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Abstract: In the present study, the electrosynthesis and the electrochemical characterization of azo dyes 

doped poly(3,4-ethylenedioxythiophene (PEDOT) were described. PEDOT film was electrochemically 

deposited onto indium doped tin oxide (ITO) coated/glass electrode, following azo dyes adsorption.  

The electropolymerized-PEDOT films on ITO glass were doped with various azo dyes; 4-Phenylazo-

2-phenyliminomethyl-phenol (PAPM), 4-Phenylazo-2-(p-tolyimino-methyl)-phenol (PATM) and 4-

[(2-Hydroxy-5-phenylazo-benzylidene)-amino]-benzenesulfonic acid (HPAB). The structures of azo 

dyes-doped PEDOT were characterized via cycle voltammograms and electrochemical impedance 

spectroscopy (EIS). Diverse doping counterions have a significant influence on the electrochemical 

behaviour of electropolymerized-PEDOT film. The electropolymerized-PEDOT doped by HPAB 

(PEDOT-HPAB) film possesses higher electrochemical activity than other azo dye-doped PEDOT 

composites. The main characteristics of PEDOT-azo dyes films contain uniformity, durability, and 

adherent on ITO electrodes, which are better when it is compared to PEDOT film.  
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1. Introduction 

Conducting polymers (CPs) are a novel kind of functional materials, and they have 

gained significant attention in various application areas due to their lightweight, workability, 

corrosion resistance, cheap cost, and superior electrical, mechanical, optical, and conducting 

features [1-5]. They are regarded as to be remarkable polymers that can behave as conductors, 

semiconductors, superconductors, and magnetic compounds. As a general property, CPs are 

characterized by a broad bandgap and the presence of π-electron backbone or conjugation that 

are liable for their unique features. However, most CPs exhibit weak processability, which 

leads to restrictions in their application areas. Thus, many scientific researches have focused 

on improvement in processability without compromising electronic and chemical features [6]. 

Especially, dye incorporated conducting polymers (DCPs) proceed to draw attention for a lot 

of researchers because of their practical application areas in the growth and the structure of 
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novel materials such as sensors, photovoltaic devices, artificial muscles, and displays [7]. Great 

influences on improvements in processability and features have been attained by way of 

functionalization of the CPs via the preparation of CPs [8], copolymerization [9], and 

composite [10] using molecular dopant. Various compounds, including simple inorganic acids 

[11], micro-organic compounds (sulfonic acids and dyes) [12], were used as dopants. 

Among diverse conducting polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) has 

been utilized as a significant component in many applications with different shapes and 

geometries because of its high conductivity,  simple to polymerize,  its high durability in air, 

as well as at relatively high temperatures [13, 14]. When the electrode surface is modified with 

PEDOT, the electrochemical behaviors of the modified electrode can be improved importantly, 

which enlarges its application in electrochemical catalysis and sensing [15]. However, how to 

achieve more effective electrodeposition and more influential catalytic behavior of PEDOT, 

maintains a significant problem [15]. To solve this problem, some doping agents have been 

used to improve electronic and chemical features. As literature shows, doping PEDOT with 

admirable, functional compounds to prepare a composite has been successfully confirmed [15-

17]. For example, Soares et al.  studied the electrochemical processes at the 

electrode/electrolyte interface of PEDOT:PSS, polystyrene sulfonate, modified electrodes.  

Electrochemical Impedance Spectroscopy (EIS) was used to evaluate the adsorption and 

electrochemical influences caused via interaction of catechol at the conductive substrate. The 

modified electrode showed a high electrochemical response and vigorous interactions with an 

analyte, which lead to the improvement of diverse ways of transduction based on 

electrochemical reactions and alteration in the Rct values, potentializing the construction of 

either electrochemical or impedimetric sensor [16]. In another study, neural electrodes have 

been deposited with electrodeposited PEDOT doped with chondroitin sulfate. Their results 

indicated that the influential electrode area and charge injection capability were remarkably 

smaller than formerly used dopants containing para-toluene sulfonate (pTs), 

dodecylbenzenesulfonate (DBSA), etc. [18].  

