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Polypyrrole (Ppy) and polypyrrole/zinc oxide (Ppy/ZnO) nanocomposites were prepared using a chemical oxidative 
polymerization method. Methyl orange was used as a soft-template surfactant to help spread the particles evenly and control their 
shape during the polymerization. These nanocomposites are studied for their temperature-dependent electrical conductivity. Ppy 
was mixed during synthesis with 5 wt % zinc oxide to improve its electrical and chemical characteristics. Field Emission Scanning 
Electron Microscopy (FESEM) analysis indicates that the nanocomposites have a cylindrical surface structure. In addition, the 
structural nature of the Ppy/ZnO nanocomposites is amorphous in nature, as indicated by the X-ray diffraction patterns. The 
Ppy/ZnO nanocomposites are ideal materials for various applications because they have high electrical conductivity that varies with 
temperature. 
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1 Introduction 
Nanocomposites and/or heterostructure formation 

is the subject of new techniques for enhancing the 
physico-chemical properties of existing available 
nanomaterials1-6. This may lead to the formation of 
new and advanced materials of improved properties 
by controlling the shape, structure, and combination 
of two different types of nanostructures, i.e., organic 
and inorganic nanostructures7-9. The change in electric 
properties caused by interface effects and quantum 
effects produced by nano dimensions is significant in 
showing the final quality. The set of properties that is 
desired may be tailored and/or developed by using a 
combination of both of these effects. Moreover, these 
new materials, also called nanocomposites or 
heterostructures, have been synthesized with regard to 
their possible application in gas sensors, vacuum 
micro/nano electronics, photo catalysis, hydrogen 
production, Supercapacitor, and optoelectronics10–14. 
The advantages of field emission (FE) based emitters 
over conventional thermionic electron sources in 
vacuum microelectronic devices are unprecedented at 
this time15.Conducting polymers featuring a  
π-electron–conjugated backbone such as polypyrrole 

(Ppy), polyaniline, and polythiophene have attracted 
significant interest for gas-sensing applications16-18. 
Their detection capability is primarily governed by 
the doping and de-doping processes (oxidation and 
reduction), enabling selective interaction with 
particular gas molecules19. Among them, Ppy has 
shown measurable and distinct responses to a wide 
range of vapours, including acids, bases, alcohols, and 
alkanes, due to its unique interaction mechanisms20–24. 
Key advantages of Ppy include its simple synthesis 
process, high environmental stability, and 
electrochromic properties25, 26. It can be prepared by 
several methods, such as the chemical or catalytic 
oxidation of the electrochemical polymerization27 or 
pyrrole monomer28. Thin films of CP in the micro or 
nanometer range have higher gas sensitivity than bulk 
films29. The use of nanoparticles in Ppy films changes 
their electrical conductivity. For example, in 
Ppy/silver nanocomposites, functionalized silver 
nanoparticles have been used to detect ammonia, 
showing high sensing performance with an increase in 
conductivity30. Ppy/NiO nanocomposites used as an 
anode in lithium-ion batteries have shown improved 
electrochemical properties compared to pure NiO31, 32. 
Among the functional fillers, transition metal oxides 
(TMOs) are of particular interest for their potential 
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use in materials science. Semiconducting transition 
metal oxides such as ZnO, CuO, NiO, SnO2, TiO2, 
Fe2O3, Co3O4, and Sb2O3 are of particular interest for 
the detection of pollutants due to their lower cost, 
non-toxicity, and availability33-43. The use of 
conducting polymers with transition metal oxide 
nanoparticles is of particular interest in modern 
science and technology, as they can display the best 
properties of both materials. Research is still focused 
on developing new methods for the use of transition 
metal oxides with conducting polymers, as their 
interaction can display synergistic effects44-50. Zinc 
oxide (ZnO) is an important semiconductor material 
with a direct bandgap of 3.4 eV, which possesses a 
hexagonal crystal structure called wurtzite. It 
possesses excellent thermal stability, radiation 
resistance, and various nanostructures, which make it 
useful in solar cells, gas sensors, biosensors, photo-
detectors, surface acoustic wave devices, UV nano-
lasers, nano-generators, etc51. Though there is limited 
literature on the electrical characterization of 
ZnO/Ppy, ZnO is advantageous due to its 
biocompatibility and lower cost compared to other 
metal oxides. Despite the difficulty in blending metal 
oxides with Ppy, encapsulation of metal oxides in the 
Ppy matrix can improve their physical properties, thus 
increasing their potential for use in various 
applications. Accordingly, Ppy-ZnO composite 
materials were prepared, followed by structural and 
dielectric property characterization Ppy ([(C₄H₄–
NH)]ₙ) is particularly attractive due to its high thermal 
stability, strong environmental durability, 
straightforward synthesis, and dopant-dependent 
conductivity52. Its mode of conduction is p-type, 
which involves bi-polaron transport, hopping of 
electrons among inter-chain carbon bonds, and 
dopant-driven movement of ions or cations in the 
matrix. The conductivity of Ppy is in the range of 102 
to 7.5×103 S-cm-1. It is also possible to control it by 
altering dopants or other parameters, including 
conjugation length, polaron formation, and charge 
transfer efficiency. Composites of conducting 
polymers are synthesized by incorporating fillers in 
conducting polymers53. The materials have superior 
properties, unique features, and design opportunities. 
The properties of conducting polymer composites 
depend on filler aspect ratio, quality of filler 
dispersion, orientation, and filler-matrix 
interactions54. The dopants, especially semiconducting 
metal oxide dopants, have been reported to influence 

