PPy structure, stabilizing the polymer’s conductive state and increasing electrical conductivity. Improved charge mobility is
a result of the additional electron delocalization made possible by the presence of Fe2+ ions from Fe (ClO4)2. A nanocomposite
with improved conductivity, thermal stability, and appropriateness for gas sensing applications is produced as a result of this
charge stabilization, which also improves the PPy structure’s overall electrical characteristics.

In order to improve PPy’s electrical characteristics, themajority of studies have concentrated on adding conventional dopants
like organic chemicals, transition metal salts, and metallic nanoparticles. Studies have demonstrated that by encouraging
interactions between the polymer and target gas molecules, doping with metals like gold, silver, and copper or organic
compounds like camphor sulfonic acid enhances gas sensing sensitivity. There is currently a significant gap that has to be filled
and an opportunity for innovation because dopant Fe(ClO4)2 used in our study has not been documented in recent literature.
These samples were characterized by SEM (Scanning Electron Microscope), TEM (Transmission Electron Microscope), XRD
(X-ray Diffraction), FTIR (Fourier Transform Infrared) Spectroscopy, UV-visible spectroscopy and TGA (Thermogravimetric
Analysis). These were then utilized to determine electrical conductivity using two probe method (8). Finally, the sample with
higher conductivity was used to study gas sensing characteristics for detecting NH3 gas.

Sood et al. synthesized polypyrrole (PPy) using ammonium peroxydisulfate (APS) and ferric chloride (FeCl3), finding that
FeCl3-based PPy exhibited higher conductivity (2.22× 10- S/cm) and better thermal stability thanAPS-based PPy (9). Pagar et al.
used a chemical approach to manufacture PPy, which was then analyzed using SEM, XRD, FTIR, and UV-visible spectroscopy
at various Molar ratios (10). Dave et al. produced PPy by employing ferric chloride as an oxidant with different oxidant-to-
monomer ratios with the conductivity of the samples ranging from 545.19 𝜇Scm-1 to 215.78 𝜇Scm-1 (11). Sravanthi et al. used a
variety of sulphonic and inorganic acid dopants along with ammonium persulfate as an oxidant to create PPy using chemical
oxidative polymerization, this suggests that PPy produced in sulphonic acid media had greater conductivity (12).

The aim of this study is to synthesize PPy, PPy doped with Fe(ClO4)2 and PPy-Fe(ClO4)2-Au nanocomposite for oxidant
to monomer molar ratio (M.R.) 1:1 and characterize with various techniques. Synthesized nanocomposite samples were
investigated for electrical conductivity measurement and finally PPy-Fe(ClO4)2-Au nanocomposite was utilized for NH3 gas
sensing study.
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2 Methodology

2.1 Materials

The monomer Pyrrole (AR grade) was purchased from Spetrochem Pvt. Ltd., Mumbai, and stored in a dark bottle at a low
temperature. Iron(III) chloride (FeCl3.6H2O) of 97%AR grade was procured from Loba Chemie. Chloroauric Acid (HAuCl4),
trisodium citrate and Iron(II) perchlorate (Fe(ClO4)2) were obtained from Molychem. Synthesis of nanocomposites was done
under the double distilled water.

2.2 Methods

2.2.1 Synthesis of PPy:
Polypyrrole (PPy) was synthesized using a chemical oxidative technique (9,13). FeCl3 acted as the oxidant and pyrrole as the
monomer. Double distilled water was used to prepare a 1 M pyrrole solution, which was then pre-cooled in an ice bath (0–5∘C)
while being continuously stirred slowly for 30 minutes with a magnetic stirrer. Then, while keeping the ice bath conditions for
three to four hours, a precooled 10 ml of FeCl3 solution was poured in dropwise with a monomer to oxidant molar ratio (M.R.)
of 1:1. To ensure complete polymerization, the mixture was then allowed to settle for an entire day. To get rid of any unreacted
monomer, oxidant, and ferrous or ferric contamination, the resultant precipitate was filtered under reduced pressure and then
washed with distilled water. The product was then vacuum-dried at room temperature until it reached a consistent weight (13).
The same process was used to prepare a second sample, which was doped with 0.1 M Fe(ClO4)2 for three hours while being
stirred at a low temperature and constant speed. The final Monomer:Oxidant:Dopant molar ratio is 1:1:0.1 which is found to
be good for getting high yield. The resulting powder was then cleaned and filtered to provide PPy doped with Fe(ClO4)2.

