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Polyaniline (PANI) metal oxide composites are known for their high 
electrical conductivity, environmental stability, and enhanced 
mechanical strength, making them valuable in applications such as 
sensors, batteries, and electromagnetic shielding. This study 
synthesises and characterises PANI/CuO nanocomposites to examine 
their structural, morphological, and functional properties at different 
synthesis temperatures. The material's capabilities are significantly 
enhanced by integrating the conductive polymer PANI with copper oxide 
(CuO), a p-type semiconductor with a narrow band gap. The oxidative 
polymerization of aniline, the process by which PANI is formed, requires 
precise control of oxidizing agents and reaction conditions, as these 
factors directly affect the polymerization, conductivity, and overall 
properties of the resulting nanocomposite. The PANI/CuO 

nanocomposites were synthesized at three different temperatures: 10℃, 

25℃, and 50℃, to determine how temperature affects their 
characteristics. Fourier Transform Infrared (FTIR) spectroscopy and 
Scanning Electron Microscopy (SEM) were employed to analyze these 
nanocomposites. FTIR results revealed shifts in the quinoid and 
benzenoid rings, indicating hydrogen bonding between the NH group of 
PANI and the CuO surface, which accelerates charge transfer. The SEM 
analysis showed that while pure PANI exhibits a uniform globular 
morphology, the PANI/CuO nanocomposites display a nanorod 
morphology. These morphological differences impact the surface area 
and electrical conductivity of the composites, highlighting the 
significance of temperature in tailoring the material's properties for 
specific applications. 
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INTRODUCTION 

 Composites formed by combining 

conductive polymers with metal oxide 

nanoparticles have become a significant 

focus in advanced materials research due to 

their synergistic properties [1-8]. The size, 

morphology, and conductive properties of 

polymers are greatly influenced by the 

incorporation of metal oxides such as 

graphene oxide [9-13], CuO [6-7, 14-17], 

SiO₂ [18], ZnO [5], TiO₂ [2], and V₂O₅ [19, 

20]. These metal oxides enhance the 

conductivity and thermal stability of the 

composites, making them valuable for a wide 

range of applications. 
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 Polyaniline (PANI), a conductive 

polymer, has been extensively studied due to 

its remarkable electrical conductivity, 

environmental durability, and ease of 

synthesis [1, 6, 8-10, 12, 21-25]. PANI-metal 

oxide composites exhibit unique properties 

such as high electrical conductivity, 

environmental stability, and enhanced 

mechanical strength, making them highly 

desirable for global applications. These 

composites show significant potential in 

industries such as energy storage, where 

they can improve battery performance, 

environmental sustainability through 

advanced sensors for pollution detection, and 

electronics by providing effective 

electromagnetic shielding [1, 17, 22, 26]. 

PANI has been synthesized at various 

temperatures, leading to composites with 

different properties. Research indicates that 

PANI synthesized at lower temperatures 

exhibits the highest conductivity [25]. This 

conductivity is attributed to the π-conjugated 

backbone of PANI, which facilitates charge 

mobility between the polymer and the matrix 

[9, 11, 12, 21, 23, 25]. 

 The addition of metal oxide 

nanoparticles to PANI enables easy 

modification of these composites, making 

them promising candidates for applications in 

sensing, electronics, and energy storage [1, 

17, 22, 26]. Specifically, incorporating CuO 

into PANI improves the composite’s electrical 

conductivity and thermal stability [6, 7]. To 

achieve a well-defined and optimised 

material structure, PANI-based metal oxide 

composites are synthesised and 

characterised using multi-step approaches, 

such as the rapid mixing method [25] and 

electrochemical methods [10]. Careful 

selection of metal oxides, combined with the 

unique properties of PANI, enhances 

conductivity, stability, and reactivity [1, 7, 14-

17, 22, 26, 27, 28-32]. 

 

Figure 1. PANI structures based on redox 

states [23].  

