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@ poly (aniline-co-indole)
nanocomposites: synthesis, characterization,
electrical properties and gas sensing applications

S. Sankar, Ajith George and M. T. Ramesan *

Poly(aniline-co-indole)/copper alumina (PANI-co-PIN/Cu–Al2O3) with excellent AC conductivity, dielectric

properties, and ammonia gas detecting capabilities were synthesised via in situ chemical oxidative

polymerization. The presence of Cu–O bonding vibrations and shift of some characteristic peaks in the

Fourier transform infrared spectroscopy (FT-IR) revealed the successful encapsulation of Cu–Al2O3

nanoparticles in the copolymer. The XRD studies showed the crystalline peaks of Cu–Al2O3 in the PANI-

co-PIN nanocomposites. The high-resolution transmission electron microscopy (HR-TEM) images

confirmed the reinforcement of the inorganic moiety in the copolymer. The results from

thermogravimetric analysis (TGA) showed that the inclusion of Cu–Al2O3 in the copolymer matrix greatly

increases the thermal stability of PANI-co-PIN. The alternate current (AC) conductivity and dielectric

properties of nanocomposites were higher than pure PANI-co-PIN. The improved electrical properties of

nanocomposites were due to strong contact between the copolymer and metal oxide surfaces. The gas

sensing properties of synthesized copolymer nanocomposites showed excellent sensitivity and response

towards ammonia gas at room temperature. The PANI-co-PIN/5 wt% Cu–Al2O3 nanocomposite has the

best gas sensing characteristics. The higher AC conductivity, dielectric properties and gas sensing

characteristics of PANI-co-PIN/Cu–Al2O3 might be used to develop electrochemical sensing devices.
Introduction

Metal oxide nanoparticles play a crucial role in several techno-
logical applications on account of their distinctive physical as
well as chemical properties.1–4 The size of the nanoparticle is
a key factor affecting its electrical, magnetic and thermal
properties. Major examples of metal oxide nanoparticles are
ZnO, CuO, TiO2 and Al2O3, etc. Integrating metal oxide nano-
particles and polymer matrixes improves the properties of
polymers.5,6 The enhancement of properties arises from the
interaction of metallic components with the organic moiety.7

Conducting polymer/metal oxide nanocomposites have supe-
rior electrical, thermal and optical properties, making them
potential candidates for high-tech device manufacturing.8–10

The Al2O3 nanomaterial is inexpensive, thermally stable and
has outstanding mechanical and dielectric properties
compared to other metal oxide nanoparticles.11 The electrical
conductivity of Al2O3 can be improved by dispersion strength-
ening, which happens when divalent ions such as copper
occupy locations in the matrix. Thus, Cu–Al2O3 has better
electrical conductivity, thermal characteristics and mechanical
properties than other metal oxides.12
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Polyaniline (PANI) is a fantastic conducting polymer because
of its low-cost monomer, simple synthesis method, environ-
mental stability and high electrical conductivity.13,14 However,
the thermal properties of PANI are at rock bottom. The thermal
properties of PANI can be amplied by blending or by copoly-
merization technique.15 The synthesis of copolymer nano-
composites enables us to eliminate the drawbacks of
homopolymers by combining their excellent properties.

Conducting polymers and their blends are widely used as
sensors due to their easy synthesis and the conjugated elec-
tronic structure.16 Ammonia gas is being used in many sectors,
such as refrigeration, dyes, chemical plants, etc. Ammonia gas is
harmful beyond a certain limit of exposure, so the need for an
ammonia sensor is an essential requirement in the aforemen-
tioned industries. The conducting polymer nanocomposites
have excellent ammonia gas sensing properties compared to
their homopolymers. For instance, Yin et al. synthesized
polypyrrole-rGO nanocomposites decorated by Cu-BTC having
great potential for ammonia gas sensing.17 Majumdar et al.
fabricated a chemically stable and low-cost ammonia gas sensor
out of polypyrrole coated lter paper.18 The electron transport
from ammonia gas to sensing materials regulates the sensing
behaviour of conducting polymer-based nanocomposites.
Generally, metal oxide nanoparticles can impart gas sensing to
polymer composites.19 Dhingra et al. developed a PANI/ZnO
nanocomposite that demonstrated strong ammonia
RSC Adv., 2022, 12, 17637–17644 | 17637
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sensitivity, however, the sensing material had a longer recovery
time.20 Bandgar et al.21 developed a exible PANI/a-Fe2O3

