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Abstract 

In the current study, three distinct CuO doping doses were used to create pure and CuO 
nanoparticle-doped polypyrrole-based samples by a straightforward chemistry-based 
polymerization procedure. A variety of methods were employed to characterize the prepared 
samples. The prepared samples' X-ray diffraction spectra show that they are quasi-crystals in 
nature. These samples' Fourier transformation infrared spectroscopy shows the different necessary 
fundamental bands, confirming the synthesis of the anticipated samples. The morphology of the 
synthesized samples can be seen in the field emission scanning electron microscopy. Using thermal 
gravimetric analysis, the thermal characteristics of the prepared samples were examined. 
Additionally, the electrical characteristics of the manufactured samples were examined between 
293 and 393 K in temperature. As the temperature rises, the conductivity of the produced samples 
increases, indicating that they are semi-conducting. 
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Introduction 

Insulators comprise most of the polymers reported in the literature. Subsequent studies, 
however, showed that polymers can act like semiconducting materials. Polymers possess unique 
optical, electrical, and thermal properties that make them potentially useful in a wide range of 
fields. Polypyrrole (PPY) has garnered significant interest owing to its non-redox doping, robust 
thermal and environmental stability, elevated conductivity, and feasibility, alongside other 
conducting polymers. When expressed as a composite, the properties of PPY change significantly. 
These composites have shown promise in applications such as electrochromic displays, 
temperature and current sensor devices, polymeric batteries, and shielding at the 
electromagnetic/radio frequency interface in electronic equipment, such as the plastic casing of 
computers and cell phones. To further improve PPY's mechanical qualities, conductivity, and 
processability, metal oxides (MOs) can be combined with it. Making PPY-MO composites is 
challenging because it is hard to achieve chemical interactions between PPY and MOs. 
Researchers are still focused on creating MO and PPY composites using a range of methods due 
to their improved properties and potential applications in multiple fields [1]. In order to create a 
variety of nanocomposite materials, conducting polymers have up until now been utilised as a shell 
around inorganic nanoparticles such as CuO [2]. By employing ultrasonic irradiation, Xia and 
Wang [3] produced a PPY/CuO nanocomposite. Schnitzler and Zarbin [4] synthesised hybrid 
materials, such as CuO nanoparticles and PPY, by using the sol-gel technique. Transition-metal 
oxides are the most often used cathode candidates in the development of lithium and lithium-ion 
battery technologies [5]. 
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Other crystalline oxides have also been used as cathodes in solar cells [6,7] and 
rechargeable lithium batteries [8,9], including V2O5, MnO2, MoO3, and WO3. Furthermore, 
dielectric/magnetic and electrical properties are combined in PPY filled with materials such as 
carbonaceous fillers, magnetic particles, or dielectric particles [10–19]. These composites have 
demonstrated uses in the areas of corrosion management [20], supercapacitors [21], and 
microwave absorption [22]. Song and colleagues chemically synthesized PPY and NiO composites 
in the presence of sodium dodecyl benzenesulfonate to form PPY/NiO nanoparticles, nanobelts, 
and nanotubes. The composite materials' conductivity and thermostability both increased [23–25]. 

The majority of researchers are still focused on the synthesis and characterization of 
PPY/CuO composites, despite the fact that several investigations into these materials have been 
reported. However, as far as the author is aware, no publication has been done on the investigation 
of dynamical parameters for PPY/CuO composites using techniques such as TGA. Consequently, 
a comprehensive study utilizing different CuO concentrations in PPY and techniques is needed. 
Experimental Details 
Sample Preparation 

Chemical oxidative polymerization synthesis was used to create the pure PPY and 
PPY/CuO composite samples. To do this, separate aqueous solutions of ferric chloride and pyrrole 
at molar concentrations of 1.25 M and 1 M were produced. After that, the produced solutions were 
chilled for two hours in a refrigerator. After that, an ice bath was used to keep the monomer 
solution at a temperature of between 0 and 4 oC. Following the dropwise addition of the oxidant 
solution to the monomer solution, the polymerization reaction swiftly begins, and it is allowed to 
react for 24 hours. Following the proper amount of time, the solution is allowed to filter through 
filter paper. The resulting yield is then rinsed with 1 M HCl and acetone until the filtrate is 
colorless. This yield was then vacuum-dried after being air-dried first. A pestle and mortar were 
used to smash the dry sample into a fine powder. The 5, 10, and 15% weight percentage CuO 
doped PPY composite materials were synthesized in a similar manner. 