The Azo dyes are very distinct and well obviously described kind, characterized by the 

presence of one or more Azo (–N=N–) groups. Azo dyes give bright hues with high intensity. 

Their common structural characteristic is the azo chromophore (–N=N–), usually associated 

with auxochromic hydroxyl(-OH) or amino groups(-NH2). The dyes exhibit benzenoid 

quinonoid tautomerism with the corresponding quinone hydrazones [19, 20]. 4-Phenylazo-2-

phenyliminomethyl-phenol (PAPM), 4-Phenylazo-2-(p-tolyimino-methyl)-phenol (PATM) 

and 4-[(2-Hydroxy-5-phenylazo-benzylidene)-amino]-benzenesulfonic acid (HPAB) from azo 

family are chosen for this study. 

In recent years, the obtained results demonstrate that dye molecules as anion dopants 

lying perpendicularly between the polymer chains enable the mass carrying at the polymer film 

and enhance the degree of order as compared with the prepared polymer using common ions. 

These characteristics supply better electronic charge carrying in the bulk phase in such a way 

that the system, including dye, provides a higher photocurrent density under polychromatic 

illumination and a faster response time when compared to that of the system without dye [21]. 

Various studies demonstrated that dye molecules could be incorporated into the CPs 

during synthesis to supply improved optical properties. Koshido et al. [22] have investigated 

the characteristics of CPs doped with photochromic dyes and showed that the 

photoluminescence and photoconductivity of the polymers are increased. Electrical and optical 

features of soluble dye/conducting polymer (DCPs) composites were evaluated by Feng et al. 
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[23]. The results demonstrated that the polymers containing dye indicated enhanced 

performances in relation to charge separation and transfer.  

The dye incorporated conducting polymers were bigger, smoother, and were convenient 

to protonation and deprotonation as well as redox reaction [24]. The indigo carmine 

incorporated PPY is informed to have improved electrochromic performances, higher 

photocurrent density, and more rapid response time when it is compared to undoped PPY. The 

influences of the dye incorporated CPs can be summarized - (i) Changes the electrical and 

optical features by contributing to enhance the performance of the charge separation and 

transfer; (ii) functions as a molecular dopant during the preparation of the soluble polymers; 

(iii) dye’s functional molecules can be incorporated into the polymer to enhance its features 

and increase selectivity; (iv) dyes are widely known of acceleration the reaction as the 

surfactants [25]. 

In this work, azo dye-doped PEDOT composites were prepared by electrochemical 

polymerization. Among conducting polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) 

was selected because of its superior features in a lot of basic categories such as low oxidation 

potential, excellent durability to air exposure, electrochemical stability and rapid switching 

response [26]. The influence of the doping function of organic dyes on the electrochemical 

features of the composites is discussed in detail. 

2. Materials and Methods 

2.1. Materials. 

3,4-ethylenedioxythiophene (EDOT) was obtained from Acros Chemicals. 

Tetrabutylammonium hexafluorophosphate (TBAPF6) and Acetonitrile (ACN) was purchased 

from Fluka. Lithium perchlorate (LiClO4) and Propylene Carbonate (PC) were supplied from 

Merck. All reagents were used as received without further purification. Indium tin oxide (ITO) 

coated glass was used as a working electrode and cleaned with ethanol and deionized water 

prior to use. 

2.2. The electropolymerization of PEDOT and adsorption of azo-dyes. 

The dye synthesis has been realized at Chernivtsi National University (Ukraine). The 

ethanol, butanol, 5-phenylazosalicylic aldehyde, and correspondent amines were used from the 

deposit of Chernivtsi National University without purification. The NMR characterization was 

realized at Varian Inova 400 mHz equipment at Enamine (Kiev). 