2.2.2 Synthesis of Gold Nanoparticles (AuNPs):
Turkevich method was used to create citrate-stabilized gold nanoparticles (14). A standard experiment involved heating 100 ml
of 0.5 mM HAuCl4 to boiling. This solution was treated with 10 ml of 38 mM trisodium citrate, which started the reduction
of HAuCl4. Successful AuNP production was indicated by the solution changing from translucent yellow to violet and then to
ruby red after 8 to 9 minutes of vigorous mixing. Trisodium citrate worked as a reducing as well as stabilizing agent (14).

2.2.3 Synthesis of Polypyrrole iron(II) perchlorate Gold (PPy-Fe(ClO4)2-Au) nanocomposite:
The PPy-Fe(ClO4)2-Au nanocomposite was created by in situ chemical oxidative polymerization. First, a magnetic stirrer was
used to agitate 40ml of a 0.5mMAuNP colloidal solution for tenminutes while it cooled in an ice bath.The gold nanocomposite
was then formed by adding 1Mpyrrole solution, and themixturewas stirred for 30minutes to produce a homogeneous solution.
The reactionmixturewas then kept at 0–5∘C for anhourwhilemagnetic stirringwasmaintained.Aprecooled 1M ferric chloride
solution was subsequently added by drops over 30 minutes with monomer to oxidant ratio of 1:1. Then, for three hours, a 0.1
M Fe(ClO4)2 dopant was added while being constantly stirred in an ice bath. The polymerization process was then completed
by allowing the solution to be settled overnight. The product was filtered under reduced pressure, washed with distilled water
until the filtrate was colorless, and vacuum-dried at room temperature.

We regulated the PPy solution’s pH between 1-3, since the highest precipitation is achieved at an acidic (lower) pH of about
1.1 and the least amount at higher pH values, such as 5. A calibrated pH meter was used to test the pyrrole solution’s initial
pH, and diluted acid was added in order to adjust it. The oxidative polymerization of pyrrole monomers is favored by acidic
conditions, which guarantee a constant reaction rate and improve conductivity through efficient doping. FeCl3 functions as
an effective oxidant at these lower pH values, promoting stable and consistent PPy production. Similar pH monitoring was
done for the AuNP solution to ensure steady nanoparticle production, and modifications were implemented to sustain desired
conditions.

2.2.4 Characterization and Conductivity Measurement:
All the samples were characterized by utilizing a wide range of modern techniques to ensure a comprehensive understanding of
their characteristics. Utilizing the FEI Quanta 200 model, we performed SEM for the identification of surface morphology.
The FEI Tecnai G2-F30 was used to conduct Transmission Electron Microscopy (TEM) studies to investigate the interior
nanostructure. To find out the crystalline structure, an XRD analysis was conducted using the PANalytical Empyrean, Malvern.
In order to study chemical bonding andmolecular composition, Fourier Transform Infrared (FTIR) spectrawere obtained using
Bruker, Germany’s Attenuated Total Reflectance technology (ATR). Agilent Technologies Cary 100 UV-vis spectroscopy was
used to examine the optical characteristics. To validate thermal stability and composition, TGA was performed using Hitachi
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NEXTA STA300.The final product was pressed into pellets, and their electrical conductivity wasmeasured using the two-probe
method. Ultimately, these extensively studied and electrically verified samples were utilized to fabricate gas sensors, applying
their improved characteristics to enhance sensing performance.

