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We report here the electrochemical polymerization of polypyrrole (PPy) on platinum substrates by 

pulse galvanostatic method. The effects of variables as pulse height (current amplitude), relaxation 

time (toff), pulse time (ton), bath temperature, HCl and pyrrole concentrations were studied using SEM, 

UV-vis spectroscopy, Cyclic Voltammetry, and conductivity. The obtained results reveal the 

morphology and particles sizes of polypyrrole samples were strongly depended on the synthesis 

conditions. By changing the synthesis conditions, we can prepare nanoparticles, nanorods, nanoporous 

moss and nanotubes. The sample including nanotubes with 145 nm average outer diameter, 80 nm 

average inner diameter and 1600 nm average length selected as the best sample which can be 

synthesized on the conditions including 9 mA cm
-2

 current density, 1 s relaxation time, 1 s pulse time, 

30 ºC solution temperature, 0.1 M pyrrole and 0.12 M HCl. 
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1. INTRODUCTION 

Intrinsically conducting organic polymers such as polypyrrole (PPy), polyaniline and 

polythiophene were studied intensively during the last two decades. There are two main groups of 

applications for these polymers. One group utilizes their conductivity as its main property, and the 

other, their electroactivity [1-4]. Of all known Electrically conducting polymers (ECPs), polypyrrole 

(PPy) is by far the most extensively studied on account of the monomer (pyrrole) being easily oxidized 

[5], possibility of forming homopolymers or composites with optimal chemical and physical properties 

[6,7], water soluble [5], its high electronic conductivity [8], a relatively long period of stability [8-10], 

ease of preparation [9], and commercial applications including batteries [11-14], fuel cells [15], 

http://www.electrochemsci.org/
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supercapacitors [16-18], sensors [19-25,26], anhydrous electrorheological fluids [27], light emitting 

Diodes [28,29], corrosion protection [30-44], and thin film transistors [45-48]. 

There are two methods used to synthesize PPy, chemical and electrochemical polymerizations. 

Chemical methods can control morphology of PPy forming nanostructures [49-51], but they require 

relatively larger amounts of surfactants or other additives, which are rather tedious to recycle after 

polymerization. Moreover, it is difficult to attach nanosized polypyrrole onto a substrate without 

involving large contact resistance. Therefore, the nanosized polypyrrole synthesized by such methods 

is not suitable for electrochemical applications. A number of chemical methods for synthesis of 

polypyrrole in micro and nano scale are: in situ polymerization [52,53], two steps polymerization [54–

64], emulsion polymerisation [65], and vapor phase polymerization [60,61]. The principal advantage 

of the electrochemical method is related to the better conducting properties and long time stability of 

conductivities [66,67]. As we know, the electrical conductivity of PPy is attributed to the electrons 

hopping along and across the polymer chains with conjugating bonds [68,69]. In the 1970s, Diaz and 

coworkers firstly synthesized conductive polypyrrole film via electropolymerization [70].  

The reported electrochemical methods used in synthesizing polypyrrole include the constant 

potential (potentiostatic; PM) [71-80], constant current (galvanostatic; GM) [80-85], cyclic 

voltammetry (CV) [80,85-87], and pulse galvanostatic methods. Among these methods, pulse 

electrodeposition is a particularly interesting and reliable method to synthesize polyaniline with 

interest morphology such as nanowires and nanofibers. Pulse galvanostatic electrosynthesis is a 

powerful technique in controlling the size of the particles and the morphology of the samples. On the 

other hand, this method can be used in double electrode cells, allowing it to be applicable on laboratory 

and industrial scales. 

Based on previous studies, there is a strong relationship between synthesis conditions and the 

morphology of the synthesized polypyrrole. The electropolymerization conditions that affect the 

polymerization processes include electrolyte anions, solvents, pH values of the aqueous solutions, and 

polymerization temperature, current/potential ratio and etc. To demonstrate this, during the 

optimization of pulse galvanostatic polymerization, the synthesis conditions were altered which 

resulted in considerable changes in the morphology of polypyrrole.  

In this work, polypyrrole nanostructures were synthesized by applying the pulse current (pulse 

galvanostatic method) into a double-electrode electrochemical cell consisting of pyrrole and HCl. In 

this method, the parameters affecting the morphology of and the size of the polypyrrole particles 

include the pulse height, pulse time, relaxation time, pyrrole concentration, acid concentration and 

solution temperature. The effects of each parameter were fully investigated by means of the “one factor 

at a time method”. 