The electrochemical synthesis was carried out by a Gamry 300 potentiostat/galvanostat 

interfaced to PC computer system. In a three-electrode cell configuration, ITO coated glass as 

a working electrode, a platinum (Pt) wire as a counter electrode,  an Ag/AgCl with 3M KCl as 

a reference electrode were used. For EDOT polymerization, the three-electrode system was put 

in the electrolyte containing 0.1 M LiClO4/ACN and 1M EDOT, performing with potentiostatic 

method at a constant potential of 1.4 V with a charge density of 30 mC cm-2 at room 

temperature. After polymerization, PEDOT film was immersed in the azo dye solution 

containing 3 mM azo-dye in 0.1 M TBAPF6/ACN for one hour. Azo dyes were adsorbed on 

the surface of the PEDOT film on ITO glass. Pure PEDOT film was electrochemically 

synthesized at the parallel conditions without azo dye adsorption as a comparison sample. 
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2.3. Electrochemical and Optical Characterization. 

Cyclic voltammetry measurements were performed with a Gamry 300 

potentiostat/galvanostat. ITO coated glass as a working electrode, a platinum (Pt) wire as a 

counter electrode,  an Ag/AgCl with 3M KCl as a reference electrode were used. The charge-

transfer processes of PEDOT-azo dyes thin films were studied using electrochemical 

impedance spectroscopy. EIS was carried in a three-point electrode similar to the one used in 

CV in an electrolytic cell of 1 M LiClO4/PC in a frequency range of 0.01-105 Hz and at an AC 

amplitude of 5 mV at room temperature with a CHI760E electrochemical analyzer. Nyquist 

plots were extracted from this spectroscopy. These graphs showed capacitance behaviors of 

thin films. Investigation of the optical absorption properties was performed using a UV-Vis 

spectrophotometer LOMO (USSR) in the region of 230–340 nm.  Chemical structures and 

molecular weight of dyes used for the study are shown in Table 1.   

Table 1. Chemical structures and molecular weight of dyes used for the study. 
DYE Chemical Structure Molecular weight (g/mol) 

PAPM 

 

301 

PATM 

 

315 

HPAB 

 

381 

 

PAPM synthesis: The mixture of 1,13 g (0,005 mol) of  5-phenylazosalicylic aldehyde 

with 0,47 g (0,005 mol) of aniline in 20 ml of butanol has been refluxed for 2 hours. When the 

solution was cooled, the deposit formed was filtered out, rinsed by ether, and dried. Yield 0,84 

г (56 %). Melting point 136 - 137 ºС (ethanol). Found, %: С 76,05; Н 4,72; N 13,77. 

С19H15N3O. Calculated, %: C 75,73; H 5,02; N 13,94. 

PATM synthesis: The mixture of 1,13 g (0,005 mol) 5-phenylazosalicylic aldehyde 

with і 0,54 g (0,005 mol) of 4-methylaniline in 20 ml of butanol was refluxed for 1,5 hours. 

After cooling the solution, the deposit was filtered out, rinsed by ether, and dried. Yield: 1,19 

g (76 %). Melting point: 129 - 130 ºС (Ethanol). Found, %: С 76,05; Н 5,62; N 13,57. 

С20H17N3O. Calculated, %: С 76,17; Н 5,43; N 13,32. 

HPAB synthesis:  The mixture of 1,13 г (0,005 mol) 5-phenylazosalicylic aldehyde 

with 0,86 g (0,005 mol) 4-aminobenzenesulfonic acid in 35 ml of butanol has been refluxed 

for 2 hours.  The deposit was filtered out and rinsed by ether. Yield 1,40 г (74 %). Melting 

point - 343 ºС (ethanol). Found, %: С 60,05; Н 3,72; N 10,87. C19H15N3O4S. Calculated, %: 

С 59,83; Н 3,96; N 11,02. 

IR spectrum: (KBr, cm-1): 1620 (-СН=N), 1494 (-N=N-). 

3. Results and Discussion 

The optical properties of the azo dyes were investigated by UV/Vis spectroscopy in the 

range of 230-340 nm. The absorption spectra of the studied compounds are shown in Figure 1. 