the structural properties of conducting polymers55-56. 
Recent studies have shown that Ppy-based 
composites, when integrated with ternary oxides, can 
display highly tunable and enhanced electrical 
properties. For instance, the successful synthesis of 
Ppy-coated α-LiFeO2 nanocomposites via the 
chemical oxidative polymerization method was 
reported57. The Ppy-coated α-LiFeO2 nanocomposites 
were found to show marked improvements in 
reversible capacity and cycling stability when tested 
as the cathode material in lithium-ion batteries. 
Similarly, the successful fabrication of Ppy/Zn2SnO4 
nanostructured thin films via the layer-by-layer 
assembly of Ppy nanospheres and Zn2SnO4 hollow 
spheres reported earlier58. The Ppy/Zn2SnO4 
nanostructured thin films were found to display 
superior sensitivity in ammonia gas sensing. In 
another instance, the successful synthesis of doped 
Ppy/Ag-Ni was reported with sensing applications59. 

Despite the prominent advantages of conducting 
polymers and transition metal oxides (TMOs), two 
critical challenges persist in the fabrication of hybrid 
nanocomposites: (i) the inherent difficulty in 
achieving uniform, non-aggregated dispersion of 
inorganic nanoparticles within an organic polymer 
matrix, and (ii) the subsequent loss of effective 
surface area and charge transport efficiency due to 
structural disorder. Traditional synthesis methods 
often lead to bulk agglomeration, which severely 
limits the interface-driven quantum effects and 
hinders the material's electrical conductivity. 

Review of the current literature reveals a clear 
research gap: while spherical or amorphous Ppy/ZnO 
mixtures are widely reported, studies focused on 
tailoring a precisely controlled, one-dimensional (1D) 
cylindrical nanotubular/nanorod morphology with high 
temperature-dependent electrical stability remain scarce. 

To address these challenges, the proposed work 
introduces a facile, low-temperature chemical oxidative 
polymerization strategy utilizing methyl orange as a 
soft-template surfactant. The novelty of this approach 
lies in using the surfactant to successfully restrict 
agglomeration, thereby guiding the growth of semi-
crystalline, uniform cylindrical nanorods. This specific 
1D geometry creates an uninterrupted pathway for 
electron hopping and bipolaron transport. Consequently, 
the incorporation of just 5 wt % ZnO leads to a 
significant enhancement in electrical conductivity 
paving the way for high-performance applications in 
supercapacitors and advanced sensing technologies1. 
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2. Materials and methods

2.1 Materials 
Pyrrole monomer was purchased from Alfa Aesar, 

whereas ferric chloride (FeCl3) and methyl orange 
surfactant were supplied by Qualigens. Deionized 
water with a conductivity of 1 S/m and zinc oxide 
(ZnO) powder of 99.5 % purity were supplied by 
High Media. All the chemicals were of analytical 
grade and high purity. 