Experimental Techniques 

XRD patterns with CuKα in the angle of 2θ (10-80o) were recorded using the Rigaku 
Miniflex-II diffractometer at a slow scanning rate of 2o/min. X-ray diffraction (XRD) data was 
utilized to determine the crystal structure of the samples. When utilizing a Shimadzu IR affinity-1 
8000 FTIR spectrophotometer for the FTIR analysis, the powder sample was combined with dry 
KBr at a weight ratio of 1:20. Utilizing the EVO 18 scanning electron microscope, the 
microstructure of the surface was investigated. Thermogravimetric analysis was performed using 
a TA apparatus (model number SDT Q600) heated at 10 oC/min in a nitrogen atmosphere. We 
tested DC conductivity at 1V and temperatures between 25 and 120 oC, with a 2 oC fluctuation, 
using the Keithley 6517B electrometer.  

Results and Discussion 

X-ray Diffraction (XRD) Analysis 
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The XRD patterns of PPY and PPY/CuO composites are shown in Figure 1. The PPY and 
PPY/CuO composite samples' XRD patterns show two identical peaks at around 21.44 and 26.12 
degrees, while a soldier is located at approximately 16.10 degrees. When CuO nanoparticles are 
added to PPY symmetry, the strength of the peaks changes considerably, indicating a strong 
interaction between CuO and PPY. The presence of quinoid and benzenoid rings in both 
perpendicular and parallel orientations accounts for these two beaks. Furthermore, the existence 
of these two peaks suggests that the processed samples have quasi-crystal structure. 

 

Figure 1: XRD patterns of PPY and PPY/CuO composites. 

Fourier Transform Infrared (FTIR) Analysis 

 Figure 2 displays the FTIR spectra of the pure and CuO-doped PPY composite samples. Distinct 
vibrations between 400 and 2000 cm-1 are visible in the FTIR spectra. It displays distinct bands at 
518, 813, 1159, 1321, 1493, and 1591 cm-1. Para-disubstituted aromatic rings and C-H out-of-
plane bending vibration are responsible for the bands at 518 and 813 cm-1, respectively. An 
apparent band around 1321 cm-1 represents the C-N stretching vibrations. When the plane is 
curved, vibration in C-H occurs at 1159 cm-1 [26]. The bands observed in the 1450-1600 cm-1 
region are believed to be caused by non-symmetric C6 ring stretching modes [27]. The benzenoid 
ring units are visible in the lower frequency mode at 1493 cm-1, but the quinoid rings are important 
in the higher frequency vibration at 1591 cm-1. The peak observed at 2300 cm-1 is caused by 
aromatic C-H stretching vibrations, whereas the band observed in the range 2950-3300 cm-1 is 
attributed to N-H stretching of aromatic amines [28–30]. 
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Figure 2: FTIR spectra of PPY and PPY/CuO composites 

Field Emission Scanning Electron Microscopy (FESEM)  

Typical FESEM images for pure PPY and PPY/CuO composite samples are shown in 
Figure 3(a-d). The current samples' FESEM photos show that their particles have the same 
morphology as clean and CuO-doped PPY samples. No CuO nanoparticles are seen in the FESEM 
pictures of the composite samples, which may be because the CuO nanoparticles have been 
incorporated into the PPY matrix. In this case, PPY acts as the shell and CuO nanoparticles as the 
core [31]. 
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Figure 3: FESEM images of PPY and PPY/CuO composites 

Thermogravimetric Analysis (TGA) 

TGA thermograms of PPY and PPY/CuO composites in a nitrogen environment are shown in 
Figure 4. The TGA study of PPY and PPY/CuO composites reveals the four mechanisms of weight 
reduction.   

1. It is believed that the first stage of dehydration starts at about 100 oC and is brought on by water 
that has been absorbed at the doped polymer's surface desorbing [32]. 