2.2.5 Gas Sensing Setup and Interdigitated Electrode (IDE):
CPs deposited on IDE were used to monitor the gas response in a specially built gas chamber with a volume of 1000 cm3.
The schematic representation of the gas sensing unit used in the research is shown in Figure 1. The gas concentration inside the
chamber can be accurately regulated by injecting an accuratelymeasured quantity of gas from a calibrated source with a syringe,
which is connected to a pressure gauge for monitoring and controlling ppm levels. For the purpose of testing and analyzing
sensors, this technique provides precise gas concentration modification to the required levels. The resistance of the conducting
Polypyrrole (PPy) layer deposited on the IDE sensor was measured using a Keithley 2000 digital multimeter. To quantify sensor
recovery, air was forced into the chamber until equilibrium was attained. This was accomplished by opening valves V1 and V2
at the same time while running a vacuum pump. While valve V1 permitted the entry of new air, accelerated by the vacuum
pump, valve V2 enabled the release of gas. All the sensitivity tests were conducted at room temperature.

Fig 1. Schematic of Gas Sensing Setup

The interdigitated electrodes in the IDE sensor were formed by screen-printed copper tracks with a spacing and width of
about 1 mm, which were placed onto an epoxy glass basis. The overall dimensions of the sensor device were 30 mm by 20 mm.
For the production of the sensor, PPy powder was mixed with polyvinyl alcohol, stirred, and subsequently brush-coated onto
IDE substrates. These sensors which are critical for measuring gas sensing capabilities, vacuum dried before testing.

3 Result and Discussion
Several characterizations were performed on Pure PPy, PPy doped and PPy-Fe(ClO4)2-Au nanocomposites as follows:

3.1 SEM and TEM analysis:

TheSEMofPure PPy, PPy-Fe(ClO4)2 andPPy-Fe(ClO4)2-Aunanocomposite is illustrated in Figure 2.All of these are generally
showing globular morphology consistent with structures reported by Sood et.al. (9). The Figure 2a shows the closely packed
structure with inter-junction formations while the Figure 2b shows that the particles of dopant were largely distributed on
the PPy matrix. Fe(ClO4)2 contributes electron-withdrawing properties which increase the charge density in the PPy matrix.
This improves the arrangement of polymer chains and generates more conduction sites, thereby enhancing the conductivity
of the polymer. Furthermore, the addition of the dopant increases the material’s interaction with the targeted gas molecules.
Figure 2c demonstrates that the PPy-Fe(ClO4)2-Au nanocomposite has a densely packed structure with uniform distribution,
resulting in a large number of inter-junction forms on the surface of the synthesized material. When the target gas is exposed,
these junctions allow a large number of majority charge carriers to pass across the composite, thus improving the gas sensing
performance (15). The addition of Au nanoparticles and dopant increases the number of adsorption sites in the composite
material, indicating that it may perform better in gas-sensitive applications than pure PPy (16). The size of these particles is
in the range of 180-250 nm. Figure 2 d shows the High-resolution TEM of PPy-Fe(ClO4)2-Au nanocomposite. The bright
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areas illustrate the Scherrer ring pattern, which represents the fcc gold crystalline structure (17). The circular structure confirms
the presence of gold nanoparticles which were attached to the PPy matrix. The size of the Au particle is in the nanometer range
(~40 nm) (18).

Fig 2. SEMmicrographs of the nanocomposites: a) Pure PPy, b) PPy-Fe(ClO4)2 c) PPy-Fe(ClO4)2-Au nanocomposite and d) TEM of
PPy-Fe(ClO4)2-Au nanocomposite

3.2 XRD analysis:

Fig 3. XRD of Pure PPy, PPy-Fe(ClO4)2 and PPy-Fe(ClO4)2-Au nanocomposite

Figure 3 describes theXRD spectra of Pure PPy, PPy-Fe(ClO4)2 andPPy-Fe(ClO4)2-Aunanocomposite. All of these spectra
indicate that all are amorphous in nature except PPy-Fe(ClO4)2-Au nanocomposite which has some additional sharp peaks.
The XRD sample of all these samples shows a broad hump around 20-30o which confirms the existence of PPy consistent with
the results recorded in previous literature (19,20). When dopants are added, the 𝜋-bonds overlap more, bringing the polymer
chains closer together and enhancing electrical conductivity. Fe(ClO4)2 introduces perchlorate (ClO4