nanocomposite with high NH3 gas selectivity. In previous
research,22,23 we found that PANI/Cu–Al2O3 and PIN/Cu–Al2O3

had excellent electrical, thermal and ammonia gas sensing
properties. The synergistic interaction of Cu–Al2O3 with the
polar entity of a conducting polymer is the basis of their supe-
rior properties. This motivates us to investigate the character-
istics of PANI-co-PIN nanocomposite, including Cu–Al2O3 as
a ller.

Various strategies for preparing conducting polymer nano-
composites are electrochemical method,24 mechanical mixing,25

solvent mixing26 and in situ chemical oxidative polymerization.27

The electrochemical approach is complicated since the particle
size cannot be tailored. The use of hazardous solvents in solvent
mixing is antithetical to green chemistry. In situ polymerization
is simple, environmentally benign and provides the best inter-
action between polymer and metal oxide nanoparticles. The
homogeneous dispersion of nanoparticles at the polymer
interface causes the greatest contact. As a result, materials are
endowed with extraordinary properties.6,28

No works have been reported on the synthesis and charac-
terization of Cu–Al2O3 nanoparticles reinforced PANI-co-PIN
copolymer nanocomposites. The intention of the conferred
work is to synthesize PANI-co-PIN/Cu–Al2O3 via in situ oxidation
polymerization. Structural features of PANI-co-PIN/Cu–Al2O3 are
evaluated by FT-IR, XRD and HR-TEM. Insights about the
thermal stability of the material are investigated using TGA. The
research investigates the impact of Cu–Al2O3 nanoparticles on
the ammonia gas sensing characteristics, electrical conductivity
and dielectric parameters of PANI-co-PIN/Cu–Al2O3.
Experimental
Materials and methods

The materials used for the synthesis of PANI-co-PIN/Cu–Al2O3

nanocomposites were monomers (aniline and indole), ferric
chloride (FeCl3), sodium dodecyl sulphate (SDS), copper nitrate
(Cu (NO3)2), aluminium nitrate (Al (NO3)3), urea, HCl and
methanol were procured fromMerck India. The solvent used for
all the synthesis procedures in this work was distilled water. The
copper alumina nanoparticles were synthesized by the ther-
mochemical mode of synthesis as reported earlier.29
Synthesis of poly (aniline-co-indole) copolymer

The copolymer was synthesised by the oxidative polymerization
of an equimolar ratio of aniline and indole with ferric chloride
as an oxidant. First, 1.0 M FeCl3 was dissolved in water and
stirred for 15 min at 0 �C in a three-neck ask. Certain amounts
of aniline and indole monomers were dissolved in an acid
aqueous medium and these homogeneous solutions were
slowly added from a dropping funnel to the FeCl3 solution at
0 �C. The copolymer formation was visible aer a fewminutes in
the course of the reaction, reddish FeCl3 solution was turned to
a dark green colour, indicating the consumption of monomers.
This solution was permitted to polymerize by maintaining the
17638 | RSC Adv., 2022, 12, 17637–17644
ice-cold temperature and the stirring continued for 8 h. The
unreacted monomers and oxidants were removed from the
precipitated poly (aniline-co-indole) by washing several times
with water and methanol and then dried in a vacuum oven at
60 �C for 24 h.