 

 PANI is produced through the oxidation 

of aniline, resulting in various forms 

depending on the degree of oxidation [23, 

25]. The partially oxidised form is emeraldine, 

while the fully oxidised form is pernigraniline. 

These forms transform upon doping into 

emeraldine salts, the most conductive forms 

of PANI. The unique structure of PANI, which 

allows for multiple oxidation states, 

significantly impacts its performance and 

conductivity [23, 25]. PANI is also recognised 

as a multi-colour electrochromic material, 

displaying various colours depending on its 

oxidation state, as illustrated in Figure 1. 

These states include the yellow-colored 
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leucoemeraldine base (LB), the green-

colored emeraldine salt (ES), the blue-

colored emeraldine base (EB), and the violet-

colored pernigraniline base (PB). The 

emeraldine salt is the most conductive form, 

making it highly valuable in various 

applications [23, 25]. 

 While PANI/CuO nanocomposites have 

been extensively studied for their enhanced 

electrical and thermal properties, the 

influence of synthesis temperature on the 

structural and functional characteristics of 

these composites still needs to be explored. 

This study uniquely contributes to the field by 

systematically investigating the impact of 

temperature variations—specifically at 10℃, 

25℃, and 50℃—on the synthesis and 

characterisation of PANI/CuO 

nanocomposites. By analysing how different 

temperatures affect these composites' 

morphology, crystallinity, and conductivity, 

this research offers new insights into 

optimising material properties for specific 

applications. The novel approach of 

correlating temperature with material 

performance sets this work apart from 

existing studies and paves the way for the 

tailored design of PANI/CuO 

nanocomposites in advanced technological 

applications. 

 Recently, PANI has garnered significant 

interest for its ability to form stable 

composites with inorganic particles. The 

addition of CuO, in particular, has been 

studied to examine the core-shell structure of 

PANI and enhance its thermal stability [17]. 

However, despite these advancements, more 

comprehensive studies that systematically 

explore the influence of synthesis methods 

and conditions on the structural and 

functional properties of PANI/CuO 

nanocomposites across various 

temperatures need to be conducted. 

Understanding the interaction between CuO 

and PANI at different temperatures is crucial 

for gaining theoretical insights and practical 

applications. 

 

METHODS  

1. Materials 

The materials used in this study included 

ammonium persulfate (Merck, analytical 

grade), aniline (Merck, analytical grade), 

hydrochloric acid (Merck, >37%), CuO (Merck, 

analytical grade), and acetone (technical 

grade). 

 

2. Equipment 

The equipment used consisted of 

glassware, Whatman filter paper No. 41, a 

magnetic stirrer, a Fourier transform infrared 

(FTIR) spectrophotometer (Shimadzu Prestige-

21), and a scanning electron microscope (SEM) 

(JEOL JSM 6510-LA). 

 

3. Preparation of Pure PANI 

Polyaniline (PANI) in the form of emeraldine 

salt was synthesised using a conventional 

polymerisation method through chemical 

oxidation under acidic conditions. First, 11.42 g 

of ammonium persulfate was dissolved in 100 

mL of distilled water in one flask. Separately, 

3.64 g of aniline was mixed with 100 mL of 1 M 

hydrochloric acid in another flask. Both flasks 

were placed in an ethylene glycol bath at 0°C 

for 1 hour. 

The ammonium persulfate solution was 

added dropwise to the aniline solution while 

stirring at 700 rpm. The reaction mixture was 

https://doi.org/10.1016/j.rechem.2022.100596
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stirred continuously for 24 hours at 0°C. The 

schematic of pure PANI synthesis is shown in 

Figure 2. After the reaction, the green 

precipitate formed was separated by filtration 

using ashless slow filter paper (Whatman No. 

41). The precipitate was thoroughly washed 

with acetone and hydrochloric acid solution until 

the washing liquid became colourless [11]. 