UV–Vis spectroscopic investigations of PAPM, PATM, and HPAB solutions were performed 
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to evaluate the behavior of substituent patterns on the absorption properties of azo dye. All dye 

molecules exhibited absorbance in the UV (200–300 nm) region. The absorption maxima of an 

aqueous solution of PAPM and PATM were found at 294 nm and 290 nm, respectively (Figure 

1). With the addition of the methyl group, the absorbance intensity is increased significantly 

due to the hyperchromic shift; the maximum absorbance of 0.84 at 290 nm is noted. The 

introduction of electron-donating groups into the azo dyes causes a hyperchromic shift. When 

the functional group is sulfonic acid as in the case of HPAB structure, the absorbance decreases 

as 0.44 at 292 nm, so the hypochromic shift is noted with the presence of strong electron-

withdrawing group [27]. 

 
Figure 1.  Absorption spectra of azo dyes PAPM, PATM, and HPAB. 

 

Cyclic voltammograms of PEDOT and azo-dye doped PEDOT composites with the 

potential range from -0.5V to 1.0V at a scanning rate of 100 mV/s are shown in Figure 2. 

Diverse doping counterions have a significant influence on the electrochemical behavior of 

electropolymerized-PEDOT film. Figure 2 showed that the CV curves of PEDOT-azo dyes are 

quite dissimilar from pure PEDOT as a consequence of azo dye being present [28]. As shown 

in Figure 2, there are significant differences in the magnitudes of the peak current depending 

on the type of dopant used. This result suggests that azo dyes have a marked effect on the 

electrochemical behavior of PEDOT [29]. According to Fig 3(a-d) including repetitive 20 

cycles test, the CV curves were quite similar. Still, they showed stable peak currents, 

demonstrating that the PEDOT-azo dye films were coated tightly and uniformly and had perfect 

electrochemical durability [30]. The oxidation peak current densities of the PEDOT/PAPM, 

PEDOT/PATM, and PEDOT/HPAB are significantly higher than that of PEDOT film. These 

facts confirmed that azo dye-doped PEDOT composites are more electrochemically active, 

which demonstrated a much more rapid reaction rate on PEDOT-azo dye electrodes. 

PEDOT/HPAB shows the highest current density of all the composites. Large azo dyes 

containing the azo unit and functional groups as dopant affected the molecular structure, 

morphology and electrochemical performance of PEDOT. From SEM analysis, it can be seen 

that HPAB was helpful in the formation of loose granular morphology with some clear 

channels. This morphology was convenient for the increase of π-conjugated degree and surface 

area of PEDOT/HPAB for taking part in a redox reaction. Thus it was conductive to increasing 

the electrochemical activity of PEDOT as in the case of PEDOT doped with congo red also 

containing azo unit and sulfonate anions [31]. 
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Figure 2. Cyclic voltammograms of PEDOT, PEDOT/PAPM, PEDOT/PATM and PEDOT/HPAB. 

 

 
Figure 3a. Consecutive 20 CVs of PEDOT electrode in 1 M Li-PC solution. 

The reason for the increase of current values in cyclic voltammograms of 

PEDOT/HPAB could be explained by its special molecular structure and loose granular 

morphology with some clear channels. Firstly, a large molecular volume of HPAB caused an 

increase in the π-π stacking distance of the aromatic rings of PEDOT, which was advantageous 

for the entrance of electrolyte into the active substance. Secondly, the HPAB molecules with 

π-conjugated structure were conductive to the transition of π-conjugated electrons between 

neighboring PEDOT chains and the enhancement of π- conjugated degree of PEDOT [32]. 

Thirdly, the loose granular morphology with some clear channels of PEDOT/HPAB was 

favorable for the rapid diffusion of electrolyte and the full contact of electrolyte with the active 

substance, which was confirmed by the CV curves of PEDOT/HPAB. 