2. The second step happens at around 250 oC as a result of the protonic acid component being 
eliminated [32]. 

3. The polymer chain breaks at around 510 °C for the third and 640 °C for the fourth, potentially 
leading to the generation of gases [33]. 
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Figure 4: TGA thermograms of PPY and PPY/CuO composites 

Current-Voltage (I-V) Characteristics (DC Conductivity) 

Because the current in conducting polymers does not increase linearly with applied voltage, their 
conduction mechanisms are very different from those of intrinsic semiconductors [34–36]. When 
negative and positive charges are added to conducting polymers, the rigid conduction or valence 
bands do not fill right away. In conductive polymers, there are no permanent dipoles. Actually, 
there are sporadic charge (polaron) trapping sites in the sample. When an external field is applied, 
strong coupling between electrons and phonons causes lattice distortions around the doped charge. 
As a result, their confined motion functions as an effective electric dipole and charge trapping 
intensifies. Quasiparticles such as bipolarons and polarons are so produced. This time, charge is 
carried by these polarons and bipolarons. A nonlinear curve is produced and the increase in current 
relative to voltage is accelerated by the formation of polarons and bipolarons, which increases with 
increasing applied field [37]. Within the temperature range of 293 to 393 K, the electrical 
characteristics of the prepared samples were examined. The fluctuation in electrical conductivity 
with temperature is shown in Figures 5(a,b). 

 

Figure 5: (a) Variation in electrical properties and (b) lndc vs T-1/4 of PPY and PPY/CuO 
composites 
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Based on the observed I-V characteristics of these samples, equation (1), which is given as, has 
been utilized to determine the values of dc electrical conductivities (dc) at different temperatures 
at 1V [38–40]. 

𝜎ௗ௖ =  
ூ ௫ ௅

௏ ௫ ஺
          (1) 

      where V denotes voltage and L and A, respectively, denote the sample's thickness and area. 
The dc conductivity variation with temperature for PPY and PPY/CuO composites is also shown 
in Figure 5a. It was discovered that every sample's DC conductivity (dc) measurement followed 
the Arrhenius relation, which is represented by equation 2, which is [41–44]. 

𝜎ௗ௖(𝑇) = 𝜎଴ exp ቀ
ିௐ

௞்
ቁ        (2) 

Where W is the thermal activation energy of electrical conduction, k is Boltzmann's 
constant, and σ0 is the pre-exponential parameter that depends on semiconductor nature.  

Equation 2 can be used to calculate the activation energy due to electrical conduction based 
on the slope of the curve lndc versus T-1/4. The slope of each sample is found by linear fitting; the 
pristine PPY sample has an activation energy of 5.54, 4.45, 3.76, and 3.01 meV, while the CuO-
doped PPY sample has values of 5, 10, and 15 weight percent. These activation energy values 
show that the activation energy values drop as the doping concentration increases, indicating that 
less energy is needed for the charge transport mechanism [45–47]. 

A similar extremely strong linear fitting (with linearity 0.99) is seen in Figure 5b, which 
plots lnσdc vs. T-1/4. It demonstrates that all of the samples show three-dimensional (3D) charge 
transport, which was previously explained by equation (3) [48–50].  

𝜎ௗ௖ = 𝜎଴𝑒
ିቀ

೅బ
೅

ቁ
ം

         (3) 

Where To is the Mott's characteristic temperature associated with the electronic wave 
function's degree of localization. The exponent = 1/(1+d) determines the dimensionality of the 
conducting media. The Mott's model was introduced to explain the variable range hopping (VRH) 
of disordered materials in the low temperature zone. Nonetheless, for the currently available 
composites, this model performs well in explaining dc conductivity data at high temperatures [51–
53]. 

Conclusions 

For the preparation of PPY and CuO-doped PPY composite samples, the chemical oxidative 
polymerization synthesis method was employed. The FTIR spectra of the generated samples show 
the presence of strongly conducting state peaks of quinoid and benzenoid rings, indicating that the 
materials are PPY-based pure and composite samples in the emerald salt form. The quasi-crystal 
nature of the currently manufactured samples is indicated by their XRD pattern. According to 
TGA, both the pristine and doped samples retain over 65% of their weight even at temperatures as 
high as 800 oC. This suggests that as the concentration of CuO nanoparticle doping grows, so does 
the stability of the produced samples. Particle sizes in the range of 1 to 10 um are indicated by the 
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FESEM pictures of the produced samples. The produced samples' charge transport mechanism is 
based on the Mott's variable hopping model. 
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