-) ions that interact with
the positively charged structure of doped PPy. These interactions may allow for more regular alignment of the polymer chains,
enhancing crystalline regions. However, the XRD of PPy-Fe(ClO4)2-Au hybrid nanocomposite shows some sharp peaks at
some 2𝜃 values such as 26.65, 33.14, 35.60 and 38.09 which confirms the presence of Au nanoparticles (14,18). Using the Scherrer
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equation (shown below), the average crystallite size of PPy-Fe(ClO4)2-Au nanocomposite was calculated as ∼40 nm which is
consistent with the size of the Au nanoparticles shown in TEM results.

Scherrer equation (21) is given by,

𝐷 = 𝑘𝜆
𝛽𝑐𝑜𝑠𝜃

where D stands for crystalline size, K for Scherrer constant, 𝜆 for wavelength of the applied X-ray beam (1.54184 Å), 𝛽 for peak
Full width at half maximum (FWHM) and 𝜃 for Bragg angle.

Table 1. Crystallite size as per each peak using Scherrer equation
Peak (2𝜃) Crystallite sizes (nm)
24.12 41.63
40.83 57.93
49.41 44.81
54.08 45.71
62.36 47.59

3.3 FTIR analysis:

Fig 4. Infrared spectra of Pure PPy, PPy-Fe(ClO4)2 and PPy-Fe(ClO4)2-Au nanocomposite

The IR spectra of Pure PPy, PPy-Fe(ClO4)2 and PPy-Fe(ClO4)2-Au hybrid nanocomposite recorded from 4000 to 500
cm-1 is illustrated in Figure 4. Each of the IR curves has a band at 3128.96, 3418.25, and 3444.25 cm−1, which is associated
with the N–H stretch vibration (13). The pyrrole ring vibration is responsible for the major band at 1627.77 and 1539 cm−1 (9).
The spectra of PPy-Fe(ClO4)2and PPy-Fe(ClO4)

2
-Au show small variations in peak locations compared to pure PPy. This

suggests interactions between the dopant (Fe(ClO
4
)2, Au nanoparticles, and the PPy matrix. Fe2+ ions and ClO4

- anions
interact electrostatically with the PPy backbone, stabilizing its charged structure and shifting vibrational modes. The =C–H in-
plane vibration is correlatedwith the band at 1033.94, 1038.12 and 1038.84 cm−1 (10).TheN=C stretching vibration is responsible
for the band at 1281.67, 1289.28 and 1297.04 cm−1 (11). The peaks at 1162.26, 1159.27 and 1164.76 are due to the C-H in plane
bending (10).

Furthermore, Au nanoparticles interact with PPy’s nitrogen sites via charge transfer, contributing to these modifications.
These coupled interactions cause structural alterations and restructuring of the PPy chain conformation, altering vibrational
energy and producing the observed FTIR peak shifts. The bipolaron structure of PPy is distinguished by unique vibrations
in the C=N, C=C, and N-H regions. When compared to the distinctive FTIR peaks of pure PPy, the PPy-Fe(ClO4)2-Au
nanocomposite’s spectrum clearly shows certain modifications, which indicate the inclusion of gold into the polymer matrix.
According to spectroscopic characterization of polypyrrole, all the peaks show absorption peaks corresponding to bipolaron
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bands, which were observed at 891.93, 851.80, and 890.30 cm-1 (5). Since bipolaron generation raises the density of charge
carriers, it improves conductivity. Bipolarons have the ability to interact with gas molecules in gas sensing, which can alter the
sensor’s electrical characteristics. The peaks present in FTIR of all samples were consistent with Pagar et.al. (10), Dave et.al. (11),
Sood et.al. (9) and Kadhem et.al. (5).

