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lyaniline hybrid nanocomposite-
based novel gas sensor for enhanced ammonia gas
sensing performance at room temperature

Arunima Verma and Tanuj Kumar *

Hybrid nanocomposites, which comprise organic and inorganic materials, have gained increasing attention

in applications for enhanced sensing response to both reducing and oxidation gases. In this study, a novel

nanocomposite is synthesized using chemical polymerization by reinforcing Ag/Cu nanoparticles with

different concentrations doped into the polyaniline matrix. This hybrid nanocomposite is used as

a sensing platform for ammonia detection with different concentrations (ppm). The homogeneous

distribution of Ag/Cu nanoparticles onto the PANI matrix provides a smooth and dense surface area,

further accelerating the transmission of electrons. The synergistic effect of the PANI@Ag/Cu matrix is

responsible for the outstanding conductivity, compatibility, and catalytic ability of the proposed gas

sensor. The structure, morphology, and surface composition of as-synthesized samples were examined

using X-ray diffraction, field emission scanning electron microscopy, ultraviolet-visible spectroscopy,

energy dispersive spectroscopy, thermogravimetric analysis, and Fourier transform infrared spectroscopy.

The results indicated that the resistive sensor based on the PANI@Ag/Cu3 hybrid nanocomposite

exhibited the highest response toward ammonia at room temperature, with a response value of 86% to

a concentration of 300 ppm. We also investigated the sensing properties of volatile organic compounds,

including carbon dioxide, carbon monoxide, ethanol and hydrogen sulphide. Characterization and gas

sensing measurements exhibited protonation and deprotonation of the PANI@Ag/Cu heterojunction,

which contributes to the ammonia sensing mechanism. Overall, the obtained findings demonstrated that

the PANI@Ag/Cu hybrid nanocomposite is a promising material for gas sensing applications in

environmental monitoring.
1. Introduction

Environmental degradation has been greatly exacerbated by the
rapid advancement of civilization. Environmental and pollution
management are becoming increasingly important as enter-
prises grow. We must study more about harmful gases such as
CO, NO2, NH3, CO2 and other hydrocarbons to protect humans
and ecosystems. Usually, gas sensors detect gas concentra-
tions.1,2 The past few decades have seen the development of
many gas sensors with different detecting materials and signal
transmission mechanisms. Conducting polymer composites,
metal oxide/polymer composites, and metal oxide semi-
conductors are useful sensing materials. Due to their remark-
able mechanical properties, conducting polymer composites
have garnered the attention of researchers.3 Compared to other
intrinsically conducting polymers, polyaniline (PANI) has
several advantages, such as ease of synthesis, cheap monomer,
tunable characteristics, high conductivity, and high stability.
Graphene oxide (GO), reduced graphene oxide (rGO), and
Central University of Jammu, Jammu,

u.ac.in

the Royal Society of Chemistry
carbon nanotubes (CNTs) are some of the more common
carbon-based matrices used in gas sensors; nevertheless, PANI
is superior to them in every aspect. In addition to its intrinsic
electrical conductivity, PANI can be easily doped and de-doped
to customise sensor responses and this trait helps detect several
gases sensitively. As an environmentally stable and chemically
resistant material, PANI gas sensors survive longer and operate
better. PANI nanobers, nanotubes, and nanospheres boost
sensor performance by providing a large gas adsorption surface
area. PANI can be functionalized with different dopants and
composites to make selective gas sensors because it is easier to
synthesise and deposit than GO and RGO. Although CNTs offer
outstanding electrical properties, manufacturing and func-
tionalizing CNT-based sensors is laborious and expensive. PANI
can be used to make sensitive, stable, and efficient gas sensors
at a lower cost. The conducting polymer can be doped chemi-
cally, electrochemically, or photochemically to change its
conductivity.4 If ions are able to migrate from a dopant to
a polymer or vice versa, then conductivity can be dened as the
ability of their movement.5 The ways in which PANI and noble
metals interact with one another are of interest to a wide variety
of elds and specialties. Metal–PANI composites have a wide
RSC Adv., 2024, 14, 25093–25107 | 25093
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range of applications, including but not limited to the
following: gas sensors,6,7 biosensors,8,9 electrochemical
sensors10 and supercapacitors.11 Interestingly, inorganic sensi-
tive materials have different gas sensor benets than conduct-
ing polymers. For example, metal oxides are highly sensitive
because of their oxygen stoichiometry and active surface
charge,12 but they can only be used at very high temperatures,
which limits their practicality. To improve gas sensor perfor-
mance, metal nanostructures are used as sensitivity enhancers
due to chemical and electronic sensitization effects.13 There is
a lot of interest in gas-sensing applications because conducting
polymer–inorganic nanocomposite may produce high-
performance gas sensors owing to their synergistic effects.
Enhanced or new chemical and physical functions may be
provided by the weak van der Waals, hydrogen, covalent, or
ionic covalent bonding, interacting with the host organic and
guest inorganic phases in the nanocomposite system. Due to
their synergistic and complementary effects, nanocomposite
materials and gas sensors could overcome their weaknesses
while maximising the strengths of their respective components
in gas-sensing applications. Metal nanostructures based on
Pd,14 Au,15 Ag,16 Cu17 and other elements have been extensively
explored for their potential use in gas sensing due to their
strong electrocatalytic activity and also superior stability. Gas
sensors may benet greatly from employing nanostructured
metals based on Ag and Cu, two of the most extensively used
protable catalysts at low cost. Doping the polymer with metal
NPs may drastically alter its electrical characteristics, and the
resulting system shows remarkable ability to adsorb and desorb
reducing gases at room temperature (H2, CO, NH3). It has been
demonstrated that the type, quantity and size of metal nano-
phase utilized in composites signicantly affect the electrical
conductivity of a material. Nanostructured metals were
combined with conducting polymers using a wide variety of
methods, including hydrothermal synthesis,18 in situ chemical
oxidative polymerizing,16 self-assembling,15,19 template based
vapour deposition polymerization (VDP), and in situ photo-
polymerization. For instance, several such works are underway
for gas sensing: Shivam Kumar et al.20 created a highly sensitive
Cu ethylenediamine/PANI composite lm to measure formal-
dehyde; Zhang et al.21 created a PANI/Ag nanocomposite and S.
Cuiab et al.22 used layer-by-layer self-assembly to create a PANI/
TiO2 nanocomposite lm. Nanocomposites performed linearly
with metal concentration, but much remains to be learned
about their performance compared to pure PANI.