 

2. EXPERIMENTAL 

2.1. Materials 

To begin with, pyrrole and hydrochloric acid (HCl) were purchased from Merck. Next, pyrrole 

was distilled prior to being used and subsequently stored in the dark. Double distilled water was used 

in all experiments. 
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2.2. Instrumental 

All the electrochemical experiments were carried out by means of an electrolyzer equipped 

with a pulse system (BTE 04, Iran). Cyclic voltammetry (CV) experiments were done by Autolab (Eco 

Chimie, PGSTAT-10). The pores of porous graphite electrode were mechanically filled with the 

synthesized polypyrrole nanopowder and used as the working electrode in all CV experiments. A 

platinum electrode and an Ag/AgCl electrode were used as counter and reference electrodes, 

respectively. The morphology of the samples was characterized by scanning electron microscopy 

(SEM, Philips, XL-30, Netherland). UV-Visible absorption spectra were measured using a double-

beam spectrophotometer (Shimadzu 2550).  

 

2.3. Electrosynthesis of polypyrrole nanostructure 

 Before each deposition, one pair of cylindrical platinum grid electrodes was boiled in HNO3 

for 15 minutes and then rinsed with distillated water so that any surface species in contact with air 

would be removed. Two cylindrical platinum grid electrodes were coupled together in coaxial form 

into the electrochemical cell. The smaller electrode was connected to the positive pole of the 

electrolyzer to act as the anode. The cell was filled with a solution containing 0.1 M pyrrole  and 0.12 

M hydrochloric acid at a temperature of 30 
0
C. The nitrogen gas was passed through the 

electropolymerization solution so that the dissolved oxygen would be removed. A 9 mA cm
-2

 pulsed 

current with 1 s of pulse time and 1 s of relaxation time was inserted into the cell for 3 h while the 

solution was stirred. The precipitate of polypyrrole nanostructure was filtered and washed first using 

0.12 M hydrochloric acid and finally distilled water. The filtered paste was then dried at 80 
0
C for 90 

minutes. The values of the effective parameters including the pulse amplitude (pulse height or current 

density), pulse time (ton), relaxation time (toff ), solution temperature, pyrrole and HCl concentrations 

were varied and optimized through the "one factor at a time" method. At last, the samples were 

characterized by SEM, CV, UV-Vis spectrophotometer and conductivity. 

 

 

 

3. RESULTS AND DISCUSSION  

 
 

Figure 1. DC current pulse diagram 
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Polypyrrole nanostructures were synthesized by means of the pulsed current method on the pt 

grid electrode from a solution including pyrrole and HCl. Figure 1 illustrates the used dc current pulse 

diagram. The pulse diagram reveals that a current pulse has at least three variables includes pulse 

height (pulsed current amplitude or pulse current density), pulse time (ton) and relaxation time (toff). 

In addition to the pulse variables, the present study takes into account several other variables 

such as the solution temperature, pyrrole and HCl concentrations, whose values were specified via the 

"one factor at a time” method. In the following sections, the optimization process will be described. 

 

3.1. Effects of Pulsed Current Amplitude  

  
Figure 2. SEM images of different polypyrrole samples synthesized at different pulsed current 

densities; (a) 2 mA cm
-2

, (b) 4 mA cm
-2

, (c) 6 mA cm
-2

, (d) 9 mA cm
-2

 and (e) 12 mA cm
-2

.  



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8909 

The chronopotentiometric experiments in the electropolymerization suggest that the substrate 

electrode polarizes. By exerting a current pulse, the surface of the platinum anode and cathode is 

polarized and the cell voltage is increased up to the sufficient degree so that the oxidation of pyrrole 

starts. 

In the first step, the effects of the pulse amplitude (current density) on the morphology and the 

particles sizes of the synthesized polypyrrole were investigated. The pulse amplitude was varied from 

2 mA cm
-2

 to 12 mA cm
-2

, while the other parameters were kept constant (temperature: 25 
0
C, pyrrole: 

0.1 M, HCl: 0.12 M, ton: 1 s and toff: 1 s). The obtained samples were studied by SEM (Fig. 2). As it 

can be observed in Fig. 2, the pulse amplitude (surrent density) of 9 mA cm
-2

 leads to more uniform in 

intertwined nanorods (or intertwined short nanowires) with average diameters of 5 nm and average 

lengths of 15 nm. Increasing the density of the currents from 9 mA cm
-2

 brings about a transformation 

in the morphology of the polypyrrole samples from short nanowires into an amorphous bulk form. To 

find a probable reason, the electrochemical reactions of the pyrrole electropolymerization are useful. 