3.4 UV-visible spectroscopy:

During the formation of gold nanoparticle, the gold colloidal solution made of HAuCl4 first turns into colourless then Pink,
and at last it becomes Ruby red which is required. The UV-visible spectra of gold nanoparticle solutions are shown in Figure 5
a, b and c respectively. The characteristics peak for all these graphs is about 527, 531 and 528 nm which confirms the existence
of gold nanoparticle (14). One important physical characteristic of AuNPs is surface plasmon resonance (SPR). As the core size
increases from 1 to 100 nm, spherical AuNPs in aqueous solution display a range of colors and they frequently show a size-
relative maximum absorption within 500 and 550 nm (22). When gold nanoparticles were forming, the absorption spectrum
showed a SPR peak at 530 nm; the red-shift with growing particle size showed that the development of gold nanoparticles was
successful (23).

Figure 5d shows UV-vis spectra of the Pure PPy, PPy-Fe(ClO4)2 and PPy-Fe(ClO4)2-Au nanocomposite. Polypyrrole’s
characteristic bands show 𝜋-𝜋* transitions for C=C at around 270 nm. The pure PPy shows a peak at 349 nm (24) while PPy-
Fe(ClO4)2 and PPy-Fe(ClO4)2-Au show additional peak at 541 nm and 421 nm can which suggests the presence of dopant.
The peak observed at 527 nm and 561 nm indicates the formation of gold nanoparticles according to the Borse et.al (17).

Fig 5. UV-visible spectra for Gold nanoparticle solution at different colours: a) Colourless b) pink c) Ruby red and UV-visible spectra
of Pure PPy, PPy-Fe(ClO4)2 and PPy-Fe(ClO4)2-Au nanocomposite

3.5 TGA analysis:

The thermal stability of Pure PPy, PPy-Fe(ClO4)2 and PPy-Fe(ClO4)2-Au nanocomposite was determined using TGA in a
nitrogen environment at a heating rate of 10 oC/min is shown in Figure 6. The onset temperature for Pure PPy, PPy-Fe(ClO4)2
and PPy-Fe(ClO4)

2
-Au nanocomposite as 150 oC, 160 oC and 150 oC. This is due to the improved thermal stability due to

the addition of dopant and stabilizing effect of gold nanoparticles. All these samples exhibit different thermal degradation
characteristics in the TGA investigation with two weight loss phases. Pure PPy displays weight loss of 14.5% and 34.6%, totaling
approximately 49.1%, where the initial weight loss likely corresponds to moisture loss upto ~150 oC and the second to the
decomposition of the PPy structure upto ~400 oC which is attributed to the thermal oxidative decomposition of PPy chain (25).
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Thedecreased initial weight loss compared to pure PPy shows that the dopant Fe(ClO4)2 promotes stability in the early thermal
degradation phase, most likely due to the stronger molecular interaction between PPy and Fe(ClO4)2. PPy-Fe(ClO4)2-Au
nanocomposite showed two significant weight loss phases: 33.1% and 11.7%.This results in a total weight loss of roughly 44.8%,
which was probably caused by moisture loss, and C, H and N decomposition which is similar to Sood et.al (9). This implies that
Au nanoparticles inhibit degradation in the second phase by serving as a heat sink, enhancing overall thermal stability. All of
the samples indicate the following thermal stability trend: PPy-Fe(ClO4)

2
-Au > PPy-Fe(ClO4)2> Pure PPy. According to this

hierarchy, Fe(ClO4)2 doping increases the thermal stability of PPy by providingmolecular reinforcement and Au nanoparticles
further improve this stability by maintaining structural integrity and slowing down the rate of degradation in high temperature
environments.This thermal stability helps preserve sensor integrity at high temperatures, which is advantageous for applications
in thermally stable gas sensors (25).