Synthesis of poly(aniline-co-indole)/Cu–Al2O3

nanocomposites

Different contents of copper alumina reinforced PANI-co-PIN
nanocomposites were synthesized by in situ polymerization of
aniline and indole in an aqueous acidic condition using ferric
chloride as an oxidizing agent. Cu–Al2O3 nanoparticles (3, 5 and
7 wt%) were mixed with SDS in distilled water. This nanouid
was then added to the mixture of aniline and indole and
ultrasonicated for half an hour. The FeCl3 solution (1 M) was
then added dropwise to the homogeneous solution of mono-
mers with constant stirring for half an hour. The copolymeri-
zation was carried out for a period of 8 h at a temperature of
0 �C. The precipitated ne green coloured particles were ltered
from the reaction mixture and thoroughly washed with distilled
water and methanol several times to remove the unreacted
monomers and oxidant. The nanocomposite was nally dried in
a vacuum oven at 60 �C for 24 h.

Instrumentation

FT-IR analysis of PANI-co-PIN/Cu–Al2O3 and Cu–Al2O3

composites were measured in the range of 4000 to 450 cm�1 in
a JASCO 4100 FT-IR spectrometer using the KBr pellet method.
The XRD prole of Cu–Al2O3, PANI-co-PIN and their nano-
composites was carried out on the Bruker D8, advanced X-ray
diffractometer. The samples were scanned in the range of 20
to 80� at a scanning rate of 5� min�1. TEM images were pho-
tographed in JEOL, JEM–2100 HR (Japan) respectively. TGA was
recorded in Hitachi STA7200 respectively at a heating rate of
10 �C min�1. The variation of AC conductivity and dielectric
traits with frequency (102 to 106 Hz) was measured in the Hioki
3570 Model. The gas sensing traits were analysed by passing
ammonia gas into the glass chamber containing PANI-co-PIN/
Cu–Al2O3 nanocomposites. The concentration of ammonia gas
used was 100 ppm and measurements were conducted at room
temperature. The sensitivity was expressed in terms of resis-
tance and was calculated using a digital multimeter. The sensor
response of synthesized nanocomposites was calculated by

Response ð%Þ ¼
�
Rg � Ra

�

Ra

� 100

where Rg and Ra are the resistance of PANI-co-PIN/Cu–Al2O3

nanocomposites measured in the presence of NH3 gas and air,
respectively. Entire samples were pelletized into a circular disc
prior to conductivity and gas sensing measurements.

Results and discussion
Fourier Transform infrared spectroscopy (FT-IR)

The structural elucidation of PANI-co-PIN/Cu–Al2O3 and inter-
actions between organic and inorganic moieties are studied
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FT-IR spectrum of pure Cu–Al2O3, copolymer and its
nanocomposites.
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using FT-IR spectroscopy. The FTIR spectrum of pure Cu–Al2O3,
PANI-co-PIN and their nanocomposites are displayed in Fig. 1.
Our previous study on PIN-based materials reported that char-
acteristic bands at 3411, 1561, 1470, 1109 and 747 cm�1 are the
resultant of N–H stretch, C]C stretch, C]C bend, C–N defor-
mation and C–H deformation respectively.23 Similarly, the FT-IR
studies on PANI were reported to show peaks at 3438 cm�1(N–H
stretch), 1482 cm�1 (C]C stretch) and 1306 cm�1 (C–N stretch
of 2� amine).22 The copolymerization of aniline and indole has
been validated by the FT-IR spectrum, with distinctive PANI and
PIN peaks present in the FT-IR spectra of copolymer and nearly
all bands are shied to a lower wavenumber. This shi in IR
peaks is due to the polar–polar interaction between the metal
oxide nanoparticles and the copolymer segments. For example,
the N–H stretch of the copolymer is obtained at 3252 cm�1. The
Cu–O stretching, O–H stretching and bending vibrations are
observed in the FT-IR spectrum of Cu–Al2O3 nanoparticles at
544 cm�1, 3399 cm�1 and 1626 cm�1 respectively. The charac-
teristic Cu–O band is clearly observed in the FT-IR spectrum of
PANI-co-PIN/CuAl2O3 nanocomposite at 564 cm�1 with the
characteristic bands of copolymer indicating the successful
polymerization of nanoparticles inside the copolymer
segments. It can be seen from the gure that the N–H vibration
of the copolymer (3252 cm�1) is found to be shied to a higher
wavenumber at 3401 cm�1 by the insertion of nanoparticles into
the copolymer. These shis in peaks suggest the strong inter-
action between PANI-co-PIN and Cu–Al2O3 nanoparticles.
X-Ray diffraction (XRD) analysis