2.2 Formation of Pure Polypyrrole 
For the synthesis of polypyrrole, the monomer 

pyrrole was polymerized in the presence of methyl 
orange, which was used as a surfactant. A solution 
was first prepared by dissolving 5 mM of methyl 
orange and 1.5 m-mol of ferric chloride (FeCl₃) in 30 
mL of distilled water with constant stirring. After 30 
minutes, 1.5 mM of pyrrole monomer was slowly 
added to the solution. The solution was left 
undisturbed at room temperature for 24 hours. After 
polymerization, washing of the synthesized polymer 
was carried out three times using water and methanol. 
The synthesized polymer was then dried in vacuum 
conditions at 95 °C for 20 hours. Finally, it was 
grounded into fine powder form for ease of handling. 

2.3 Synthesis of Ppy/ZnO Nanocomposites 
The Ppy/ZnO nanocomposites containing 5 wt % 

of zinc oxide were synthesized via an in-situ chemical 
oxidative polymerization approach to ensure uniform 
distribution. 

The precursor solution containing 5 mM methyl 
orange surfactant and 1.5 mmol of ferric chloride 
(FeCl3) oxidant was prepared in 15 mL of distilled 
water under magnetic stirring. The pre-sonicated ZnO 
dispersion was then slowly introduced into this 
surfactant-oxidant mixture under vigorous stirring for 
30 minutes to allow the surfactant molecules to coat 
the ZnO surface. Subsequently, 1.5 mM of pyrrole 
monomer was added dropwise into the reaction 
mixture at room temperature. The polymerization was 
allowed to proceed undisturbed for 24 hours. The 
resulting black precipitate of Ppy/ZnO nanocomposite 
was collected, washed repeatedly via centrifugation 
with water and methanol, and dried in a vacuum oven 
at 90 °C for 20 hours before being ground into a fine 
powder3. Figure 1 shows the pictorial representation 
of the entire synthesis process. 

2.4 Formation of Pellet 
A pellet, 0.8 mm thick and 13 mm in diameter, was 

fabricated from Ppy and Ppy/ZnO nanocomposites 

Fig. 1  Pictorial representation of the entire synthesis process 
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under a pressure of 80 kg/cm2. Two silver electrodes 
were deposited on the pellet’s surface, spaced 1 mm 
apart. 

3 Characterization 
For XRD analysis, Rigaku Miniflex II X-Ray 

Diffractometer was used. The XRD technique 
usesCuKα radiation with a wavelength of 1.54 Å and 
nickel as a filter for precise results. The surface 
characteristics of the fabricated nanocomposites were 
also studied by FESEM. For FESEM, JEOL 7610F 
equipment was used. For studying the sensitivity of 
the fabricated samples in different environmental 
conditions, measurements were carried out with 
Keithley 6517B equipment and a DNM-121 nano-
ammeter. The changes in the current were 
continuously recorded by exposing the samples to air, 
acetone vapor, and then again to air. 

4 Results and Discussion 
4.1 Structural Investigation  

Figure 2 (a–b) presents the X-ray diffraction 
(XRD) patterns of both pure polypyrrole (Ppy) and 
Ppy/ZnO nanocomposites. The XRD pattern of pure 
Ppy displays a broad peak at 2θ = 25.58°, indicating 
its amorphous nature60. In contrast, the Ppy/ZnO 
nanocomposites exhibit multiple sharp diffraction 
peaks at 2θ values of 31.84°, 34.56°, 36.32°, 47.62°, 
56.76°, 62.96°, 66.53°, 68.10°, 69.24°, 72.68°, and 
77.08°, corresponding to the (100), (002), (101), 
(102), (110), (113), (200), (212), (201), (204), and 
(202) crystal planes, respectively. These peaks
confirm the presence of ZnO with a hexagonal

wurtzite crystal structure, matching the standard data 
from JCPDS card no61 79-2205. The crystallite size of 
ZnO nanoparticles, determined using the Debye 
Scherrer equation62-63, was calculated to be 
approximately 23.56 nm. 

