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Abstract: This study presents polyaniline (PANI) synthesis and characterization using a novel acid-

assisted polymerization technique. Two PANI suspensions with different ammonium 

peroxydisulfate (APS) concentrations were synthesized at room temperature, i.e., the ratio of aniline 

to APS was 10:1 for PANI1 and 5:1 for PANI2. SEM measurements revealed distinct structures: a 

porous nanofibrillar structure for PANI1 and a densely packed structure for PANI2. The 

electrochemical performance of the fabricated PANI/glassy carbon (GC) electrodes was evaluated 

using a three-electrode cell configuration in the scan rates of 10 mV/s and 30 mV/s. The PANI1/GC 

heterostructure exhibited a specific capacitance of 160 F/g, while this value increased to 407 for the 

PANI2/GC. This research contributes not only to the understanding of PANI synthesis at room 

temperature but also to its potential applications in electrochemical energy storage devices. 
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1. Introduction 

Polyaniline (PANI) has garnered considerable scientific interest since conducting polymers were 

discovered. It has been widely recognized for its diverse range of potential applications (e.g., gas 

sensors, catalysis, composite fabrication, adsorption, energy storage devices, and many others) and 

its notable advantages, encompassing facile synthesis, cost-effectiveness, robust environmental 

stability, and exceptional performance characteristics [1]. The demand for conjugated 

(semiconducting) polymers with specific morphologies and properties tailored for particular device 

applications necessitates the development of simple and reliable synthesis methods. They are 

currently produced using a variety of techniques, including chemical oxidation polymerization [2], 

electrochemical polymerization [3], metal-catalyzed coupling [4], solid-state polymerization [5], 

Lewis acid-assisted polymerization [6], acid-assisted polymerization [7], photoinduced 

polymerization, and high-temperature oxidant-free acid polymerization [8]. Its synthesis depends on 

several factors such as oxidant, solvent, electrode material, pH, temperature, and presence of 

chemical additives (like oligoaniline and π-bonding compounds) as well as the composition of the 

electrolyte and dopant anions [9]. These factors modulate the PANI molecular structures and 

properties, necessitating careful optimization to obtain specific physicochemical properties that 

enhance performance in various applications. Chemical oxidative polymerization is the primary 

approach for producing PANI with a controlled chemical structure, size of the chains and 

morphology, showing a promising strategy for industrial synthesis. PANI can be synthesized by 
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oxidative polymerization using ammonium persulfate (APS) as an oxidant in strong or weak acidic 

solutions. However, recent studies have introduced a novel synthesis approach for fabricating 

sensing layers utilizing PANI films and chelating agents [7]. Aniline was polymerized using the acid-

assisted polymerization method, where concentrated formic acid was used as a medium, alongside 

APS as the initiator of the reaction. This synthesis surpassed other traditional PANI synthesis 

methods by achieving full conversion of the monomer in a 24-hour period at ambient temperature, 

producing a stable solution, however, at a slow pace. 

The current study aims to elucidate the timeframe required for a complete synthesis of PANI 

and subsequently, perform a comprehensive characterization of the resultant PANI solution. Glassy 

carbon’s (GC) physical and chemical characteristics have made it an intriguing and often-used 

electrode material. GC is an inert electrode used due to its relatively low oxidation rate, good 

chemical inertness, very small pore diameters, and reduced gas and liquid permeability [10], making 

it a favorable material for electrocatalytic applications. The physicochemical characteristics of GC 

electrodes are significantly influenced by the initial polymer and the carbonization temperature [11]. 

As they are shown to be one of the most intriguing and modified electrodes in electrochemical 

measurements with improved electrocatalytic performance, GC can be activated by several 

procedures, including vacuum heating, treatment with laser, mechanical polishing, carbon arc, and 

ultrasonication [12]. 

In this study, we focus primarily on the PANI synthesis by method with two different APS 

concentrations (PANI1 and PANI2), the characterization of PANI morphologies, and the application 

of the cyclic voltammetry method (CV) to evaluate the electroactive performance of PANI for 

supercapacitor applications. 

2. Results and Discussion 

In this study, stable PANI suspensions were successfully synthesized using acid-assisted 

polymerization method [7]. Two PANI suspensions with different initiator loading of APS were 

prepared. The stoichiometric feeding ratio of aniline to APS was reported to vary for the synthesis of 

different PANI forms [13]. 