Research into ternary hybrid systems has been growing in
popularity as a means to improve sensing performance. Metal
particle–metal oxide–conducting polymers, metal particle–
carbon nanotubes–conducting polymers, metal particle–gra-
phene–conducting polymers, metal oxide–graphene conducting
polymers and metal oxide–metal oxide–conducting poly-
mers23,24 are among the gas sensors based on ternary nano-
composite that have been synthesised for gas-sensing research.
The carboxylated polypyrrole (CPPy)/CNTs/Pd nanocomposites
produced by Park et al.23 for NH3 detection are simple and novel.
By in situ polymerization, Zhang et al.25 synthesised ZnO, gra-
phene quantum dots (GQDs), and PANI nanocomposites. At
25094 | RSC Adv., 2024, 14, 25093–25107
room temperature, ZnO, GQDs, and PANI nanocomposite
sensors showed high sensitivity (from 2% to 500 ppb acetone),
selectivity, response/recovery time of 15/27 s, reproducibility,
and long-term stability. Additionally, the conductive polymer-
based ternary material mixture system is not random. Process
compatibility, morphology, composition ratio and function
distribution are the only ways to achieve synergistic reinforce-
ment of many materials. Utilising Ag/Cu and PANI character-
istics, this research aims to create a unique ammonia detection
device. Reasons to assume Ag/Cu can improve conducting
polymer sensing include the following: polymer conductivity is
altered by Ag/Cu nanoparticles. Secondly, Ag/Cu nanoparticles
may improve sensor selectivity as chemical receptors and
various metal nanoparticles exhibit chemical affinity for gas
molecules. Metal-containing conductive polymers improve
nanocomposite–gas interaction. These aspects inspired the
development of a hybrid conducting polymer nanocomposite
ammonia gas sensor based on in situ Ag/Cu synthesis in a PANI
matrix for room-temperature performance. PANI@Ag/Cu hybrid
nanocomposite can be prepared with a range of ve different
concentrations of silver nitrate and copper acetate. Analysis of
the conducting polymer and its nanocomposites was carried out
using XRD, UV, FESEM, EDS, TGA and FT-IR methods. To create
PANI and PANI@Ag/Cu hybrid nanocomposite lms, the spin-
coating technique was applied to a silicon substrate. The gas-
sensing capabilities of the samples were examined by subject-
ing them to different concentrations of NH3 at room tempera-
ture. In addition, the mechanisms and impacts of Ag/Cu on
sensor behaviour for ammonia detection were thoroughly
examined. Among the many practical benets of environmental
monitoring, the study emphasizes the fact that the PANI@Ag/
Cu hybrid nanocomposite can achieve its increased sensing
capabilities at room temperature. To the best of our knowledge,
no research has been carried out thus far on gas sensors based
on PANI@Ag/Cu hybrid nanocomposite lms, which could
improve the room temperature detection performance of
ammonia gas.
2. Experimental procedure
2.1 Materials required

Ammonium persulfate (APS) (M.W. 228.20 g mol−1, Sigma-
Aldrich), silver nitrate (AgNO3 g mol−1) (M.W. 169.87, Sigma-
Aldrich), copper acetate Cu(OAc2) (M.W. 181.63 g mol−1,
Sigma-Aldrich), aniline monomer (M.W. 93.13, AR), and
hydrochloric acid (M.W. 36.46 g mol−1. AR) were procured. No
additional purication was performed on the other reagents
prior to use. All solutions used in the experiment were prepared
using double distilled water.
2.2 Synthesis of polyaniline (PANI)

PANI was synthesized using a method involving the mixing of
solutions. Scheme 1 shows the use of ammonium persulfate as
an oxidant/initiator in conjunction with aniline polymerization
in concentrated hydrochloric acid to produce an acidic
medium. Aniline (0.925 mL) in distilled water (10 mL) and HCl
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Aniline and ammonium persulfate are used in the synthesis of PANI in an acidic medium.