The mechanism of the pyrrole polymerization reactions has been studied by a number of researches. 

The oxidative polymerization of pyrrole has been shown to proceed via the formation of dimer 

molecules during the nucleation process, followed by the oligomerization reaction [88-91]. Based on 

the previous reported reactions, pyrrolium cation radical is the main initiator of electropolymerization. 

Therefore, the production rate of these radicals is the most important factor in controlling the 

morphology of the product and the size of its particles. 

For all the reaction media, the electropolymerization potential of pyrrole increased with 

increasing applied current density and a linear relationship was observed in acidic medium [92]. At 

high current densities, the production rate of pyrrolium cation radicals as the initiator of pyrrole 

polymerization is more than that in low current densities, where the synthesized polymer have a 

specific and uniform morphology and particles are finer. At much higher current densities, the amount 

of the synthesized polypyrrole during each pulse will be large. As the amount of the synthesized 

polypyrrole increases on the surface of anode, the anion insertion and de-insertion becomes a limiting 

parameter [93]. Clearly, the process of ion insertion/de-insertion is easier in small particles than in big 

particles. 

 

3.2. Optimization of Relaxation Time (toff) 

To investigate the effects of relaxation time on the morphology and the structure of the 

synthesized polypyrrole, the value for this parameter was varied from 0.25 to 2 s while the values of 

the other parameters were kept constant. All experiments were conducted at 25 
0
C. Figure 3 shows the 

SEM images of polypyrrole samples which were synthesized at different relaxation times. SEM 

images indicate when the toff is 1 s, it leads to more uniform nanorods (4 nm average diameter and 10 

nm average length) which connected together. Pulse on time plays an important role in controlling 

chain size and chain defects [94]. The relaxation time in pulse elctropolymerization is the main factor 

affecting the mechanism of the particle growth. At low relaxation times, for instance, polypyrrole short 

nanorods are shorter and more agglomerated; further, they are not completely isolated because the 
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relaxation between two consequent pulses is so short that before the short nanorods formation is 

completed in the first pulse, the next pulse is applied and another nanorods begins to be formed and, as 

a result, gets connected to the last nanorods. At relaxation times longer than 1 s, the short nanorods 

formed during each pulse can be isolated from others. Thus, the structure becomes more regular and 

comes from the disorganization.  

 

 
 

Figure 3. SEM images of different polypyrrole samples synthesized at different amounts of relaxation 

times (toff);  0.25 (a) , 0.5 s (b) , 0.75 s (c) , 1 s (d) , 1.5 s (e) and 2 s (f).  
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3.3. Optimization of Pulse Time (ton) 

 
Figure 4. SEM images of polypyrrole samples that synthesized at different pulse times (ton), 0.25 s (a), 

0. 5 s (b), 0.75 s (c), 1 s (d) and 1.5 s (e). 

 

The effects of pulse time were investigated on the structure and morphology of polypyrrole 

samples. In this step, we apply different pulse times (0.25 s, 0.5 s, 0.75 s, 1s and 1.5 s). In these 

experiments, the pulse current, toff, temperature, pyrrole and HCl are 9 mA cm
-2

, 1 s, 25
 0

C, 0.1 M and 

0.12 M respectively. Fig. 4 displays the SEM images of the polypyrrole samples. As can be seen in 

Fig. 4, the pulse time of 1 s brings more uniform short nanowires. Pulse on time plays an important 

role in controlling chain size and chain defects [94]. Ordered pyrrole polymerization is shown by 

pulsed current deposition and these films demonstrate a relationship in increasing electrical 

conductivity and anisotropy with decreasing on time of the current pulse [95]. Each current pulse 
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contains a calculable number of electrons whose number varies depending on the pulse time. As the 

pulse time decreases, so do the electrons of each pulse. During the application of the pulse, polypyrrole 

short nanowires are formed. Any variation in the number of electrons can affect the morphology and 

the size of the sample particles. At the beginning of each pulse, the nucleation process is faster than the 

particle growth [96]. Conversely, at the end of each pulse, it is the particle growth that is faster than the 

nucleation process. Therefore, the pulse time is an important parameter affecting the morphology of 

and the size of the particles in the samples.   