The variations in crystallinity and order of PANI-co-PIN rein-
forcement of Cu–Al2O3 nanocomposites are studied using the
XRD prole. The XRD proles of Cu–Al2O3, PANI-co-PIN and
PANI-co-PIN/Cu–Al2O3 nanocomposites at 3 and 7 wt% are given
in Fig. 2. The crystalline peaks are spotted at 2q values of 25.35�,
© 2022 The Author(s). Published by the Royal Society of Chemistry
32.52�, 35.35�, 38.67�, 43.35�, 48.68�, 52.50�, 57.64�, 60.73�,
66.09� and 68.39� which point out the perfect ordered nature of
Cu–Al2O3 nanoparticles. On the other hand, PANI-co-PIN has
little or no long-range order. The crystalline peaks in the XRD of
PANI-co-PIN/Cu–Al2O3 nanocomposite manifest the improve-
ment in long-range order of the copolymer with reinforcement
of Cu–Al2O3 nanoparticles.

This nding conrms the inclusion of Cu–Al2O3 nano-
particles within the copolymer. Moreover, the intensity of
crystalline peaks of nanocomposites is enhanced with an
increase in the amount of ller particles. The existence of strong
interfacial contact between nitrogen in the copolymer and Cu–O
phase in Cu–Al2O3 nanoparticles is conrmed by these increase
in long-range order.24
High resolution transmission electron microscopy (HR-TEM)

The changes in the morphology and particle size of PANI-co-PIN
with the addition of Cu–Al2O3 nanoparticles are examined using
HR-TEM. HR-TEM images of PANI-co-PIN/Cu–Al2O3 nano-
composites with 5 and 7 wt% loadings are presented in Fig. 3.
The Cu–Al2O3 nanoparticles in the copolymer appear as dark
patches in HR-TEM pictures. The HR-TEM of PANI-co-PIN/Cu–
Al2O3 nanocomposites conrms the encapsulation of Cu–Al2O3

within the PANI-co-PIN matrix. Among the nanocomposites,
better distribution of Cu–Al2O3 nanomaterial is observed in
PANI-co-PIN/5 wt% Cu–Al2O3.

The aggregation of nanollers observed at higher loading is
due to the poor polymer–ller interaction rather than the ller–
ller interaction. The particle-to-particle spacing in the
composite reduces as the loading increases, resulting in nano-
particle aggregation. The average size of the metal oxide parti-
cles in the copolymer is found to be 40 nm.
Thermogravimetric analysis (TGA)

The variations in thermal stability of PANI-co-PIN with rein-
forcement of Cu–Al2O3 are studied using TGA. Fig. 4 demon-
strates the TGA graph of PANI-co-PIN and their nanocomposites
with Cu–Al2O3 as nanollers at different loadings. It can be seen
from the gure that all the samples exhibit three stages of
thermal decomposition. The minor degradation below 130 �C is
assigned to the evaporation of volatile contaminants from the
copolymer. The major degradation from 140 to 285 �C depicts
the decomposition of unreacted monomer and PANI segment.
Aer that, the residual copolymer degrades from 320 to 510 �C
is the carbon-containing residue. It is evident from the gure
that the thermal degradation temperature of the nano-
composite is higher than the pure copolymer and the thermal
stability increases with an increase in the concentration of
copper alumina nanoparticles. The enhanced thermal stability
of the copolymer nanocomposite is due to the strong interac-
tion between nanoparticles and the copolymer segments. At
600 �C, the nal char residue for copolymer is 54.25%, whereas
the nal char residue for nanocomposite with 3 and 7 wt% Cu–
Al2O3 nanoparticles is 55.68% and 57.57%, respectively. This is
another evidence of the increased thermal stability of the
RSC Adv., 2022, 12, 17637–17644 | 17639
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Fig. 2 XRD of copolymer, Cu–Al2O3 and copolymer/Cu–Al2O3 nanocomposites.