Scheme 2 Methods for the preparation of PANI @Ag/Cu hybrid nanocomposite.
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(0.25 mL) were prepared in a beaker according to a typical
procedure. This process results in the pH of the solution being
approximately 6.16. Aer being stirred, the reactionmixture was
cooled to a temperature between 0–5 °C for approximately
een minutes. Subsequently, a solution of ammonium per-
sulfate (0.5 g in 10 mL distilled water) was gradually added
dropwise to the aforementioned reaction mixture while being
continuously stirred; this process took exactly 2 hours to
complete. The pH of the solution aer adding ammonium
persulfate solution is approximately 4.97. The reaction mixture
was stirred for three hours until a solid precipitate formed, and
then it was le overnight to set. The large molecular weight of
the polymer (PANI) causes it to drop to the bottom, while the
unreacted aniline and oligomer stay suspended in the super-
natant and are separated by decantation. 10 mL of distilled
water was incorporated upon decantation and let sit for 2 hours.
The process was performed twice to remove any aniline or
oligomers, with the supernatant eliminated aer repetition.
Then, distilled water and ethanol were used to wash the
precipitate aer it had been obtained by ltering. The sample
was obtained by drying in an oven set at 40 °C.26
Table 1 PANI with various concentrations of silver nitrate and copper
acetate

Sample
PANI
(ML)

Silver nitrate
(G)

Copper acetate
(G)

Pure pani 10 0 0
Pani@Ag/Cu1 10 0.2 2.0
Pani@Ag/Cu2 10 0.5 0.5
Pani@Ag/Cu3 10 1 1
Pani@Ag/Cu4 10 1.5 1.5
Pani@Ag/Cu5 10 2 2
2.3 Synthesis of PANI@Ag/Cu hybrid nanocomposite

In this study, the hybrid nanocomposite of polyaniline (PANI)
and metal was prepared using the oxidative polymerization
method, as shown in Scheme 2. Prepare a solution containing
0.92 mL aniline monomer dissolved in a 0.25 mL hydrochloric
acidic solution. Dissolve separate amounts of 0.2 g silver nitrate
(AgNO3) and copper acetate Cu(OAc2) in distilled water to obtain
metal salt solutions. Mix the aniline solution with the indi-
vidual metal salt solutions in specic proportions to achieve the
© 2024 The Author(s). Published by the Royal Society of Chemistry
desired composition. Stir the mixture thoroughly to ensure
homogeneity. Add 0.1 g of oxidizing agent such as ammonium
persulfate (APS) to themixture containing aniline andmetal salt
solutions. The oxidation process will initiate the polymerization
of aniline into PANI and simultaneously lead to the reduction of
metal ions, forming Ag and Cu nanoparticles within the PANI
matrix. The mixture was stirred until the solution changed to
a greenish-dark brown liquid, indicating the formation of
PANI@Ag/Cu hybrid nanocomposite. Filter the nanocomposite
solution to collect the solid material using a ltration appa-
ratus. Wash the collected composite thoroughly with distilled
water and ethanol to remove any residual chemicals. Dry the
PANI@Ag/Cu nanocomposite in an oven at a controlled
temperature to remove any remaining solvent. Various
concentrations of Ag were combined with PANI lms.27

PANI@Ag/Cu hybrid nanocomposites were prepared with
different concentrations of silver nitrate and copper acetate
(0.15, 0.3, 0.6, 0.9 and 1.2 M), hereaer called PANI@Ag/Cu1,
PANI@Ag/Cu2, PANI@Ag/Cu3, PANI@Ag/Cu4 and PANI@Ag/
Cu5, respectively, as shown in Table 1.
RSC Adv., 2024, 14, 25093–25107 | 25095
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Scheme 3 Stabilization mechanism of PANI@Ag/Cu hybrid nanocomposite.
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Nitrogen atoms in PANI amine and imine groups can coor-
dinate with metal ions. A coordination link can be formed
between these nitrogen atoms and either silver or copper, sta-
bilising the metal nanoparticles within the PANI matrix.
Synthesis of the hybrid nanocomposite can involve redox reac-
tions in which PANI can reduce Ag+ and Cu2+ ions to their
corresponding metallic forms, Cu0 and Ag0, respectively. As
a consequence of this procedure, metal nanoparticles are
created without external sources within the PANI matrix. The
inclusion of Ag and Cu nanoparticles into the PANI matrix can
improve its electrical conductivity because these metals are very
conductive. All things considered, the nanocomposite perfor-
mance in gas sensing and similar applications is enhanced by
this synergistic effect. As shown in Scheme 3, the amine groups
included in PANI inhibit the aggregation of Ag/Cu
nanoparticles.28
Fig. 1 The XRD spectra of (a) PANI and PANI@Ag/Cu hybrid nanocompo
Hall plot of nano-crystallite silver sample.

25096 | RSC Adv., 2024, 14, 25093–25107
3. Results and discussion
3.1 X-ray diffraction

The X-ray diffraction patterns of PANI@Ag/Cu hybrid nano-
composite are shown in Fig. 1. The diffraction patterns of PANI
reveal the presence of both crystalline and amorphous compo-
nents as evidenced by the peaks at 2q of approximately 11.66°,
18.38°, 20.43° and 25.55°. Similar to the ndings of Bhagwat
et al.,29 the crystalline PANI is attributed to the planar nature of
the benzenoid and quinoid functional groups and the nanober
structure. The parallel periodicity of the polymer chain corre-
sponds to the peak at approximately 20.43°, while the mono-
clinic periodicity may be linked to the peak at approximately
26.36°. For the XRD pattern of the PANI@Ag/Cu hybrid nano-
composite, besides the PANI broad peak, the narrow peaks
indicate the high degree of crystallinity of Ag and Cu in a face-
site with the concentration ratios of Ag/Cu and (b and c) Williamson–

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The calculated crystallite size of PANI@Ag/Cu hybrid nanocomposite