 

Figure 2. Schematic of pure PANI synthesis 

 

4. Preparation of PANI/CuO 

Nanocomposites at 10°C 

To synthesize PANI/CuO 

nanocomposites at ten °C, 3.64 g of aniline 

and 2 g of CuO were mixed and stirred at 700 

rpm at room temperature. Then, 100 mL of 1 

M HCl solution was slowly added to the 

aniline/CuO mixture. This mixture was then 

stirred at 700 rpm for 4 hours at 10°C. 

Separately, 11.42 g of ammonium persulfate 

was dissolved in 100 mL of distilled water and 

stirred until the solution was homogeneous. 

The ammonium persulfate solution was added 

dropwise to the aniline/CuO-doped HCl 

solution. The mixture was stirred continuously 

at 700 rpm for 24 hours at 10°C. 

Using the interface method, this 

polymerisation process results in the 

formation of PANI/CuO nanocomposites. The 

synthesis schematic is shown in Figure 3. 

The mixture was filtered using Whatman No. 

41 filter paper and washed with 1 M HCl and 

acetone solution until the filtrate became 

colourless. The filtered solid was then placed 

on a baking sheet, covered with aluminium 

foil with small holes, and oven-dried at 50°C 

for 5 hours. The dried PANI/CuO 

nanocomposites were finely ground using a 

mortar and pestle to obtain the final product. 

 

Figure 3. Schematic of PANI/CuO 

nanocomposites synthesis. 

 

5. Preparation of PANI/CuO 

Nanocomposites at 25°C and 50°C 

The same procedure was used for 

synthesizing PANI/CuO nanocomposites at 

10°C, followed by synthesis at 25°C and 50 

°C. These temperatures were selected to 

investigate the effect of temperature on the 

conductivity and morphology of the 

nanocomposites [25]. 

 

6. Characterization 

The synthesised PANI and 

PANI/CuO nanocomposites were 

characterised using Fourier Transform 

Infrared (FTIR) spectroscopy and Scanning 

Electron Microscopy (SEM). FTIR analysis 

was performed using a Shimadzu Prestige-

21 spectrophotometer over the wavenumber 

range of 400–3500 cm⁻¹ to identify functional 

groups and confirm the successful synthesis 

of the composites. For SEM analysis, the 

surface morphology of the PANI/CuO 

nanocomposites was examined using a 

JEOL JSM 6510-LA scanning electron 

microscope. The samples were sputter-

https://doi.org/10.1007/s11664-020-07977-3
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coated with a thin layer of gold to enhance 

conductivity and imaging quality, and SEM 

imaging was conducted at an acceleration 

voltage of 15 kV. 

 

RESULTS AND DISCUSSION 

1. Synthesis of PANI and PANI/CuO 

Nanocomposites 

 Polyaniline (PANI) is a conductive 

polymer that can be synthesised efficiently 

and cost-effectively. This study synthesised 

PANI in its emeraldine salt (ES) form through 

polymerisation using rapid mixing. In this 

process, an ammonium persulfate (APS) 

oxidiser solution ((NH4)2S2O8) was gradually 

added dropwise into an aniline solution. The 

polymerisation was conducted at a 

temperature of 0°C for 24 hours. 

 The rapid mixing method offers several 

advantages over electro-polymerization and 

interfacial polymerisation methods. It is a 

simple and inexpensive process that can be 

easily scaled up for large-scale production. 

Using low temperatures and acidic conditions 

is crucial to ensuring that the polymerisation 

mechanism follows an electron acceptor 

pathway facilitated by the oxidant. In contrast, 

polymerisation at higher temperatures and 

under primary conditions can lead to the 

homolytic cleavage of peroxide bonds, 

forming radical species containing oxygen. 

This shift alters the mechanism to an oxygen 

donor pathway. 

 The chemical reaction for forming PANI-

ES using APS as an oxidiser in an HCl 

solution is illustrated in Figure 4. 

 

Figure 4. PANI-ES formation reaction. 