The mechanism of the redox process of azo dyes onto PEDOT film might be explained 

as it was hypothesized that the azo dyes could diffuse from the inside to the PEDOT surface, 

occurring transfer complex with PEDOT skeleton via π-π* interactions [33], as demonstrated 

via CV graphs that the area of cyclic voltammograms was increased after the introduction of 

the azo dyes especially HPAB. The strong electrostatic interaction between the sulfonate group 

of azo dye with negative charges and PEDOT molecules with positive charges can be formed 

for PEDOT/HPAB film. This interaction can lead to improved electrochemical performance.  
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Figure 3b. Consecutive 20 CVs of PEDOT/PAPM electrode in 1 M Li-PC solution 

 
Figure 3c. Consecutive 20 CVs of PEDOT/PATM electrode in 1 M Li-PC solution 

 
Figure 3d. Consecutive 20 CVs of PEDOT/HPAB electrode in 1 M Li-PC solution 

 
Figure 4a. Cyclic voltammograms of PEDOT at different scan rates; peak current versus scan rate for the 

anodic and cathodic branches of the two processes (inset). 
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Figure 4b. Cyclic voltammograms of PEDOT/PAPM at different scan rates; peak current versus scan rate for 

the anodic and cathodic branches of the two processes (inset). 

 
Figure 4c. Cyclic voltammograms of PEDOT/PATM at different scan rates; peak current versus scan rate for 

the anodic and cathodic branches of the two processes (inset). 

 
Figure 4d. Cyclic voltammograms of PEDOT/HPAB at different scan rates; peak current versus scan rate for 

the anodic and cathodic branches of the two processes (inset). 

Redox behaviors of the PEDOT-azo dyes composites were investigated using cycling 

potential between neutral and oxidized states at diverse scans in the monomer free LiClO4-PC 

electrolyte medium. It is clear that with the rise of the scanning rate from 25 mV s-1 to 200 mV 

s-1, the oxidation potential is increased, and the reduction potential decreased.  

Figure 4 showed that the peak current was directly proportional to the scan rate, 

pointing out that the composite films were electroactive and well-adhered to the conductive 

electrode surfaces [34]. The anodic and cathodic peak currents display a linear dependence as 

a function of the scan rate, as shown in the insets of Fig. 4. As a result, the migration of the 

electroactive species is not diffusion-controlled and reversible in the range of 25–200 mV s-1 

[35].  
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Electrochemical impedance spectroscopy (EIS) is a useful measurement to characterize 

the significant interfacial charge transfer and diffusion processes inside electrodes [36]. 

Electrochemical impedance spectroscopy (EIS) was scanned in a frequency range of 0.01-105 

Hz and at an AC amplitude of 5 mV at room temperature with a CHI760E electrochemical 

analyzer. Figure 5 shows the Nyquist plots of the PEDOT, PEDOT/PAPM, PEDOT/PATM, 

PEDOT/HPAB films. It was clear that each Nyquist plot was contained a semicircle in the 

high-frequency region and a straight line in the low-frequency region. The semicircle of the 

Nyquist plots gives charge transfer resistance (Rct) at PEDOT/electrolyte and PEDOT/azo-

dye/electrolyte interface. The Rct at the interface between the electrode and the electrolyte could 

be approximately calculated by the diameter of curvature along the X-axis in the Nyquist plot 

[36]. The Rct value greatly depended on the conducting capability of active material, and the 

superior conductivity of active material could obviously facilitate the electron transfer at the 

interface between the electrode and the electrolyte and decrease the Rct value [31]. As seen in 

Figure 5, The Rct of the films followed the order: PEDOT/PATM > PEDOT/PAPM > PEDOT 

> PEDOT/HPAB. The Rct values were calculated as ~ 107, 116, 129, 101 Ω for PEDOT, 

PEDOT/PAPM,  PEDOT/PATM, PEDOT/HPAB films, respectively.  

 
Figure 5. Nyquist plots of the PEDOT, PEDOT/PAPM, PEDOT/PATM, PEDOT/HPAB films in 1 M LiClO4 

dissolved PC solutions. 