Conc. (g)

2q of the
intense peak
(degree) Ag Cu

FWHM of intense
peak (b) radians
Ag Cu

Crystallite
size (nm)
Ag Cu

d-
Spacing nm
Ag Cu

Lattice
parameter (a)
Å Ag Cu

Macrostrain
(3 × 10−3)
Ag Cu

Dislocation
density
(d × 10−3

nm−2) Ag Cu

0.2 38.16 50.41 0.0027 0.0062 26.2 12.1 2.96 1.80 5.12 3.13 2.01 3.33 0.36 1.68
0.5 38.17 50.40 0.0029 0.0073 24.7 10.4 2.95 1.80 5.12 3.13 2.14 3.89 0.40 2.28
1 38.18 50.42 0.0031 0.0078 23.3 9.7 2.96 1.81 5.12 3.13 2.26 4.17 0.45 2.62
1.5 38.16 50.42 0.0029 0.0078 23.3 9.7 2.95 1.80 5.12 3.13 2.27 4.17 0.45 2.62
2 38.16 50.41 0.0027 0.0079 22.1 9.6 2.95 1.80 5.12 3.13 2.39 4.21 0.51 2.68

Fig. 2 The FTIR spectra of PANI and PANI@Ag/Cu hybrid nano-
composite with different concentration ratios of Ag/Cu.
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cantered cubic (FCC) structure. The prominent peaks at 38.16°,
44.18°, 64.23° and 77.21° of Bragg's reections represent the
(111), (200), (220), and (311) lattice planes of the FCC structure
of silver, while the FCC structure of copper shows two sharp
diffraction peaks appearing at 50.42° and 74.41° , which shares
the lattice planes at (200) and (220). The increase in Ag
concentration also increases the degree of crystallinity. The
average crystallite sizes were calculated using Scherrer's
equation

D ¼ kl

b cos q
(1)

where l = 0.154 nm is the wavelength of X-ray for CuKa, b is
FWHM (full width at half maximum intensity of the peak), q is
the diffraction angle, and D is the crystallite size. Table 2
contains a summary of the values that were assigned to the
crystallite size that was calculated. The concentration of silver
has a direct relationship with the size of crystallites, while the
concentration of copper has an inverse relationship with the
size of crystallites. Due to the fact that the atomic radius of
silver is greater than that of copper, the concentration of silver
had an effect on the size of the crystallites that were present in
the hybrid nanocomposite. The Williamson–Hall plot is shown
in Fig. 1b and c, and in order to ascertain the strain as well as
particle size, the intercept point on the Y-axis and the slope are
calculated by tting the given plot. The present investigation
employed a Williamson–Hall analysis of silver nanocomposite
under the assumption of uniform deformation, notwith-
standing the model's failure to account for the fact that crystals
exhibit spatial variation. Our system uniform displacement
model for nanoparticles is depicted in Fig. 1
3.2 FT-IR study

Fig. 2 shows the Fourier-transform infrared spectra of the
prepared nanocomposite. The bands that correspond to poly-
aniline are noticed at 1300, 1490, 1250, 1366, 1053, and 796 cm−1.
The conductivity peak at 1297 cm−1, resulting from the C–N
vibration of benzenoid rings, indicates that PANI is in its emer-
aldine salt form. As stated in ref. 30, the absorption peak at
802 cm−1 is caused by the aromatic ring. The absorption peaks at
795 cm−1 and 567 cm−1 are caused by the out-of-plane defor-
mation of the C–H aromatic ring and the chloride group that
forms a component of the PANI chain as well.31 Further bands at
1003 cm−1 and 1047 cm−1 suggest the existence of resonance due
© 2024 The Author(s). Published by the Royal Society of Chemistry
to C–O stretching vibrations. A notable band at 1157 cm−1

generated by protonated chain vibration is observed in the
nanocomposite, as shown in the gure. The N]Q]N and
N–B–N stretching vibration bands are correspondingly observed
at 1592 cm−1 and 1490 cm−1. The polyaniline backbone benze-
noid and quinoid groups are appropriately represented by –B–
and ]Q]. Also, the quinoid ring bands exhibit C–H and C]C
stretching vibrations at 3074 cm−1 and 1458 cm−1. The nano-
composite bands at 1146 cm−1 correspond to that of polyaniline.
The absorption peaks at 1585 cm−1 and 1303 cm−1 are due to
N–H bending vibrations of amino groups and C]C vibrations of
benzenoid rings. The spectra of PANI and PANI@Ag/Cu hybrid
nanocomposite displayed higher peak intensities. The peak of
the N–H vibration was relocated from 3527 cm−1 to 3420 cm−1

due to the overlap between the two spectra. This shi is caused by
a conjugated electron cloud composed of silver and copper
nanoparticles as well as PANI chains.
3.3 Optical analysis and band gap values