Fig 6. TGA of Pure PPy, PPy-Fe(ClO4)2 and PPy-Fe(ClO4)2-Au nanocomposite

3.6 Current-Voltage (I-V) characteristics:

Fig 7. I-V characteristic graph of PPy-Fe(ClO4)2-Au nanocomposite at various temperatures

The nanocomposite powder is pressed under high pressure to form pellets of size 13 mm diameter. Then the I-V
characteristics for all these samples were studied to evaluate electrical conductivity. The I-V characteristics for PPy-Fe(ClO4)2-
Au nanocomposite are illustrated in Figure 7. It contains I-V curves at various temperature vary from Room temperature (RT
=30∘C) to 60∘C.The curves show a consistent rise in current with voltage which clearly indicates the ohmic nature of the sample
as expected according to Sood et.al (26).

Ohmic behavior is essential for sensor applications because it ensures linear and stable electrical performance, which is
necessary for precise and reliable sensor operation. Rapider responses and increased sensor sensitivity are the results of this
behavior, which promotes effective charge carrier mobility. The low contact resistance of Ohmic contact reduces energy loss
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and electrical noise, resulting in more accurate sensor readings. Furthermore, the stability of Ohmic contacts contributes to
sensor reliability and durability, making them crucial for a wide range of sensing applications (27).

The electrical conductivity calculated for all three samples using two probe method is evaluated using the formula (8),
Conductivity, 𝜎 = 𝐼

𝑉
𝑡
𝐴 = 𝑡

𝑅 × 𝐴
Where, V = voltage applied, t = Thickness of the sample, I = current, R= resistance of the sample, A = Area of the sample

which is in contact with the probes.
The conductivity of PPy-Fe(ClO4)2-AuNanocomposite ismuch higher as compared to Pure PPy and PPy doped Fe(ClO4)2.

This may be due to the presence of Au metal on PPy matrix with addition of iron (Fe) containing dopant. The electrical
conductivity of PPy-Fe(ClO4)2-AuNanocomposite is 30.58 Scm-1, is much higher than PPy samples recorded byDave et.al. (11)
which is in the order of 10-4 Scm-1. This enhanced electrical conductivity at room temperature is crucial for the fabrication of
sensors (28,29).

3.7 Gas Sensing Characteristics:

Figure 8 a shows the sensitivity curves for different concentrations of NH3 gas on our fabricated gas sensor, which varies from
40 ppm to 60 ppm. The sensitivity (S) of gas sensor obtained by using the formula given by (8),

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦, 𝑆 % = |𝑅𝑎𝑖𝑟 −𝑅𝑔𝑎𝑠|
𝑅𝑎𝑖𝑟

×100% = |△𝑅|
𝑅𝑎𝑖𝑟

×100%

The Figure 8a shows that as the NH3 gas concentration rises, the sensitivity of the gas sensor increases. Our main focus of
research is to build this room temperature operated sensor for low ppm gases such as 40 ppm gas concentration. Thus, we
plotted the Resistance versus time graph for 40 ppm gas concentration at room temperature as shown in Figure 8 b. To evaluate
the reproducibility and repeatability of the gas sensor’s performance and to comprehend the gas sensing mechanism, the NH3
gas was passed through several times. This gives the good repeatability and recovery of sensor at low ppm of NH3 gas as
recorded by Jain et.al. (30). During all cycles, it shows consistent behaviour during the adsorption and desorption of NH3 gas.
The response time and recovery time at this 40 ppm is 10 sec and 43 sec respectively.

The mechanism of NH3 gas sensing by the PPy-Fe(ClO4)2-Au nanocomposite sensor involves the interaction of NH3 with
the doped PPy matrix (31). Polypyrrole, in its doped state, contains positively charged nitrogen sites (–N+–) that interact with
ammonia’s lone electron pair, leading to de-doping and a decrease in conductivity as NH3 neutralizes the positive charge,
forming NH4

+. Fe(ClO4)2 enhances the conductivity and stability of the PPy matrix, while perchlorate ions (ClO4
-) assist in

maintaining the reversibility of the adsorption-desorption process. Gold nanoparticles (AuNPs) further improve sensitivity by
increasing the surface area for gas interaction and facilitating efficient charge transfer. Upon removal ofNH3, desorption occurs,
allowing the PPy matrix to regain its conductivity, making the mechanism reversible. This synergy between PPy, Fe(ClO4)2
and AuNPs provides high sensitivity, selectivity, and stability for NH3 detection.