2.1. Raman Spectroscopy of Glassy Carbon (GC) 

The intention of measuring the Raman Spectroscopy of GC was to prove that the substrate does 

not affect the Raman spectra of PANI. The Raman spectra of GC samples were employed with a 785 

nm excitation wavelength, revealing two major peaks, as shown in Figure 1. These peaks located 

around 1310 cm-1 (D band) and 1610 cm-1 (G band) are characteristic features of graphitic carbon 

structures [14]. The D band, associated with disorder-induced Raman scattering, is not present in 

perfect single-crystal graphite [15]. Recent studies suggest that Raman scattering by double resonant 

is a likely mechanism for the origination of D bands [16]. The G band, coming from an in-plane 

stretching vibration of sp2-bonded carbon atoms, indicates the presence of graphitic-like structures 

[17]. The relative intensity ratio of the D and G bands (ID/IG) and the linewidth of the D band are key 

indicators of the sample’s graphitic quality and defect density. In addition to D and G bands, the 

second-order Raman peaks near to 2600 cm-1 and 2900 cm-1 are also well recognizable, and correspond 

to 2D peak and G+D peak combination, respectively [17,18] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 September 2024                   doi:10.20944/preprints202409.1903.v1

https://doi.org/10.20944/preprints202409.1903.v1


 3 

 

 

Figure 1. Raman spectrum of glassy carbon (GC) measured under 785 nm excitation wavelength. The 

inset shows D-band (1310 cm-1) and G-band (1610 cm-1) peaks of graphitic carbon. 

Scanning electron microscope (SEM) analysis of the GC sample showed a uniform smooth 

surface morphology consistent with the amorphous nature of glass carbon. No distinguishable 

features or topographical details were observed within the resolution limits of the SEM, suggesting 

a highly homogenous material. 

2.1. Synthesis of PANI1 and PANI2 

The synthesis of PANI exhibits a strong dependence on the reaction medium. The concentrated 

formic acid plays a pivotal role in PANI synthesis. Concentrated formic acid facilitates electron 

transfer between the monomer (aniline) and the initiator (APS). The synthesis of PANI involves the 

reaction between the Lewis base aniline and the Bronsted-Lowry acid (formic acid). This initial step 

likely does not necessarily involve a simple neutralization reaction. Instead, formic acid acts as a 

proton transfer agent, facilitating the protonation of the aniline. The resulting anilinium cation then 

participates in subsequent oxidative polymerization initiated by APS. This polymerization process 

can lead to the formation of two types of PANI backbones: one with oxidized nitrogen and another 

with reduced nitrogen. These variations can be mainly attributed to the aniline-to-APS ratio. A higher 

APS concentration in the systém tends to promote the growth of PANI2. In addition, PANI2 usually 

is polymerized faster than PANI1. This is due to the higher content of APS present on the surface 

which promotes oxidization and coupling of aniline monomers. 

2.2. SEM of PANI1 and PANI2 

The SEM analysis of PANI 1 and PANI2 films deposited on glassy carbon revealed distinct 

morphological characteristics. PANI1 exhibits a porous structure with nanofibril-like features, 

whereas PANI2 displays densely packed features. These observations suggest different principles in 

PANI polymerization and crystal growth. 
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Figure 2. SEM images of PANI1 at (a) low and (b) high magnification and PANI2 at (c) low and (d) 

high magnification deposited on glassy carbon. 

2.3. Raman Measurement of PANI1 and PANI2 

The chemical composition and structures of PANI1 and PANI2 were investigated by Raman 

spectroscopy with an excitation line of 785 nm. Raman spectra with labeled most prominent peaks 

are shown in Figure 3a and Figure 3b, respectively. The most prominent peaks in the Raman spectra 

of PANI1 and PANI2 are seen at ~1600 cm-1 and 1500 cm-1, corresponding to C–C stretching vibrations 

of semiquinoid rings and - C=N- stretching imine sites, respectively [13,19]. The 1347 – 1360 cm-1 

peaks indicate semiquinone cations radicals in delocalized polaronic structures and C-N+ stretching 

vibrations in highly localized polarons [20]. The in-plane C-H bending in the quinoid unit is 

attributed to the peak at around 1180 cm-1 [21]. From the Raman spectra, it can be confirmed that both 

polymers have comparable chemical structures and compositions. Table 1 details the secondary 

peaks in Figure 3a,b. 

 

Figure 3. Raman spectra of (a) PANI1 and (b) PANI2 on glassy carbon measured by 785 nm excitation 

laser. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 September 2024                   doi:10.20944/preprints202409.1903.v1

https://doi.org/10.20944/preprints202409.1903.v1


 5 

 

Table 1. Overview of Raman bands of PANI1 and PANI2 and their assignment adopted from [20–

22]. 