Enhancing their potential applications requires research into
the optical characteristics of PANI and PANI@Ag nano-
composite. Fig. 3 displays the ultraviolet-visible spectra of PANI.
RSC Adv., 2024, 14, 25093–25107 | 25097
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Fig. 3 (a) UV spectrum of (a) PANI (b) PANI@Ag/Cu hybrid nanocomposite (c) band gap of PANI and (d) band gap of PANI@Ag/Cu with various
concentrations of the doped metal.
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There are two absorption peaks at 255 nm and 412 nm, which
represent the p–p* transition and the polaron band transitions.
The samples of PANI@Ag/Cu hybrid nanocomposite were eval-
uated for the presence of silver and copper nanoparticles using
UV-Vis absorption, as demonstrated in Fig. 3b. Fig. 3b shows
that the spectra conrming the presence of silver and copper
nanoparticles have the highest absorption bands at 205 nm,
203 nm, 202 nm, and 201 nm, respectively. In terms of
absorption intensity, the PANI@Ag/Cu sample is outstanding.
When the absorption peaks move to shorter wavelengths, it
usually means the particle size or shape has changed, as a blue
shi implies. When nanoparticles of silver and copper are
doped into a PANI matrix, their surface plasmon resonance
(SPR) characteristics can alter, leading to a shi in the absorp-
tion peaks. An essential metric for the hybrid nanocomposite
electrical conductivity is the energy band gap.

a = (h − Eg)
2/hv (2)

As per Tauc's eqn (2), the direct allowed transition type can be
used to approximatively determine the optical band gap of the
25098 | RSC Adv., 2024, 14, 25093–25107
powder sample.32 Eqn (2) a = 2.303 × 101 A/Lc represents the
absorption coefficient, where A is the sample absorbance, Eg is
the optical band gap, h is the Planck constant, and v is the
reciprocal of the wavelength. L represents the path length, while A
stands for absorption.33 Based on the plot of (ahn)2 vs. hn, the Eg
values of both the pure PANI and the produced hybrid nano-
composites have been calculated. In order to estimate the band
gap, the straight line was extrapolated to the point where (ahn)2=
0. As shown in Fig. 3c and d, the spectral analysis produced
transition bandgaps (Eg) of around 2.21 eV for pure PANI, 2.4 eV
for PANI@Ag/Cu1, 2.6 eV for PANI@Ag/Cu2, 2.9 eV for PANI@Ag/
Cu3, 3.5 eV for PANI@Ag/Cu4, and 4.1 eV for PANI@Ag/Cu5.
Increases in the band gap allow the hybrid nanocomposite to
potentially display optical features that can be varied, as shown in
Fig. 3d. In a hybrid nanocomposite of PANI@Ag/Cu, the band gap
is increased due to the specic interactions between the three
materials. The incorporation of these metal nanoparticles into
the PANI matrix causes alterations to the electrical structure of
the polymer. Incorporating Ag and Cu nanoparticles into
a nanocomposite can change its electrical characteristics by
creating new energy levels in the band structure. The quantum
connement effect and changes in charge transfer dynamics
© 2024 The Author(s). Published by the Royal Society of Chemistry
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between the PANI and the metal nanoparticles can cause this
modication to lead to an expanded band gap. These nano-
particles can also affect the PANI crystallinity and morphological
properties, which in turn raises the band gap. The capacity to
modify the emission and absorption spectra of the material by
adjusting the band gap is a crucial characteristic of gas sensors.
The energy levels at which electrons can be stimulated and then
relax can be changed by changing the band gap of the sensor
material. Thematerial absorption and emission wavelengthsmay
alter as a result of this change in energy levels. This allows for the
possibility of tailoring the sensor to respond more strongly to
certain gases by altering the energy levels at which they interact
with the material. The ability to detect target gases at low
concentrations with great precision is made possible by this
characteristic, which enables the creation of highly selective gas
sensors. It is possible to increase the adaptability and application
of sensing technology by tuning the band gap, which in turn
allows the development of sensors that work successfully for
different types of gas molecules and in varied environmental
situations.
3.4 Morphological analysis

Exhibited in Fig. 4a are the properties of pure PANI. Nano-
bers, with diameters of around 100 nm and lengths of
hundreds of nm to several micrometres, are clearly visible in
this picture. Pure PANI is easily identiable by the nanobre
agglomeration of inhomogeneous-shaped particles. Research
conducted by Sheng Du et al. 34 suggests that aniline oligomers
self-assemble to produce these nanobers. Several factors,
Fig. 4 FE-SEM of (a) PANI, (b and c) PANI@Ag/Cu hybrid nanocomposite
sample.

© 2024 The Author(s). Published by the Royal Society of Chemistry
including p–p contact, hydrogen bonding, and van der Waals
interactions, cause this self-assembly process. Although
nanobers are the most abundant component, the pure PANI
structure does contain some aggregations. The morphology of
prepared PANI@Ag/Cu hybrid nanocomposites was deter-
mined by FESEM images with low and high concentrations of
doped metal in the PANI matrix, as shown in Fig. 4b and c. The
image shows the silver and copper particles synthesized by the
reduction of metal ions using hydrochloric acid, which
resemble nano spherical with an average diameter of about
344 nm. In Fig. 4b, the images of PANI@Ag/Cu1 clearly show
non-agglomerated uniformly distributed silver and copper
nanoparticles, as reported by Khanna et al.35,36 In contrast, the
illustration of aggregated silver and copper nanoparticles in
a PANI matrix is shown in Fig. 4c. Particle interactions can be
impacted by the structural changes detected in the host metal
as a result of doping. Changes to the crystal structure that
affect the agglomeration tendency may happen at higher
concentrations of the PANI@Ag/Cu5 hybrid nanocomposite.
These spaces allow gas molecules to diffuse through the
material, facilitating quick and efficient gas interaction with
the sensor devices.
3.5 Dispersive X-ray spectroscopy (EDX)