 

PANI in the form of emeraldine salt is 

a dark greenish powder; Figure 5 shows 

PANI after filtration before the drying process.    

 

 

Figure 5. PANI after the filtration process. 

 

 

Figure 6. PANI/CuO nanocomposite after 

filtration. 

The PANI/CuO nanocomposites were 

synthesised following the same procedure 

used for pure PANI synthesis, with the 

primary difference being the addition of CuO 

powder to the aniline monomer before the 

polymerisation process. The incorporation of 

CuO into the aniline is intended to enhance 
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the properties of the composite, particularly 

by increasing the electrical conductivity and 

thermal stability of the PANI/CuO 

nanocomposite [17]. The formation of 

PANI/CuO nanocomposites is facilitated by 

hydrogen bonds between the PANI and CuO 

on the CuO surface [17]. As shown in Figure 

6, the resulting PANI/CuO nanocomposite 

after filtration has a darker greenish colour 

compared to pure PANI, indicating the 

successful incorporation of CuO. 

 

2. Analysis of FTIR Spectrum of 

PANI/CuO Nanocomposites 

The PANI/CuO nanocomposites 

were characterised using FTIR spectroscopy 

and SEM. The FTIR spectra of pure PANI 

and PANI/CuO nanocomposites were 

recorded in the 400–2100 cm⁻¹ wavelength 

range, as shown in Figure 7. For pure PANI, 

key absorption peaks were observed at 1237 

cm⁻¹ and 1292 cm⁻¹, corresponding to C–H 

stretching from aromatic conjugation and C–

N stretching from the secondary aromatic 

amine, respectively. Additionally, the peak at 

798 cm⁻¹ was attributed to the 1,4-

disubstituted benzene ring, and the peak at 

1124 cm⁻¹ was associated with B–NH⁺=Q 

stretching, which is characteristic of 

conductive PANI, often referred to as the 

"electronic-like absorption peak" [9, 11, 25]. 

The peaks at 1489 cm⁻¹ and 1555 cm⁻¹ 

correspond to the stretching vibrations of the 

benzenoid (B) and quinoid (Q) rings, 

respectively [11, 17, 25].

 

 

Figure 7. FTIR spectrum of PANI and PANI/CuO nanocomposites at wavelength 400-2100 nm. 

 

In its emeraldine salt form, PANI 

exhibits a greenish colour; it is characterised 

by these specific peaks, indicating that the 

material is half-oxidized and electrically 

conductive [25]. The FTIR spectra in Figure 7 

confirm the emeraldine salt form of PANI by 

https://doi.org/10.1016/j.jallcom.2015.05.088
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the presence of the quinoid ring (Q) and 

benzenoid ring (B) vibrational peaks at 1556 

cm⁻¹ and 1479 cm⁻¹, respectively, for pure 

PANI. The data also show that the peak 

intensity ratio of the Q and B ring vibrational 

modes (I_Q/I_B) is nearly equal, which is 

typical for synthesised PANI ES samples. A 

different behaviour was observed in the case 

of PANI/CuO nanocomposites. The spectra 

exhibited overlapping peaks for the quinoid 

and benzenoid rings, resulting in a single 

broad peak with a blue shift at wave numbers 

1475.54 cm⁻¹ and 1471 cm⁻¹ for the 

PANI/CuO nanocomposites synthesised at 

10℃ and 25℃, respectively. For the 

PANI/CuO nanocomposite synthesised at 

50℃, a red shift occurred with the quinoid ring 

peak appearing at 1485 cm⁻¹ compared to 

pure PANI. These peak shifts suggest 

changes in the electronic structure of the 

composites, indicating possible interactions 

between PANI and CuO. These interactions 

may enhance electron delocalisation within 

the polymer matrix, potentially improving the 

electrical conductivity of the nanocomposites 

[25]. 