Fig. 3 HR-TEM images of copolymer with (a) 5 and (b) 7 wt% of Cu–
Al2O3.
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prepared copolymer nanocomposites. This result is in good
agreement with the earlier work.12
Fig. 4 TGA of copolymer with different contents of Cu–Al2O3.
Alternating current conductivity

Fig. 5 shows the room temperature AC conductivity prole of
PANI-co-PIN and PANI-co-PIN/Cu–Al2O3 nanocomposites at
different frequencies. Three distinct areas are found in the AC
conductivity prole of all materials. The initial area of the graph
(low frequency) has a linear character, which is due to the
disordered structure of polymeric materials. There is a decrease
in AC conductivity that is observed beyond 104 Hz. This obser-
vation might be due to the delayed movement of charges caused
17640 | RSC Adv., 2022, 12, 17637–17644
by electrode polarization. The last zone is characterized by
substantial ination and is located between 105 and 106 Hz.
This hike in electrical conductivity is the result of polarizations,
grain boundaries, dopants and imperfections.30 The irregularity
of the bare copolymer is minimized by the inclusion of nano-
llers hence AC conductivity of polymer nanocomposites is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Variation of AC conductivity of copolymer/Cu–Al2O3

nanocomposites.
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higher than the copolymer. The regular and ordered nature aids
the swi transport of charges through the network. This result
is in good agreement with the functionalized graphene oxide
reinforced polymer composites.31

The 5 wt% composite has the most regularity and ordered
arrangements (in good agreement with the TEM analysis) and
hence has the highest conductivity among other copolymer
nanocomposites. The agglomeration of nanoparticles at higher
loadings reduces the regularity of the polymeric materials. As
a result, the conductivity of 7 wt% composite is lower than that
of the PANI-co-PIN/5 wt% Cu–Al2O3 nanocomposite.
Dielectric constant

The dielectric constant measures the capacity of a material to
get polarised in the presence of an electric eld. Fig. 6 shows the
room temperature frequency dependence of PANI-co-PIN/Cu–
Fig. 6 Dielectric constant of copolymer/Cu–Al2O3 nanocomposites.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Al2O3 nanocomposites. Higher dielectric constant values at low-
frequency ranges account for the aggregation of loosely bound
charge carriers at grain boundaries. While at higher frequen-
cies, lower values are observed, which points to the dielectric
relaxation mechanism. The PANI-co-PIN/Cu–Al2O3 nano-
composites show better dielectric properties than the bare
copolymer because charge carriers (polarons and bipolarons)
are formed within the material.32

Among all samples, the PANI-co-PIN/5wt% Cu–Al2O3 nano-
composite possesses the maximum dielectric constant values as
polarization effects are excellent here due to the efficient alli-
ance between macromolecules and nanollers. With further
incorporation of nanollers, the interfacial polarisation
decreases due to curtailed interaction between the polymer and
metal oxide nanollers (evident from TEM images).
Dielectric loss tangent (tan d)

The dielectric loss tangent versus frequency graph is exhibited
in Fig. 7. The tan d value at low frequency denotes frozen
dipoles in the material. While the constant area in the plot at
higher frequency denotes the electronic and atomic polariza-
tion. Moreover, relaxation peaks are observed for entire samples
at intermediate frequencies. The relaxation behaviour can well
be explained using the Maxwell–Wagner–Sillars polarization
effect. The orientation of polar moieties inside the copolymer
and their nanocomposites induces energy dissipation in the
form of heat under the effect of frequency. At a particular
frequency, elastic restoring force makes the polar moieties
conne at the equilibrium position. Lowering of relaxation time
is observed with the reinforcement of Cu–Al2O3 nanollers. The
higher conductivity of nanocomposites can be ascribed to this
behaviour. The interfacial polarizations generally decide the
dielectric loss of material. The excellent tan d value and
minimum relaxation time are observed for PANI-co-PIN/5wt%
Cu–Al2O3 nanocomposites. Excellent interfacial interaction of
Fig. 7 Dielectric loss tangent of copolymer/Cu–Al2O3

nanocomposites.