Band Position, cm-1  Band Position,cm-1  

PANI1 PANI2 Assignment PANI1 PANI2 Assignment 

416 415 Out-of-plane ring 

deformations in the 

emeraldine base 

1271 1268 C-N stretching in 

quinonoid structures 

511 513 Out-of-plane ring 

deformations in the 

emeraldine base 

1347 1355 C-N+* Stretching 

vibrations of the 

semiquinone cation 

radicals in 

delocalized polaronic 

structures 

612 614 Phenylene ring 

torsion and 

phenazine-like 

crosslinking 

1396 1425 C-N+* ring-stretching 

vibrations, C-N+* 

stretching vibrations 

in highly localized 

polarons 

712 713 C-C-ring deformation 

vibration (out-of-

plane) of polaronic 

form 

 1448 C-N stretching in 

highly localized 

polaronic structures, 

C=N stretching 

vibrations in 

quinonoid units 

812 812 The benzene ring 

deformation in the 

emeraldine salt 

1512 1502 N-H deformation in 

the semi-quinonoid 

structures 

851  C-C ring deformation 

vibration (out-of-

plane) in the 

quinonoid ring 

1533 1527 C=C stretching 

vibrations of the 

quinonoid ring 

848 884 C-C ring deformation 

vibration (out-of-

plane) in the 

polaronic form 

1601 1598 C-C stretching 

vibrations of the 

semi-quinonoid ring, 

C=C stretching 

vibrations in the 

quinonoid ring 

   1624 1624 C-C stretching 

vibrations of the 

phenylene ring 

1180 1178 C-H deformation in-

plane vibrations of 

quinonoid and 

benzenoid rings 

  Phenazine-like 

crosslinking 

1236 1238 C-N stretching in 

benzenoid units 

   

2.4. Electrochemical Applications 

To investigate the impact of PANI synthesis on its supercapacitor properties, the GC electrode 

was applied as a current collector. GC electrodes were cleaned before PANI deposition by polishing 
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with 0.05 µm alumina and washed with deionized water. 20 µL of both PANI1 and PANI2 

suspensions were drop-casted on the GC electrode keeping a similar surface area. 

2.4.1. CV Measurements of PANI1 and PANI2 on GC 

CV measurements for PANI1 and PANI2 deposited at GC were investigated in a three-electrode 

cell configuration in 5 M H3PO4, shown in Figure 3a. Figure 3a illustrates a comparative 

electrochemical behavior of PANI1 and PANI2 films at 10 mV/s and 30 mV/s scan rates. At the same 

time, Figure 3b shows the specific capacitance (F/g) of PANI1 and PANI2 on the GC electrode 

calculated from CV measurements. 

 

Figure 4. (a) CV of PANI1 & PANI 2 on the GC measured in 5 M H3PO4 with scan rates 10 mV/s and 

30 mV/s, and (b) Specific capacitance of PANI1 & PANI2 on the GC electrode. 

A quasi-reversible faradic process characterized by both oxidation and reduction peaks is clearly 

recognized. An increase in the scan rate from 10 mV/s to 30 mV/s resulted in oxidation potential shifts 

from 0.22 V to 0.23 V for PANI1 and from 0.22 V to 0.26 V for PANI2. For the reduction peaks, no 

scan rate dependence was observed. For PANI2, the more significant shift in the oxidation potentials 

(0.04 V) seems to be attributed to the physio-chemical properties of PANI/GC heterostructure, in our 

case related to PANI2 densely packed structure and optimized charge transfer at the GC support. 

This unique combination makes the PANI2/GC electrode more suitable for electrochemical storage 

applications than the PANI1/GC. 

2.4.2. Electrochemical Performance of PANI1 and PANI2 on GC 

Various factors, including the resistance of the electrode, significantly influence the 

electrochemical performance of the electrodes. The PANI2/GC electrode revealed a substantially 

lower impedance and phase angle φ compared to its PANI1 counterpart. These findings suggest that 

the PANI2/GC electrode showed superior electrochemical properties for supercapacitor applications. 

A reduced impedance correlates with enhanced performance. This electrochemical behavior is 

attributed to the inherent properties of the GC electrode. The observed specific capacitance for PANI1 

on GC is 160 F/g while that of PANI2 is 407 F/g, which is 2.5 times higher than PANI1 as shown in 

Figure 3b. This difference is likely attributed to the smooth surface morphology of the GC electrode 

and the densely packed morphology of PANI2. While the experimentally determined specific 

capacitance of PANI2 on GC reached 407 F/g, this value remains significantly lower than the 

theoretically predicted value (900 F/g). 

