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ABSTRACT 

 Nanocomposites films of (PANI-CSA)/(Co3O4 NPs) with (1, 3, 6, and 12 wt.%) of Co3O4 NPs were deposited on ITO-

glass substrates using the electrochemical polymerization method. The optical properties and parameters of the 

nanocomposites films were investigated and determined through experimental UV-Vis spectra. Adding Co3O4 NPs to 

the nanocomposite film lowers the π -polaron bandgap and the π-π*. The observed optical properties reveal the potential 

of these nanocomposite films as active materials in novel optical and electromagnetic devices. Additionally, the 

crystallography and structural evolution of the nanocomposites films with changing Co3O4 NPs were investigated by 

employing SEM and XRD.  
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1. INTRODUCTION 

Cobalt(II, III) oxide (Co3O4) is an antiferromagnetic solid 

oxide that is classified as a ferrite of the spinel-type and 

can be synthesized in nanoparticles (NPs) form with 

higher catalytic activity and remarkable optical and 

magnetic properties and they have promising 

applications in memory devices, electrical switching and 

microwave devices and sensors [1]. Nanocomposites of 

organic/inorganic exhibit integral properties between the 

organic and the inorganic material [2]. Conducting 

polymers are used in various applications, including 

optics [3], electronics, actuators, and sensors [4]. Their 

conductivity can be enhanced significantly by doping 

with the appropriate dopants [5]. Polyaniline (PANI) 

considered as the most essential conductive polymer 

because of its relative ease of preparation, good physical 

and chemical stability, tuneable optical energy gap, and 

electrical conductivity [6]. In this work, nanocomposite 

films of PANI protonated with camphor sulfonic acid 

(CSA) and doped with Co3O4 NPs formulated by 

employing an in situ electrochemical deposition method 

with different concentrations of Co3O4 NPs forming 

(PANI-CSA)/(Co3O4 NPs). Nanocomposite films were 

deposited on an ITO-glass substrate and characterized by 

scanning electron microscopy (SEM) and X-ray 

diffraction (XRD) analysis. Furthermore, optical 

properties were investigated, and optical parameters were 

determined using UV-Vis spectroscopy. (PANI-

CSA)/(Co3O4 NPs) nanocomposite films are proposed to 

serve as an optical sensor in the visible light range based 

on their unique and tuneable optical parameters such as 

their refractive indices and absorbance in the 

wavelengths from 300 to 600 nm. 

2. EXPERIMENTAL PROCEDURE  

Aniline (C6H5NH2) and camphor sulfonic acid (CSA) 

(C10H16O4S), and deionized water (DIW) were purchased 

from Sigma-Aldrich Co. Ltd. Indium tin oxide (ITO) 

coated glass substrates were provided by Ossila Ltd. 

provided Co3O4 nanoparticles were purchased from US 

Research Nanomaterials Inc. They were in the 15 nm 

average size.  

The ITO-glass substrates with an area of 13.75 cm2 were 

cleaned before the deposition. The electrolyte solution 

was composed of polyaniline protonated with CSA 

(PANI-CSA) was prepared by dissolving 0.2 M aniline 
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and to 0.35 M CSA in 25 ml DIW at room temperature 

(293 K) under stirring for 10 minutes. The solution of 

PANI-CSA in DIW was mixed with 0, 1, 3, 6, and 12 

wt.% of Co3O4 NPs with respect to aniline, where every 

ratio was deposited in separated electrochemical 

measurement. Nanocomposite films were 

electrodeposited in a bipolar electro-polymerization cell 

at constant potentials using an Autolab potentiostat 

(Figure 1). Distance between the ITO-glass (the working 

electrode) and the counter electrode (high-quality 

stainless steel) was attained using a 1cm PTFE (Teflon) 

spacer. The deposited films were let dried in an oven for 

2 hours at 45 °C. The average thickness of the 

nanocomposite films estimated from the SEM 

micrograph measured at the edge was about 900 nm. 

  

Figure 1. The diagram of electrochemical polymerization 

cell that used for forming and depositing (PANI-

CSA)/(Co3O4 NPs) on ITO-glass substrate [17]. 

 

 (Shimadzu-100) spectrophotometer was employed to 

acquire UV-Vis spectra in the wavelengths range from 

250 to 700 nm. Inspect F50 scanning electron microscope 

(SEM) was used to investigate and evaluate SEM 

micrographs. X-ray diffractometer (Shimadzu X-ray 

diffractometer Model: 7000) was used to identify the 

crystalline structure, using Cu K radiation (=1.5418), at 

40 kV and 40 mA. 

3. RESULTS AND DISCUSSION  

UV-Vis transmittance, reflectance, and refractive index 

of the nanocomposite films are shown in Figure 2a. 