RSC Adv., 2022, 12, 17637–17644 | 17641
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5 wt% nanocomposite is responsible for their maximum tan d

value. Furthermore, when ller particle addition is greater than
5 wt%, dielectric values are reduced due to a lack of interaction
between the copolymer and ller interfaces.
Fig. 9 Change in gas sensitivity of copolymer with different contents
of Cu–Al2O3.
Gas sensing properties

Fig. 8 indicates the NH3 gas sensing characteristics of PANI-co-
PIN and PANI-co-PIN/Cu–Al2O3 nanocomposites. The surface
reaction between copolymeric fragments and NH3 gas can be
ascribed to the variation in resistance of sensor materials by the
passage of NH3 gas. The reversibility and recovery of sensing
materials are conrmed by the wavy nature of the resistance
versus time graph.33 This reversibility of PANI-co-PIN and PANI-
co-PIN/Cu–Al2O3 nanocomposites can be well explained with
the aid of Langmuir–Hinshelwood mechanism.34 When
compared to PANI-co-PIN, the resistance value of PANI-co-PIN/
Cu–Al2O3 nanocomposites drops signicantly. A p–n junction is
formed when Cu–Al2O3 is added to PANI-co-PIN. The charge
carriers present within the p–n junction account for the reduced
resistance of PANI-co-PIN/Cu–Al2O3 nanocomposites. The lower
resistance is observed for PANI-co-PIN/5 wt% Cu–Al2O3 nano-
composites owing to the uniform dispersion of nanollers in
the copolymer matrix. The better dispersion of nanomaterial
into the copolymer facilitates charge transfer through the
depletion layer.35 Due to the clustering of nanollers in the
PANI-co-PIN, greater resistance is visible at higher nanoller
loading. The change in gas sensitivity of the copolymer at
Fig. 8 Gas sensing response for NH3 gas of copolymer with various con

17642 | RSC Adv., 2022, 12, 17637–17644
various loadings of nanoparticles at room temperature is given
in Fig. 9. For all samples, the sensitivity measured on exposure
to NH3 gas increases linearly with time. The PANI-co-PIN has
a much lower sensitivity than PANI-co-PIN/Cu–Al2O3 nano-
composites. The better NH3 gas sensitivity of polymer nano-
composites is associated with the interfacial association
tents of Cu–Al2O3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Gas sensing mechanism of PANI-co-PIN/Cu–Al2O3

nanocomposites.
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between the polymer and nanollers. In analogy with the
resistance versus time graph, PANI-co-PIN/5 wt% Cu–Al2O3

nanocomposites show better sensitivity due to the consistent
dispersion of nanollers over the polymer. At higher loadings,
sensitivity toward NH3 gas is found to be reduced. The assem-
blage of nanoparticles signicantly minimizes space within the
polymer, thereby preventing surface reaction with NH3 gas.
When compared to PIN/Cu–Al2O3 nanocomposites, copolymer
nanocomposites show superior gas sensing properties.23 PANI-
co-PIN/Cu–Al2O3 has a stronger initial gas sensitivity response
than PANI/Cu–Al2O3 nanocomposites.22
Gas sensing mechanism

The gas sensing mechanism of copolymer nanocomposites is
given in Scheme 1. In the sensing chamber, ammonia gas
molecules are physisorbed on the N centres of PANI-co-PIN. The
hole density in the copolymer is compensated by the electron
donating nature of the target gas. In nanocomposites, the
transfer of electrons from Cu–Al2O3 nanollers to the copol-
ymer generates a positive depletion layer that reduces the
enthalpy of physisorption of the target gas. The higher sensi-
tivity of 5 wt% nanocomposite can be attributed to the swi
transfer of electrons from nanollers to copolymer aided by the
homogenous dispersion of nanollers. A similar mechanism
was reported by Nasution et al.36
Conclusions