D = ௄ఒఉ௖௢௦Ө
Here, n = 1 indicates first-order diffraction, 

whereas λ = 1.5406 Å represents the wavelength of 
the X-ray source. β is the full width at half maximum 
(FWHM) of the diffraction peak, whereas θ represents 
the Bragg angle. K is the Scherrer constant. The XRD 
spectrum of pure polypyrrole shows a broad peak, 
which indicates that it is amorphous in nature. 
However, in the case of Ppy/ZnO nanocomposites, 
sharp peaks have been obtained, which indicates that 
crystalline features have been developed. This 
indicates that there is a change in the structure of the 
materials, from totally amorphous in pure polypyrrole 
to semi-crystalline in Ppy/ZnOnano-composites64. 

4.2 Field Emission Scanning Electron Microscopy (FESEM) 
To understand the surface morphology of 

nanocomposite materials, a FESEM investigation was 
performed. Figure 3 (a) shows the pure polypyrrole's 
FESEM picture. Ppy was observed to consist of 
cylindrical nanorods with a wide range of sizes. The 
FESEM micrograph of the polypyrrole/ZnO (5 wt %) 
nanocomposite is presented in Fig. 3 (b). According 
to SEM pictures, the Ppy/ZnO nanocomposites also 
exhibit cylindrical nanorods with cluster morphologies 
similar to those of polypyrrole. In addition, many small 

Fig. 2  XRD patterns of (a) Pure Polypyrrole; and (b) Ppy/ZnO (5wt %) nanocomposites 
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particles that may be ZnO particles are scattered around 
the surface of the layer. The weak interaction between 
the oxide sample and the polymer chain could be the 
cause of this.  

Zinc oxide is uniformly included on the polypyrrole 
nanorod in the chemically produced nanohybrid 
composite material. Since the nanocomposites, as shown 
in Fig. 3 (b), resemble pure polypyrrole perfectly, a trace 
quantity of ZnO has no discernible effect on the 
morphology of polypyrrole. ImageJ software analysis 
revealed that the nanorods in both Ppy and Ppy/ZnO 
composites have an average diameter of approximately 
135 nm. In polymer-inorganic nanohybrids, loading a 
higher weight percentage of transition metal oxides often 
leads to severe particle aggregation due to high surface 
energy. This agglomeration tends to cover the active 
polymer sites and completely disrupts the controlled 1D 
cylindrical structure, turning it into irregular bulk 
clusters. Such morphological degradation increases 
charge carrier scattering and drops the overall 
performance. Therefore, the 5 wt % concentration 
represents an optimized critical threshold. It is low 
enough to perfectly preserve the pristine cylindrical 
nanorod template of Polypyrrole (135nm diameter), yet 
sufficient to embed fine ZnO nanoparticles on the 
surface to activate synergistic charge transport and 
significantly enhance the electrical properties without 
structural collapse4. 
5 Electrical Conductivity 

The DC electrical conductivity of all synthesized 
samples was investigated across a range of temperatures. 
The conductivity was calculated using the following 
standard equation: 

σ = [ ln 2 (2S∕W)]∕ [2 𝜋S (V∕I)] 

In this equation, V denotes the applied voltage (V), 
S represents the spacing between the probes (cm), W 
is the thickness of the pellet (cm), I is the measured 
current (A), and σ corresponds to the DC electrical 
conductivity (S·cm⁻¹), respectively65. 

The electrical conductivity of Ppy and Ppy/ZnO 
nanocomposites at temperatures 40°C,50°C, 60°C, 
70°C,80°C,90°C, and 100°C is observed. The electrical 
conductivity measurements of Ppy and Ppy/ZnO 
nanocomposites revealed values of 0.279 S·cm⁻¹ and 
0.5912 S·cm⁻¹ at 30 °C, respectively. Upon increasing 
the temperature to 100 °C, the conductivities increased 
to 0.476 S·cm⁻¹ for Ppy and 0.80385 S·cm⁻¹ for 
Ppy/ZnO, as illustrated in Fig. 4. The incorporation of 

Fig. 3  SEM image of (a) Pure Polypyrrole; and (b) Polypyrrole /ZnO (5wt %) nanocomposites 