Nanocomposite films are transparent in visible light 

(T%= 50-80). Moreover, showing a similar pattern 

regardless of the Co3O4 NPs content. However, a 

significant reduction in transmittance correlated to the 

increase in Co3O4 NPs concentration.  

The absorbance spectra show two overlapped and distinct 

absorption peaks at 375 and 440 nm, as shown in Figure 

2c. Additionally, a free carrier tail appears from 515 nm 

to the near-infrared (NIR) region suggests polaron band 

delocalization. The shallow peak at 375 nm is attributed 

to the π* transition inside the benzoind (B) ring, while the 

strong peak at 440 nm is ascribed to the localized 

polarons (polaron-π*) (quinoid, Q) transition [8]. The 

mentioned peaks overlapping shows the wide dispersion 

of the polaron-π* evolution.  

Despite the spectra of all nanocomposite films 

demonstrating the same primary trend, but the peaks of 

they are somewhat shifted to higher wavelengths (red-

shift), these modest red changes in band locations are 

caused by the interaction of the PANI-CSA chains with 

the Co3O4 NPs and indicate a reduction in optical 

bandgaps (Eg). The inclusion of Co3O4 NPs lowered the 

deduced refractive index (n) value while the overall trend 

of the PANI-CSA film was invariant. The Co3O4 NPs (6 

or 12 wt.%) split the broad peak into two peaks at 303 

and 346 nm. The n of all nanocomposites films were in 

the range (1.90-2.13) for PANI-CSA and (1.78-2.10) for 

(PANI-CSA)/(Co3O4 NPs), respectively. At roughly 300 

nm, (PANI-CSA)/(Co3O4 NPs) (6 and 12 wt.%) and 

PANI-CSA (1 and 3 wt.%) exhibit the first absorption 

bands corresponding to the π* transition. A second 

absorption band at the concentration (6 and 12 wt.%) is 

due to optical transitions (direct) from upper occupied 

band to the polaron band (HOMO). The third is induced 

by direct optical transitions from the highest upper 

occupied level to the polaron band at 500 nm (-polaron). 

The optical bandgap of the deposited layers was 

calculated according to the method in literature [9]. 

Figure 2 (a and b) shows the curve of (αhv)2 vs. photon 

energy (hv) for all films. Remarkably, all nanocomposite 

films followed two significant tendencies. 
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Figure 2: Tauc plot performed on the UV-Vis data 

acquired of PANI-CSA and PANI-CSA/Co3O4 

nanocomposite films showing the behavior of inter-band 

transitions (a) Eg1 and (b) Eg2. 

Abound electron-hole pair is generated when the first 

intercept (Eg1) varies between 2.45 and 2.52 eV. In the 

HOMO–LUMO gap, the lowest energy of a separated, 

uncorrelated free electron and hole is calculated. 

 

Figure 3. (a) transmittance, (b) reflectance, (c) refractive 

index (n), and (d) absorbance spectra of all films. 

The Tauc plot shows two optical bandgaps of PANI-CSA 

film of 2.52 and 3.50 eV. The first absorption band is 
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assigned to the polaron transition (quinoid, Q), whereas 

the second absorption band is attributed to the benzenoid 

(B) ring π*electron transition. These findings are similar 

to previously reported PANI-CSA values [11, 12, 13]. 

PANI-CSA has low Eg values due to a prolongation of 

the PANI conjugated chain. According to the UV-Vis 

results in Figure 2, Co3O4 NPs to the nanocomposite film 

decreased the polaron bandgap and the π* band, from 

2.51 at 1 wt.% to 2.50 at 3 wt.%, 2.49 at 6 wt.%, and 2.45 

eV at 12 wt.%. Table 1 shows the variation of the first 

energy bandgap Eg1, the second energy bandgap Eg2 of 

(PANI-CSA)/(Co3O4 NPs) nanocomposite films as a 

function of NPs content. 

Table 1: Optical energy bandgaps (Eg) of (PANI-

CSA)/(Co3O4 NPs) nanocomposite films. 

SEM micrographs of the nanocomposite films are 

illustrated in Figure 4 PANI-CSA thick fiber-like 

formations seemed to cover the whole substrate, as seen 

in Figure 4a. SEM micrographs at Co3O4 NP 

concentration of 6 wt.% (figure 3b) exhibited a more rod-

like structural distribution and more order and 

crystallinity than in the PANI-CSA films, confirmed by 

XRD data from the same sample. SEM micrographs of 

the PANI-CSA/Co3O4 at a 12 wt.% (Figure 4c) display 

very dense nanofibers. 

 

 

Figure 4. SEM micrographs of the (PANI-CSA)/(Co3O4 

NPs) nanocomposite films. (a) 0 wt.%, (b) 6 wt.%, and 

(c) 12 wt.%.  