Copolymer nanocomposites based on poly(aniline-co-indole)
with varying copper alumina contents were developed using an
© 2022 The Author(s). Published by the Royal Society of Chemistry
efficient in situ chemical oxidation technique. The successful
packing of Cu–Al2O3 nanollers in the copolymer was
conrmed by FT-IR spectra. The XRD studies revealed the
existence of an alliance of organic and inorganic fragments in
the composite material. The HR-TEM images showed the
distribution of nanosized Cu–Al2O3 llers in the copolymer and
the better dispersion of nanollers was observed at 5 wt% Cu–
Al2O3 loading. The TG studies conrmed that the inclusion of
nanoparticles imparted remarkable thermal stability to PANI-
co-PIN and the stability of the composites increased with the
loading of Cu–Al2O3 nanoparticles. The PANI-co-PIN/Cu–Al2O3

nanocomposites evinced excellent AC conductivity and dielec-
tric properties. Better electrical traits were observed for PANI-co-
PIN/5 wt% Cu–Al2O3 nanocomposite indicating the consistent
covering of Cu–Al2O3 in the copolymer. The excellent ammonia
gas sensing property of the 5 wt% Cu–Al2O3 composite was the
combined effect of the interaction of nanocomposites and the
excellent p–n junction formed in the material. The combination
of high electrical conductivity, dielectric constant, gas sensing
and thermal stability makes PANI-co-PIN/Cu–Al2O3 nano-
composites a potential candidate for concocting nano-
electronic applications.

Conflicts of interest

There are no conicts to declare.

References

1 L. Li, J. Zhang, J. Lei, J. Xu, B. Shang, L. Liu, N. Li and F. Pan,
J. Mater. Chem. A, 2018, 6, 7099–7106.

2 Y. C. Liang and W. C. Zhao, CrystEngComm, 2013, 22, 7575–
7589.

3 B. Liu, Q. Wang, S. Yu, P. Jing, L. Liu, G. Xu and J. Zhang,
Nanoscale, 2014, 6, 11887–11897.

4 A. A. Dubale, C. J. Pan, A. G. Tamirat, H. M. Chen, W. N. Su,
C. H. Chen, J. Rick, D. W. Ayele, B. A. Aragaw, J. F. Lee,
Y. W. Yang and B. J. Hwang, J. Mater. Chem. A, 2015, 3,
12482–12499.

5 D.-H. Nam, S. J. Lim, M. J. Kim and H. S. Kwon, RSC Adv.,
2013, 3, 16102–16108.

6 S. A. Kumar, J. S. Shankar, B. K. Periyasamy and S. K. Nayak,
Phys. Chem. Chem. Phys., 2021, 23, 22804–22816.

7 A. Singhal, K. A. Dubey, Y. K. Bhardwaj, D. Jain,
S. Choudhury and A. K. Tyagi, RSC Adv., 2013, 3, 20913–
20921.

8 H. Kim and B. L. Yang, New J. Chem., 2019, 43, 16699–16705.
9 M. Majumder, R. B. Choudhary, A. K. Thakur, C. S. Rout and
G. Gupta, New J. Chem., 2018, 42, 5295–5308.

10 W. Zheng, X. Li, C. Dong, X. Yan and G. He, RSC Adv., 2014, 4,
44868–44871.

11 L. T. Truong, A. B. Larsen, S. Diplas, F. K. Hansen, J. Roots
and S. Jorgensen, Surf. Interface Anal., 2010, 42, 1046–1049.

12 K. Parvathi, M. A. Al-Maghrabi, M. Subburaj and
M. T. Ramesan, Polym. Compos., 2021, 42, 4586–4595.

13 S. Kiruthika and G. U. Kulkarni, Energy Technol., 2020, 8,
1901364.
RSC Adv., 2022, 12, 17637–17644 | 17643

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra02213c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

6:
17

:0
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
14 L. Wang, Y. Tan, Z. Yu, H. Tian, Y. Lai, Y. He, H. Xiang,
J. Wang, W. Zhao and L. Zhang, Mater. Chem. Front., 2021,
5, 7883–7891.