Further investigations are envisioned to elucidate the underlying mechanisms of synthesis of 

PANI and its interaction with the support material. Raman spectroscopy and crystallographic 

analyses of the PANI solution are significant for characterizing the vibrational properties and 

material’s structure. Given the presence of crystalline traces observed for the PANI2 in SEM, 

photoluminescence studies can be effective for understanding the optical properties and potential 

excitonic processes. Optimization of the synthesis process with varying mass loadings will allow for 
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a systematic evaluation of the influence of PANI on the support material electrodes. The use of 

electrodes with lower resistivity is recommended to minimize the unwanted effects of the support’s 

electrical resistance on the electrochemical measurements. 

3. Materials and Methods 

Materials: Analytical grade aniline, ammonium peroxydisulfate – APS (99% Lachner, Czech 

Republic), concentrated formic acid (98% Sigma Aldrich, Czech Republic), ortho-phosphoric acid 

(85%, Merck, Czech Republic), and ethanol were used as received without further purification. 

Synthesis of polyaniline: PANI solution was synthesized according to the following procedure: 

at an ambient temperature (20 - 25 °C). 0.2 ml of 0.3 M aniline was dissolved in 1 ml of ethanol and 

about 5 ml of concentrated formic acid, mixed with 0.047 g of 0.03 M APS dissolved in 1 ml of 

deionized water (aniline to APS ratio 10:1). The resulting solution was labeled PANI1. Under the 

same conditions, PANI2 was synthesized by doubling the amount of APS to 0.094 g (aniline to APS 

ratio 5:1). Doubling the amount of APS accelerated the polymerization rate of PANI2 compared to 

PANI1 [23]. 

 

Scheme 1. Reaction kinetics is characterized by reaction constants k1 and k2. 

Characterization of PANI solution: The surface morphology of PANI films deposited on GC 

substrates was investigated using a scanning electron microscope (SEM). Imaging was performed 

using a MAIA 3 SEM system (Tescan Ltd., Czech Republic) with an acceleration voltage of 10 kV in 

a top-view configuration. 

Using a Renishaw Via Raman microscope (Renishaw, UK) with a Peltier cooled CCD detector 

and 442 nm (Dual Wavelength HeCd laser, model IK5651R-G, Kimmon Koha) and 785 nm lasers for 

excitation (Diode laser, Renishaw HPNIR785 Laser Source), Raman spectra of PANI droplets were 

collected. Leica objective 100x with NA 0.9 (50x/0.5 LWD) was used to gather scattered light in 

confocal mode. For the utilized excitations, the spectrograph was equipped with holographic gratings 

measuring 2400 lines/mm and 1200 lines/mm, respectively. Each sample was subjected to a 

continuous wave laser with a power of 1.1 mW for 10 seconds at an average distinct site, allowing for 

the collection of average spectra per sample. The sample damage and changes in the material caused 

by light are avoided by using these parameters together. The average spectra were then determined, 

the baseline was removed using the asymmetric least squares approach from the gathered spectra, 

and peak analysis was performed using Gaussian functions. 

A Metrohm AUTOLAB Potentiostat/Galvanostat driven by the NOVA software was used to 

carry out the electrochemical measurements. A three-electrode cell configuration comprising a 

counter electrode (Pt), a working electrode (fabricated PANI/GC), and a reference electrode 

(Ag/AgCl, 3 M KCl) was utilized for the CV measurements at a scan rate of 10 mV/s and 30 mV/s. 

The potential ranged from -0.2 to 0.8 V vs Ag/AgCl. 

4. Conclusions 

In summary, PANI synthesis via acid-assisted polymerization technique has been successfully 

established. The concentration of APS significantly influenced the reaction kinetics, resulting in 

accelerated polymerization with an increased concentration of the initiator. The characterization of 

the PANI using SEM revealed distinct morphological features: PANI1 displayed porous nanofibril-

like structures, while PANI2 exhibited densely packed structures. The SEM images of the support 
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(GC) showed no observable features confirming a smooth and homogenous material. The 

electrochemical data suggests that the oxidation potential’s position depends primarily on the 

morphology of the PANI films, used current collector and applied electrolyte, as well as the nature 

of the electrode. Furthermore, the enhanced interfacial interaction between the support and PANI2, 

in contrast to PANI1, can be attributed to the synergistic effects including the sp2-carbon content of 

the GC electrode, resulting in a lower resistivity and the closely packed morphological structure of 

PANI2. This combination results in a more effective charge transfer that leads to the specific 

capacitance of 407 F/g. 
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