Fig. 4  Electrical Conductivity ofPure Polypyrrole and Ppy/ZnO
(5wt %) at different temperatures 
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ZnO nanoparticles into the polypyrrole matrix led to a 
notable enhancement in electrical conductivity, which 
exhibited a further increase with temperature, indicating 
improved charge transport characteristics relative to 
pristine Ppy. The mechanism of conductivity in 
Polypyrrole (Ppy)/ZnO nanocomposites is a complex 
process that involves the delocalization of electrons 
along the Ppy chain, as well as the transfer of electrons 
between Ppy and ZnO nanoparticles. The intrinsic 
conductivity of Ppy is due to the delocalization of 
electrons along the polymer chain, which facilitates 
charge transport through a hopping mechanism. The 
addition of ZnO nanoparticles enhances the conductivity 
of the nanocomposite by acting as electron acceptors, 
facilitating the transfer of electrons from Ppy to ZnO, 
and increasing the mobility of charge carriers within the 
Ppy matrix. 
 

The interfacing of p-type Polypyrrole with n-type 
ZnO nanoparticles creates nanoscale p-nheterojunctions. 
This configuration facilitates local electron transfer from 
the HOMO of Ppy to the conduction band of ZnO, 
acting as an electron-accepting mechanism that 
effectively elevates the mobile polaron/bipolaron density 
(n) Electrical conductivity (σ) is dictated by the relation.  
 

σ = μ.n.e 
 

where n is the charge carrier density, e is the 
elementary charge, and μ is the carrier mobility 

This significant elevation in the mobile 
polaron/bipolaron density (n) directly increases the 
volume of active charge carriers available for 
transport, thereby substantially boosting the overall 
electrical conductivity (σ) of the nanocomposite5. 

The observed positive temperature coefficient of 
conductivity increases from 0.5912 S.cm-1 at 30°C to 
0.80385Scm-1 at 100°C for the Ppy/ZnO composite 
explicitly signifies a thermally activated hopping 
transport mechanism rather than conventional intrinsic 
band-gap semiconducting behavior66. In conducting 
polymer matrices, the polymer backbone possesses an 
amorphous and disordered structural nature, as 
confirmed by our XRD results. Consequently, the 
charge carriers (polarons and bipolarons) are heavily 
localized. As the temperature rises, external thermal 
energy facilitates the lattice vibrations, lowering the 
potential barrier width between adjacent conjugated 
chains. This enables the localized carriers to absorb 
phonon energy and undergo a inter-chain and intra-chain 
transport process governed by Mott’s Variable-Range 
Hopping (VRH) model67-68. The uniformly embedded 

crystalline ZnO nanoparticles act as conducting bridges 
within the cylindrical channels, which significantly 
reduces the characteristic hopping activation energy. 
This synergy accelerates the hopping frequency of 
electrons, leading to the pronounced temperature-
dependent enhancement in electrical conductivity6. 
 

6 Conclusion  
The chemical oxidation polymerization process was 

used to create nanostructured Polypyrrole and 
Polypyrrole/ZnO with 5 weight percent ZnO 
concentrations. The structural properties were studied 
using the X-ray diffraction method. FESEM is used to 
study the morphology of the prepared materials. When 
ZnO is 5 weight percent, the Ppy and Ppy/ZnO 
material’s electrical conductivity is measured at 
temperatures of 40, 50, 60, 70, 80, 90, and 100°C. To 
conclude, Ppy/ZnO nanocomposite was synthesized 
using the chemical oxidation method, which is an 
effective low-temperature method for enhancing the 
electrical conductivity of materials. Apart from using 
Ppy/ZnO in other ways, it is also used in supercapacitors 
due to its antibacterial properties. 

In contrast, the significance of our work lies in the 
successful synthesis of a well-defined 1D cylindrical 
nanorod/nanotubular morphology achieved via a 
controlled methyl orange soft-template method. The 1D 
cylindrical architecture minimizes the grain boundary 
barriers, allowing a direct pathway for polaron and 
bipolaron hopping. Unlike typical composites that 
require high weight percentages of metal oxides to show 
appreciable electrical changes, our system achieves a 
profound leap in conductivity 0.279 S·cm⁻¹ to 0.5912 
S·cm⁻¹ at a mere 5 wt% ZnOconcentration. Furthermore, 
the highly sensitive temperature-dependent linear 
increment up to 100°C proves that our nanocomposite 
possesses superior thermal-electrical stability compared 
to standard amorphous Ppy films, making it a highly 
significant candidate for next-generation supercapacitors 
and smart sensing devices2. 
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