 

 

Figure 5: (a) XRD patterns of PANI-CSA film and ITO 

substrate. (b) XRD patterns of PANI powder, Co3O4 NPs, 

and PANI-CSA film (c) XRD patterns of the first three 

peaks, (d) XRD patterns of the (PANI-CSA)/(Co3O4 

NPs) nanocomposite films. 

Figure 5 shows the XRD patterns of (PANI-CSA)/(Co3O4 

NPs) films. XRD pattern of PANI-CSA shows strong 

peaks, indicating it is highly crystalline following earlier 

observations [14], where the significant height between 

15° and 37° is due to amorphous film sections. On the left 

are pure Co3O4 nanoparticles, PANI powder, and 

deposition PANI-CSA film. The Co3O4 NPs curve shows 

Films and ration Eg1 

(eV) 

Eg1 

(eV) 

PANI-CSA 2.52 3.51 

(PANI-CSA)/(Co3O4 NPs) -1 wt.% 2.51 3.50 

(PANI-CSA)/(Co3O4 NPs) -3 wt.% 2.50 3.49 

(PANI-CSA)/(Co3O4 NPs) -6 wt.% 2.49 3.48 

(PANI-CSA)/(Co3O4 NPs) -12 wt.% 2.45 3.47 
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typical spinel structure reflections. According to prior 

research [15, 16], the PANI powder sample displays 

many prominent peaks overlaid on a diffuse background, 

but the height at plot A in the PANI powder curve blends 

into the ground. Another new rise at plot A is evident, and 

the amorphous phase diffused set much decreased, 

indicating high crystalline content [17] (a) The X-ray 

diffraction patterns of the first three peaks for PANI-CSA 

film match [17]. The second peak is not double the first 

peak (Table 2 [18, 19]) in Figure 5 (a, b, c and d). Despite 

this, the third peak is near the second-order location of 

the first peak (Figure 4b: X-ray diffraction patterns of 

(PANI-CSA)/(Co3O4 NPs) nanocomposite films) (c). At 

6% crystallinity, the average crystalline grain diameters 

(D) and crystallinity of PANI-CSA and nanocomposites 

are shown in Table 3. Finally, for all nanocomposites, the 

peaks in the PANI-CSA films were comparable. 

Nonetheless, they were shifted to the left, and their 

intensity fluctuated, suggesting coexistence, 

incorporation, and interaction between the NPs and the 

PANI-CSA. Adding 3 wt.% Co3O4 NPs resulted in a 

substantial decrease in all crystalline peaks, showing that 

the PANI-CSA has a lower degree of crystallinity. 

Increasing the concentration of Co3O4 NPs, on the other 

hand, induces a rise in crystalline peaks in the PANI-CSA 

film. 

Table 2: X-ray curves: Positions of the first and second 

peaks. 

 

Film and ration 

q1 

(𝑨−𝟏) 

q2 

(𝑨−𝟏)  

q3 

(𝑨−𝟏) 

2q1 

(𝑨−𝟏) 

PANI-CSA 0.326  0.614 0.640 0.652 

(PANI-

CSA)/(Co3O4 NPs) 

- 3 wt.% 

0.328 0.614 0.640 0.656 

(PANI-

CSA)/(Co3O4 NPs) 

- 6 wt.% 

0.324 0.612 0.638 0.648 

(PANI-

CSA)/(Co3O4 NPs) 

- 12 wt.% 

0.327 0.614 0.641 0.654 

The Williamson–Hall plot (W-H) technique was used to 

determine the average crystalline grain diameters (D) and 

crystallinity of the PANI-CSA and the nanocomposite 

film at 12 wt.% are in Table 3.  

Table 3: Average crystalline grain and crystallinity of 

(PANI-CSA)/(Co3O4 NPs) nanocomposite film at 12 

wt.% of  Co3O4 NPs. 

 

Film 

Average grain 

size (D) [nm] 

Crystallinity 

[%] 

PANI-CSA 61 22.8 

(PANI-

CSA)/(Co3O4 NPs) 

57 27.5 

 

 

4. CONCLUSIONS 

Nanocomposite films of (PANI-CSA)/(Co3O4 NPs) with 

(0, 3, 6, 12 wt.%) of Co3O4 NPs were prepared by using 

electrochemical polymerization technique on ITO-glass 

substrates. The optical, morphological, and electrical 

properties of the prepared nanocomposite thin films have 

been investigated. SEM micrographs show, Interestingly, 

that all films at 12 wt.% NPs concentration exhibit very 

dense nanofibers. The deduced refractive index and 

optical band gap energies of the nanocomposite films 

were tunable with correlation to the Co3O4 NPs 

concentration showing that the system can be used as an 

optical sensor in the visible light range.  
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