Fig. 5 shows the EDS of PANI@Ag/Cu hybrid nanocomposite
with different concentrations of Ag/Cu. The presence of carbon
and nitrogen would be most prominently exhibited in an EDS
analysis of pure polyaniline. These components make up the
backbone of the polymer, as illustrated in Fig. 5a. Illustrations
with low and high concentrations and (d–f) particle size analysis of the

RSC Adv., 2024, 14, 25093–25107 | 25099
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Fig. 5 EDX spectra of (a) PANI and (b and c) PANI@Ag/Cu hybrid nanocomposite.
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indicate clearly that silver and copper nanoparticles can pass
through the PANI matrix, as shown in Fig. 5b and c. Visual
inspection conrmed the presence of Ag, Cu, N, and C in the
PANI@Ag/Cu hybrid nanocomposite with low and high
concentrations of doped nanoparticles. Since the H signal has
a lower energy, it is not present. Moreover, the elements, namely
Cl and O, came into being as a result of the addition of HCl and
ammonium persulfate solution. Due to the fact that the surface
is so important in gas detection, the properties of the bre
samples make them ideal for these uses.
3.6 Thermogravimetric (TG) and differential thermal
analysis (DTA)

In order to comprehend further how ammonia adsorbs and
desorbs from the sensor material, the weight uctuations were
examined using TG. A rise in mass following heating may
suggest ammonia desorption, whereas a rise in mass upon
cooling may indicate the opposite. Using a dynamic nitrogen
ow and a heating rate of 100 °C min−1, along with TGA and
DTA experiments, the thermal stability of the synthesized PANI
and typical PANI@Ag/Cu1 hybrid nanocomposites was exam-
ined. The chemical shi of pure PANI caused by the TGA/DTA
trace is shown in Fig. 6a. The sample lost 5.53% of its weight
between ambient temperature and 100 °C when the adsorbed
water molecules desorb. The kinetics of the reactions involved
in ammonia sensing can be better understood by applying DTA
to the thermal events. Improving sensor performance,
including response and recovery times, can be achieved with the
help of this data. The desorption was indicated by an endo-
thermic peak at 156 °C on the DTA trace. The 100 to 203 °C
range has no discernible impact on weight reduction. This
demonstrates that the material has good heat resistance.
25100 | RSC Adv., 2024, 14, 25093–25107
Aerwards, the DTA trace revealed a large endothermic peak at
299.2 °C along with a consistent mass loss between 203 and
638 °C. Mass loss happens when the polymer burns, and this
time, it was 42.46%. The nanocomposites undergo two stages of
degradation: (a) the rst weight loss was 2.01% and may be
related to the loss of planar water; (b) the second weight loss
was 5.15% due to degradation of polymeric chains and
decomposition of polyaniline benzene ring-opening;37 (c) the
third weight loss was 27.2% at higher temperatures where
complete combustion or decomposition of silver and copper in
PANI matrix occurs. It is clear from these alterations that
metallic nanoparticles have a signicant impact on the thermal
characteristics of nanocomposites. The results obtained from
TGA conrmed that the PANI@Ag/Cu1 hybrid nanocomposite is
very stable under the temperature range of the thermal
conductivity experiments in this work.
3.7 Gas sensing studies

3.7.1 The preparation of PANI lm. A viscous solution was
prepared by dissolving the emeraldine base form of PANI in N-
methyl pyrrolidone (NMP). This solution was used to deposit
the PANI layer on a silicon substrate using the spin coating
method. The process was carried out at 1500 rpm for 20
seconds. Additionally, silver paste was used to create electrical
connections on the polyaniline lm.

3.7.2 The preparation of PANI@Ag/Cu nanocomposite
lm. In order to create a solution, the prepared PANI@Ag/Cu
hybrid nanocomposite sample, which weighed 2 mg, was dis-
solved in polyvinyl pyrrolidone at a concentration of 0.1 M. The
spin coating method was implemented in order to deposit
a layer of PANI@Ag/Cu hybrid nanocomposite onto a silicon
substrate, as depicted in Fig. 7. The procedure was carried out at
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a and b) TG-DTA traces of pure PANI; (c and d) TG-DTA of PANI@Ag/Cu hybrid nanocomposite.
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a speed of 1500 rpm for a duration of 10 seconds. Additionally,
silver paste was used to create an electrical connection between
the electrically created lm.

3.7.3 Gas response of PANI@Ag/Cu hybrid nanocomposite
lm. Modulating the response/recovery cycle between varying
NH3 gas and metal-doped concentrations allows the sensor to
Fig. 7 PANI@Ag/Cu hybrid nanocomposite films for gas sensor using sp

© 2024 The Author(s). Published by the Royal Society of Chemistry
respond to NH3 gas. Fig. 8 shows the detection range of 100–
300 ppm for NH3 gas as a function of sensor resistance. There is
little change in the resistance value of the pure PANI-based
sensor when exposed to different concentrations of NH3 gas.
At the same time, as the concentration of NH3 gas increases, the
resistance values of sensors made of pure PANI and PANI@Ag/
in coating.

RSC Adv., 2024, 14, 25093–25107 | 25101
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Fig. 8 (a) Transient resistance of gas sensors based on pure PANI; (b) the shift in resistance for different concentrations of Ag and Cu relative to
time when exposed to NH3 gas at room temperature (c) gas response of PANI and PANI@Ag/Cu with varying NH3 concentrations.