Response and recovery curves for different NH3 gas concentrations are shown in Figure 8c. It demonstrates that the sensor’s
response time is higher at low concentrations while the recovery time rises with concentration. In order to detect NH3 gas
accurately and efficiently, a sensor should ideally have a quick recovery time in addition to a fast response time (32). Response
time of the sensor decreases with increasing concentration making it fast responsive while recovery time increases with gas
concentration. Figure 8d shows the consistent rise in sensitivity with increasing ppm value. This shows the sensor’s linearity
behaviour which is significant for good sensor fabrication (33). Figure 8e shows selectivity of Sensor at 40 ppm against various
gases such as NH3, NO2, H2S, LPG and H2O. This shows the higher sensitivity for NH3 gas as compared to other gases.
This is highest as compared to the previous gas sensor studies by Jain et.al (30), Nguyen et.al (31) and Santos-Ceballos et.al (34).
Finally, the Figure 8 f depicts the long-term stability of sensor in which the graph shows sensitivity pattern of our sensor
for 60 days after every 10 days. AuNPs are stable in dark and cold conditions for a longer time according to Borse et.al (17).
Our sensor shows long term stability after 60 days which makes it good sensor than the previous sensors reported by Jain
et.al., This indicates the steady nature of the graph which is crucial for gas sensor. Incorporating mechanisms like UV light or
thermal treatments periodically restores the sensor’s active sites, maintaining performance over extended periods. The typical
applications for this kind of sensor include industrial safety, indoor air quality assessment, environmental monitoring, and
other applications requiring sensitive and accurate detection of gases at very low levels. Compared to sensors that need higher
temperatures to function, room temperature sensors are easier to set up and utilize less energy (35) (36).
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Fig 8. Gas Sensing characteristics of sensor for NH3 gas: a) Gas sensing response at different NH3 concentration b) Resistance vs Time
relation c) Response and Recovery Time at various concentration of gas d) Sensitivity at various gas concentration (ppm) e) Selectivity
study against various gases f) Long time stability study
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4 Conclusion
PPy, PPy doped with Fe(ClO4)2 and PPy-Fe(ClO4)2-Au nanocomposites were successfully produced in this research to
study their structural, morphological, thermal, optical, electrical, and gas sensing capabilities. According to SEM and TEM
investigations, the PPy-Fe(ClO4)2-Au nanocomposite had a globular morphology with uniform distribution and better
structural packing, with Au nanoparticles that were about 40 nm in size. The effective integration of Fe(ClO4)2 and Au
nanoparticles was validated by FTIR andUV-visible spectroscopy, demonstrating structural interactions within the PPymatrix.
The nanocomposite showed improved thermal stability according to TGA analysis, with a stability hierarchy of PPy-Fe(ClO4)2-
Au > PPy-Fe(ClO4)2 > Pure PPy. The synergistic impacts of Fe(ClO4)2 and Au nanoparticles were responsible for the PPy-
Fe(ClO4)2-Au nanocomposite’s greatest conductivity (30.58 S/cm), according to electrical evaluation. Gas sensing studies
showed that the PPy-Fe(ClO4)2-Au nanocomposite-based sensor had fast response and recovery durations (10 s and 43 s,
respectively) and excellent sensitivity, reproducibility, and repeatability for NH3 detection at low concentrations (40 ppm)
at room temperature. According to these results, the PPy-Fe(ClO4)2-Au nanocomposite shows potential as a material for
creating high-performance, room-temperature gas sensors that can identify NH3 at low parts per million.
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