15 X. Shen, X. Zhang, T. Wang, S. Li and Z. Li, Mater. Chem.
Front., 2021, 5, 6114–6124.

16 J. Wang, H. Chi, A. Zhou, R. Zheng, H. Bai and T. Zhang, RSC
Adv., 2020, 10, 22019–22026.

17 Y. Yin, H. Ahang, P. Huang, C. Xiang, Y. Zou, F. Xu and
L. Sun, Mater. Res. Bull., 2018, 99, 152–160.

18 S. Majumdar, K. Sarmah and D. Mahanta, ACS Appl. Polym.
Mater., 2020, 2, 1933–1942.

19 S. Mikhaylov, N. Ogurtsov, Y. Noskov, N. Redon,
P. Coddeville, J. L. Wojkiewicz and A. Pud, RSC Adv., 2015,
5, 20218–20226.

20 M. Dhingra, L. Kumar, S. Sreevastava, P. S. Kumar and
S. Annapoorni, Bull. Mater. Sci., 2013, 36, 647–652.

21 D. K. Bandgar, S. T. Navale, M. Naushad, R. S. Mane,
F. J. Stadler and V. B. Patil, RSC Adv., 2015, 5, 68964–68971.

22 S. S. Menon, M. Thomas and M. T. Ramesan, Polym.
Compos., 2020, 41, 900–910.

23 S. Sankar, A. A. Naik, T. Anilkumar and M. T. Ramesan, J.
Appl. Polym. Sci., 2020, 137, 49145.

24 J. Arjomandi and S. Tadayyonfar, Polym. Compos., 2014, 35,
351–363.

25 R. Megha, Y. T. Ravikiran, B. Chethan, H. G. Prakash,
S. C. Kumari and S. Thomas, J. Mater. Sci.: Mater. Electron.,
2018, 29, 7253–7261.
17644 | RSC Adv., 2022, 12, 17637–17644
26 T. Bashir, A. Shakoor, E. Ahmed, N. A. Niaz, M. S. Akhtar,
M. R. Raza, M. A. Malik and P. J. Foot, Polym. Polym.
Compos., 2018, 26, 233–241.

27 R. Megha, Y. T. Ravikiran, B. Chethan, H. G. Prakash,
S. C. Kumari, M. Revanasiddappa, S. Manjunatha,
S. G. Dastager and S. Thomas, J. Mater. Sci.: Mater.
Electron., 2020, 31, 18400–18411.

28 K. Amruth, K. M. Abhirami, S. Sankar and M. T. Ramesan,
Inorg. Chem. Commun., 2022, 136, 109184.

29 S. Sankar, K. Parvathi and M. T. Ramesan, High Perform.
Polym., 2020, 32, 719–728.

30 S. Samanta, K. Jana, K. Gupta, A. Nayak and U. C. Ghosh,
Mater. Chem. Phys., 2016, 182, 173–181.

31 J. Jose and A. P. Susamma, Plast., Rubber Compos., 2021, 50,
35–47.

32 T. R. Naveen, P. Karthik and B. Neppolian, Nanoscale, 2020,
12, 14213–14221.

33 B. K. Bahuleyan, C. Induja and M. T. Ramesan, Polym.
Compos., 2019, 40, 4416–4426.

34 V. Ambardekar, P. P. Bandyopadhyay and S. B. Majumder,
Mater. Chem. Phys., 2021, 258, 123966.

35 C. Liu, I. Sergeichev, I. Akhatov and K. Lafdi, Compos. Sci.
Technol., 2018, 159, 111–118.

36 T. I. Nasution, I. Nainggolan, S. D. Hutagalung, K. R. Ahmad
and Z. A. Ahmad, Sens. Actuators, B, 2013, 177, 522–528.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra02213c

	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications

	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications

	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications
	Copper alumina @ poly (aniline-co-indole) nanocomposites: synthesis, characterization, electrical properties and gas sensing applications