Table 3 The response values of sensors prepared in this work
regarding NH3 gas

NH3 gas
concentration response (%) 100 ppm 200 ppm 300 ppm

PANI 38 42 40
PANI@Ag/Cu1 73 75 78
PANI@Ag/Cu2 79 81 83
PANI@Ag/Cu3 80 83 82
PANI@Ag/Cu4 82 85 86
PANI@Ag/Cu5 82 85 86
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Cu hybrid nanocomposite lms with different concentrations of
doped metal were observed to fall sharply, as shown in Fig. 8a
and b. Aer each response/recovery time, when the test
chamber is lled with air, the resistance values return to their
approximate baseline levels. In particular, the resistance of the
synthetic sensors for 100 ppm of ammonia gas varies from 15
kU to 29.3 kU for PANI@Cu/Ag1 composites, 13.5 kU to 27.8 kU
for PANI@Ag/Cu2 composites, 12.7 kU to 26.8 kU for PANI@Ag/
Cu3 composites, 11.4 kU to 25.2 kU for PANI@Ag/Cu4
composites, 8.7 kU to 23.1 kU for PANI@Ag/Cu5 composites,
and from 25.2 kU to 47.3 kU for the pure PANI lm. Fig. 8c
shows the hybrid nanocomposite conducting polymer sensor
reactivity to ammonia gas. We created a bar graphic to show the
25102 | RSC Adv., 2024, 14, 25093–25107
gas sensor response to varying concentrations of ammonia. The
bar chart clearly illustrates that the PANI sensor responds 38%
to ammonia and 73% to PANI@Ag/Cu5 at 100 ppm of NH3 gas.
This reveals that the PANI@Ag/Cu nanocomposite lm sensor is
suitable for real-time gas sensor design for NH3 gas detection
under atmospheric circumstances due to its excellent selectivity
for this gas. Table 3 displays the response values of the sensors
developed for this work with respect to the data in Fig. 8c shows
these values against various concentrations of NH3 gas.

3.7.4 Response and recovery time. Evaluating the response
time and recovery duration of a sensor is important. The
recovery time and response time of the sensor are critical for
getting it back to its original state aer gas removal. There are
two ways to quantify them: rst, the time it takes for the sensor
to obtain 90% saturation of Rg from Ra during gas intake, and
second, the value of Ra at 10% during gas withdrawal. In Fig. 9,
the reaction and recovery period of pure PANI and PANI@Ag/
Cu hybrid nanocomposite are displayed for various concen-
trations of NH3 gas. Pure PANI response time jumps from 27 to
29 s and recovery time drops from 22 to 20 s as the NH3

concentration goes up from 100 to 300 ppm. Reaction time
drops to 12 s and recovery time jumps to 10 s for PANI@Ag/
Cu1, on the other hand. Due to the presence of Ag and copper
ions in the PANI matrix, the PANI@Ag/Cu hybrid nano-
composite lm has a quick recovery period. The PANI@Ag/Cu3
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 . Response–recovery curves of gas sensors based on (a) pure PANI, (b) PANI@Ag/Cu1 (c) PANI@Ag/Cu2, (d) PANI@Ag/Cu3, (e) PANI@Ag/
Cu4 and (f) PANI@Ag/Cu5 hybrid nanocomposite when exposed to various concentrations of NH3 gas at room temperature.

Table 4 Response times (T1) and recovery times (T2) of sensors under 100 ppm NH3 gas

Sensitive lms Pure PANI PANI@Ag/Cu1 PANI@Ag/Cu2 PANI@Ag/Cu3 PANI@Ag/Cu4 PANI@Ag/Cu5

Response time (T1) 27 12 10 12 10 13
Recovery time (T2) 22 11 13 13 13 12
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nanocomposite lm has a minimum response time of around
8 s for 300 ppm. One possible explanation for the PANI@Ag/Cu
sensor with high doping concentration showing impressive
sensitivity to NH3 gas is its rapid oxidation rate. Sensors made
Fig. 10 Selectivity of PANI and PANI@Ag/Cu1 hybrid nanocomposite ga

© 2024 The Author(s). Published by the Royal Society of Chemistry
of PANI@Ag/Cu hybrid nanocomposites frequently have
improved response and recovery time compared to sensors
made of pure, as shown in Table 4 PANI. Fig. 9 and 10 show
that the sensitivity, lm response, and recovery time of
s sensors.

RSC Adv., 2024, 14, 25093–25107 | 25103
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nanocomposites can be improved by varying the concentra-
tions of silver and copper in the PANI matrix. It is possible that
the good response and recovery times are caused by the in situ
polymerization of PANI nanobers onto silver and copper. This
procedure creates a more even distribution of the nanobers
and increases their surface area, leading to improved room-
temperature ammonia gas sensing performance. In Part 3.4,
we discussed how to combine morphology and nanostructure
investigations of PANI@Ag/Cu hybrid nanocomposites to nd
out how to increase the number of active sites for the
adsorption of NH3 gas molecules, which in turn reduces the
recovery time and response time. Table 5 summarizes the
research on NH3 gas sensors and the PANI@Ag/Cu hybrid
nanocomposite lms compared to other sensors.