PEDOT/ HPAB film with the smaller Rct value can demonstrate its easier ion traverse 

path at the interface between the electrode and the electrolyte. This smaller Rct value may be 

explained by the high conductivity of PEDOT/HPAB film. The above result is consistent with 

having a high current density in the cyclic voltammogram of PEDOT/ HPAB film. The lower 

Rct values displayed by PEDOT/HPAB film demonstrate that the charge-transfer process can 

be facilitated [37]. The powerful electrostatic interaction between the sulfonate group of HPAB 

and PEDOT molecules can be formed during the preparation of PEDOT/HPAB film, 

suggesting that the HPAB dye might be strongly attached to PEDOT film. This interaction can 

promote interfacial redox reaction, altering by this way the Rct value, supporting both CV and 

EIS measurements. A similar situation was observed for interaction between catechol molecule 

and PEDOT molecule, indicating alternations in Rct values [37]. However, the Rct values of 

both PEDOT/PATM and PEDOT/PAPM films are higher than PEDOT film, which can be 

attributed to the charge transfer resistance of the low electronic conductivity of azo dye 

molecule/electrolyte interface [33].  

The morphologies of the Azo dyes/PEDOT and PEDOT were investigated by SEM. 

The SEM images of the samples in Figure 6 demonstrate that the ITO surface is covered. For 
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PAPM and HPAB, the formation of granular structures on the surface is observed. The reason 

for increasing PAPM and HPAB surface granules is that the PEDOT coated ITO surfaces are 

waiting in the azo dye solution after CV measurements [38]. However, after measuring the CV 

of the PATM, it was observed on the ITO surface that the particles decreased compared to the 

others. The SEM results from the PEDOT-coated ITO surface show that better coverage of the 

ITO surface than PAPM, PATM, and HPAB. 

 

 

 
Figure 6. Structures of PEDOT prepared by a) PAPM, b) PATM, c) HPAB, and d) without azo dye. 

Table 2. EDX compositions of PEDOT and azo dyes doped PEDOT composites. 
Sample Weight % 

 C O N S 

PAPM 61.99 22.49 7.15 8.36 

PATM 61.10 23.60 9.39 5.91 

HPAB 35.26 54.62 3.09 7.04 

PEDOT 45.83 39.56 - 14.61 

 

The EDX analysis was performed in order to approve the presence of Azo dyes (PAPM, 

PATM, and HPAB)/PEDOT and PEDOT on the ITO substrates.  As shown in Table 2, the 

weight percentages of carbon, oxygen, nitrogen and sulphur in the PAPM and PATM were 

61.99 %, 22.49 %, 7.15 %, 8.36 % and 61.10 %, 23.60 %, 9.39 %, 5.91 % respectively, while 

the contents of carbon, oxygen, nitrogen and sulphur in the HPAB were 35.26 %, 54.62 %, 

3.09 %, 7.04 % respectively. EDX analysis demonstrates that both PAPM, PATM and HPAB 

compounds well coated the surface of the ITO substrate during the electrochemical process. It 

has been observed that the amount of oxygen is increased, especially in HPAB. However, the 

nitrogen amount has decreased in the presence of HPAB in the medium. 

4. Conclusions 

 In this paper, composites of PEDOT doped with different azo dyes were prepared, 

namely PEDOT/PAPM, PEDOT/PATM, PEDOT/HPAB, and changing of the functional group 

of azo dye on electrochemical properties were investigated. Cyclic voltammetry studies 

PEDOT/PATM PEDOT/PAPM 

 

PEDOT/HPAB PEDOT 
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showed that electrochemical properties of PEDOT were significantly improved because of the 

incorporation of azo dyes as anionic dye. The EIS results indicated that PEDOT/HPAB film 

with the smaller Rct value could demonstrate its easiest ion traverse path at the interface 

between the electrode and the electrolyte. These results will be a source of view to the design 

and engineering of dye-doped CPs for significant practical application areas in material science 

and technology as modified electrodes. 
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Figure S1. NMR shifts (ppm) 
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