The peak intensity ratio of Q and 

B rings vibrational modes (I_Q/I_B) in 

PANI/CuO nanocomposites deviates from 

that of pure PANI, indicating that the 

synthesised PANI/CuO nanocomposites are 

not in a half-oxidized state [25]. The presence 

of CuO and the effects of higher synthesis 

temperatures significantly influence the 

characteristics of PANI/CuO 

nanocomposites. Specifically, adding CuO 

enhances electrical conductivity and thermal 

stability due to improved electron transfer and 

heat dissipation facilitated by the metal oxide. 

Higher synthesis temperatures promote 

better dispersion of CuO nanoparticles within 

the PANI matrix, leading to a more uniform 

polymerisation process. The observed shifts 

in the FTIR spectra can be attributed to 

hydrogen bonding between the NH group of 

PANI and the Cu–O on the CuO particle 

surface. This hydrogen bonding enhances 

the interaction between the polymer matrix 

and the metal oxide nanoparticles, leading to 

improved dispersion and stronger interfacial 

adhesion. These interactions contribute to 

the overall structural integrity of the 

nanocomposites, improving their electrical 

conductivity and thermal stability [17]. 

The peaks at 487 cm⁻¹ and 586 

cm⁻¹ correspond to the characteristic 

stretching vibrations of the Cu–O bond [17]. 

The incorporation of CuO into PANI is known 

to improve the thermal stability of the 

resulting nanocomposites [17]. The main 

characteristic frequencies of PANI and 

PANI/CuO nanocomposites, including wave 

numbers and vibrational modes, are 

summarised in Table 1. 

 

The FTIR spectra also reveal new peaks at 

1038, 1211, and 1410 cm⁻¹ in the high-

temperature synthesis of PANI/CuO 

nanocomposites, which are not present in 

pure PANI synthesised at 273 K. The peak at 

1038 cm⁻¹ is attributed to the vibrational 

modes of the phenazine structure. The peak 

at 1211 cm⁻¹ corresponds to the stretching 

mode of C–N or the bending mode of C–H in 

1,4-disubstituted structures, indicating the 

formation of the phenazine structure. 

Meanwhile, the peak at 1410 cm⁻¹ represents 

a combination of vibrational modes from 

https://doi.org/10.9767/bcrec.14.3.3854.521-528
https://doi.org/10.9767/bcrec.14.3.3854.521-528
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phenazine, safranine, and phenoxazine [11, 

25]. The phenazine structure is formed due to 

the rapid polymerisation process under high-

temperature conditions, where anilinium ions 

create bonds with imine groups at the ortho 

position, forming the phenazine structure 

[25]. The formation of phenazine, 

phenoxazine, and safranine in PANI/CuO 

nanocomposites generally tends to decrease 

the electrical conductivity of the composite 

[11]. 

 A peak at 2372–2374 cm⁻¹ represents 

the stretching vibrations due to a substituent 

methyl group [17], as shown in Figure 8. The 

broad peak at 3200–3400 cm⁻¹ is attributed 

to O–H stretching in both PANI and 

PANI/CuO nanocomposites, which occurs 

due to H₂O content in the materials. 

 
Table 1. Characteristic frequencies of PANI and PANI/CuO nanocomposites 
 

PANI PANI/CuO 
10o C 

PANI/CuO 
25o C 

PANI/CuO 
50o C 

 
Vibration Mode 

Wavenumber (cm-1)  

3300.51 3294.86 3290.15 3280.28 O-H stretching 
3172.90 2922.16 3153.61 3190.26 C-H stretching 
2372.44 2372.44 2372.44 2372.44 Stretching due to substituent 

methyl group 
1658.78 1658.78 1658.78 1658.78 C-H bending 

C=N stretching 
1566.20 1564.27 1564.27 1568.13 C=C  

quinoid 
1479.40 1475.54 1471.69 1485.19 C-C benzenoid 

1406.11 1407 1409.96 1408.04 Phenazine; Safranine 
phenoxazine 

1301.95 1300.02 1300.02 1300.02 C-N secondary aromatic amine 

1242.16 1242.16 1240.23 1244.09 C-N+ 

1199.79 1197 1197 1196 B-NH+=Q 
1095 1097.50 1103.28 1093.64 C-N stretching 

879.54 878 877.61 876.2 C-H stretching 

798.39 798.46 799.60 800.46 1,4 disubstitute benzene ring 
 586.36 588.29 587.25 Inorganic group 
- 437 437 437 Cu-O inorganic group 