3.7.5 Selectivity. The selectivity of the PANI@Ag/Cu nano-
composite lm sensors was examined in this study. At 100 ppm
concentrations of NH3 gas, ethanol (C2H5OH), carbon
monoxide (CO), hydrogen sulphide (H2S), and carbon dioxide
(CO2), the PANI@Cu1 composites sensor responded as shown in
Fig. 10. When compared to the other gases analysed, the
PANI@Ag/Cu hybrid nanocomposite sensor clearly reacts much
more strongly to NH3 gas.
3.8 Sensing mechanism of PANI@Ag/Cu hybrid
nanocomposite

A decrease in free charge carriers, which are partially consumed
during complex formation as a result of the interaction between
PANI and NH3, an acceptor and a donor, respectively, causes the
lm resistance to increase with higher NH3 intake. When the
concentration of NH3 gas increases, the systemmust shi in the
direction dictated by Le Chatelier's primary equilibrium.48 In
contrast, the elimination of ammonia leads to a reversal of the
system equilibrium. Ammonia gas has a greater electronegative
charge due to nitrogen than hydrogen. With the addition of
ammonia (NH3) to PANI-based compounds, hydrogen atoms
form a partial polar bond. An increase in the degree of inter-
chain separation in PANI is the nal result. There will be less
opportunity for electron hopping, the fundamental conduction
mechanism in PANI systems, between adjacent chains, leading
to an increase in lm resistance. The PANI emeraldine salt is
transformed into the PANI emeraldine base form when the
concentration of NH3 vapor is greatest.30 Following the removal
of NH3 vapour, the conversion of the emeraldine base back into
emeraldine salt is all that is needed to restore the comprehen-
sive performance of the sensor. Catalysing the reaction between
PANI and ammonia can be achieved by including Ag/Cu nano-
particles in the composite. Potential benets include increased
sensitivity and quicker reaction times. Additionally, the
ammonia molecules may be more easily adsorbed and disso-
ciated by the metal nanoparticles. The local electromagnetic
eld can be amplied by silver nanoparticles due to their
surface plasmon resonance (SPR), and with this improvement,
the surface of the sensor may interact with ammonia molecules
more effectively, which can boost its sensitivity. Silver makes
electron transport processes faster, including sensing systems
that use changes in electrical conductivity as their detection
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Schematic of ammonia sensing mechanism of sensors based on PANI@Ag/Cu hybrid nanocomposite; (b) energy band diagram of
PANI@Ag/Cu hybrid nanocomposite during the gas sensing reaction process.
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method. The rapid reaction to ammonia is due to the excellent
electron transport routes that Ag can provide. In addition,
copper is highly conductive electrically and crucial for detecting
the changes in electrical characteristics upon ammonia expo-
sure, and when added to the nanocomposite, it can improve the
overall conductivity of the sensor. A higher surface area for the
nanocomposite is possible with the addition of silver/copper
nanoparticles. Since there are more active sites for ammonia
adsorption on a bigger surface area, the sensor is more sensitive
and responsive. A synergistic effect is generated when PANI is
combined with silver and copper, greatly increasing the sensor
sensitivity. When combined, distinct characteristics of Ag/Cu,
including high conductivity, catalytic activity, and SPR,
improve the sensing performance as a whole. Having both
metals in the sensor can make it more sensitive to ammonia
and less sensitive to other gases. Ammonia can be more effi-
ciently adsorbed and detected when using a combination of
metals since each metal may have a unique interaction with
different gases. Ag and Cu on the PANI matrix can make it more
chemically and thermally stable. A longer-lasting sensor that
performs well in a wide range of environments is the result of
this improvement. Nevertheless, the PANI@Ag/Cu hybrid
nanocomposite surface uses chemical interaction with
ammoniamolecules for detection. Various interactions between
the ammonia molecules and the silver/copper nanoparticles
can occur, including hydrogen bonds, dipole–dipole interac-
tions, or weak chemical bonds. These interactions have the
potential to alter the electrical properties of the composite
material, such as its conductivity and other quantiable
aspects. The NH3 detection technique of PANI and PANI@Ag/Cu
nanocomposite lms is illustrated schematically in Fig. 11.
© 2024 The Author(s). Published by the Royal Society of Chemistry
4. Conclusion

In conclusion, PANI@Ag/Cu hybrid nanocomposite thin lms
were synthesized by chemical oxidative polymerization of
aniline monomer to be applied as gas sensors. Ag/Cu concen-
trations were varied to nd the optimum concentration to
detect ammonia. XRD analysis indicates the formation of the
crystalline Ag and Cu nanoparticles on (111) lattice planes. The
crystallite sizes decrease with increasing Ag and Cu concentra-
tions. FTIR spectra show the bonding of N–H in the polyaniline
structure. UV-vis absorption spectra conrmed the formation of
Ag and Cu nanoparticles in the PANI matrix and the resonance
plasmon band located at around 201 to 205 nm. The result
shows that the PANI@Ag/Cu3 nanocomposite thin lm dis-
played a good response of approximately 86%, with response
and recovery periods of 10 and 8 s among the other synthesized
samples. It indicates that the increment of Ag and Cu concen-
trations enhanced ammonia gas sensing performance at room
temperature. The PANI@Ag/Cu hybrid nanocomposite exhibits
excellent gas-sensing properties for ammonia due to the
combined effects of conductivity change, protonation and
interactions with the metal nanoparticles. This makes these
nanocomposites effective for use in gas sensors, providing high
sensitivity and selectivity for detecting ammonia gas. In this
study, we have tested the sensors over a limited range of gas
concentrations. Real-world applications might involve
a broader and more variable range of concentrations. The
sensor selectivity towards specic gases in the presence of other
interfering gases has not been thoroughly evaluated. The long-
term stability and durability of the PANI nanocomposite
sensors need to be tested.
RSC Adv., 2024, 14, 25093–25107 | 25105
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