   

 

Figure 8. FTIR spectrum of PANI and PANI/CuO nanocomposites at wavelength 2200-3400 nm 

https://doi.org/10.1007/s11664-020-07977-3
https://doi.org/10.9767/bcrec.14.3.3854.521-528
https://doi.org/10.9767/bcrec.14.3.3854.521-528
https://doi.org/10.1007/s11664-020-07977-3
https://doi.org/10.1016/j.jallcom.2015.05.088
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3. Morphological Analysis of PANI and 
PANI/CuO Nanocomposites 

 

  The SEM micrograph of pure PANI 

(Figure 9) exhibits a uniform globular 

morphology [25]. In contrast, the PANI/CuO 

nanocomposite synthesised at 50°C (Figure 

10) shows a nanorod morphology, although 

the CuO particles are not evenly distributed. 

The formation of nanorods is typically 

associated with high synthesis temperatures, 

which accelerate the polymerisation of aniline 

[25]. 

  These morphological differences 

significantly impact the material's properties 

and potential applications. The globular 

morphology of pure PANI generally results in 

a lower surface area, which may limit its 

conductivity and effectiveness in certain 

applications. Conversely, the nanorod 

morphology observed in the PANI/CuO 

nanocomposite increases the surface area, 

thereby enhancing electron transport 

pathways and improving electrical 

conductivity [11, 25]. This increased surface 

area also enhances the effectiveness of the 

nanocomposite in applications such as 

sensors, catalysis, and energy storage, 

where high surface interaction is essential for 

optimal performance. 

  The presence of hydrogen bonding 

between the NH group of PANI and CuO on 

the surface of CuO particles, as depicted in 

Figure 11, can accelerate charge transfer 

between PANI and CuO. This enhanced 

charge transfer makes PANI/CuO 

nanocomposites particularly suitable for 

electronic materials, such as energy storage 

devices and solar cells. 

 

Figure 9. SEM micrograph profile of pure PANI 

https://doi.org/10.9767/bcrec.14.3.3854.521-528
https://doi.org/10.9767/bcrec.14.3.3854.521-528
https://doi.org/10.1007/s11664-020-07977-3
https://doi.org/10.9767/bcrec.14.3.3854.521-528
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Figure 10. SEM micrograph profile of PANI/CuO 50℃ nanocomposites 

 

 

Figure 11. Schematic of Hydrogen bonding between NH group of PANI and Cu-O on the surface 

of CuO particles  

 

 

CONCLUSION 

 This study aimed to synthesise and 

characterise PANI/CuO nanocomposites 

under different synthesis temperature 

conditions. PANI/CuO nanocomposites were 

successfully synthesised at 10°C, 25°C, and 

50°C. The FTIR spectra of PANI and 

PANI/CuO nanocomposites revealed distinct 

features, particularly in the quinoid and 

benzenoid ring regions, with shifts observed 

at wave numbers 1475.54 cm⁻¹ and 1471 

cm⁻¹ for the PANI/CuO nanocomposites 

synthesised at 10°C and 25°C, respectively. 

In contrast, the PANI/CuO nanocomposite 

synthesised at 50°C exhibited a quinoid ring 

peak at 1485 cm⁻¹. These shifts are attributed 

to the formation of hydrogen bonds between 

the NH group of PANI and the Cu-O bonds 

on the surface of CuO particles. SEM 

micrographs revealed that pure PANI exhibits 

a uniform globular morphology, whereas the 

PANI/CuO nanocomposites display a 

nanorod morphology. 
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