When a current pulse is exerted into the cell, there is big impedance against electron 

transmission which causes the cell potential to increase and overcome this impedance. Once the cell 

potential has reached the suitable degree, the oxidation of pyrrole will start. In each pulse, a major part 

of the pulse time is spent on increasing the potential. Therefore, the effective period of the optimized 

pulse time is 1 s. 

 

3.4. Effects of Pyrrole Concentration  

 

 
Figure 5. SEM image of polypyrrole samples which synthesized at different pyrrole concentration: 

0.01 M (a) , 0.0.05 M (b) , 0.1 M (c) ,0.25 M (d) and 0.5 M (e). 
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To investigate the effect of aniline concentration, five samples were synthesized at 25 
0
C in the 

following concentrations: 0. 01, 0.05, 0.1, 0.25, and 0.5 M. Fig. 5 shows the SEM image of the 

synthesized samples. According to the SEM images, the concentration of 0.1 M results in the most 

uniform short nanowires and ought to be selected as the optimized concentration. The 

electropolymerization potential, decreased slightly with increasing monomer concentration. This 

phenomenon may be associated with the process of an electrochemical reaction. The 

electropolymerization of pyrrole generally consists of two continuous steps. The first step is the 

diffusion of pyrrole monomer to the electrode surface, the rate of this step is determined by the pyrrole 

concentration. The second step is the oxidation reaction of pyrrole at the interface between the 

electrode and electrolyte solution. Since the applied current density and the electrolyte concentration 

were kept constant, the rate of the reaction was determined by the amount of monomer available at the 

interface at unit time. For higher monomer concentration the positive charge at the working electrode 

is rapidly consumed by pyrrole, the accumulation of the charge at the electrode is lower, thus the 

corresponding reaction potential is lower. At lower monomer concentration, the positive charge cannot 

be consumed by pyrrole immediately, thus some charge will be accumulated at the working electrode, 

resulting in a higher reaction potential [92]. 

 

3.5. Effects of HCl  concentration 

 
Figure 6. SEM images of polypyrrole samples which synthesized at different HCl concentration:  

0.048 M (a), 0.12 M (b), 0.48 M (c), 2.02 M (d) . 



Int. J. Electrochem. Sci., Vol. 8, 2013 

  

8914 

To achieve uniform polypyrrole short nanowires, six samples were synthesized in different 

concentrations of HCl. In these experiments, the current density, relaxation time, pulse time, 

temperature and pyrrole concentration were 9 mA cm
-2

, 1 s, 1 s, 25 ºC and 0.1 M, respectively. Figure 

6 shows the effect of HCl concentration on the morphology and the size of the particles of polypyrrole. 

As the SEM images in Fig. 6 demonstrate, an HCl concentration of 0.12 M as dopant acid is a suitable 

medium to synthesize uniform polypyrrole short nanowires. One important parameter affecting the 

physical characteristics and morphology of PPy is the nature and the concentration of the dopant that 

represents about 30% of the weight of the polymer film. The choice of an electrolyte is made by 

considering its solubility and its nucleophilicity. Moreover, the anion oxidation potential should be 

higher than the monomer. 

The size of the anion controls the microstructure and the porosity of the polymer. Indeed, this 

determines the ability of the polymer to undergo an easier diffusion of the dopants during the redox 

process [97]. The nature of the anion has an impact on the quality of the film produced which depends 

on the hydrophobic character of the anion, and the interactions between the polymer and the dopant 

[98]. Anion
,
s hydrophobic interaction with water, one of the roles played by these organic anions is to 

orient the polymer chain parallel to the electrode surface. This chain orientation increases the order in 

the polymer structure[99]. basicity of the anion plays a role in polymer growth. The higher basicity of 

the anion, causes the lower conductivity of the polymer. This phenomenon is due to an increase in the 

interactions between the positive charges of the polymer and the anions. Conversely, anion acidity 

leads to an increase in the conductivity of polypyrrole [100]. The electrolyte concentration is also 

important although the effect is not entirely understood. The electropolymerization potential decreased 

gradually with increasing electrolyte concentration. This phenomenon is expected since the increasing 

electrolyte concentration can reduce the overall resistance of the system [92]. The polymers of the 

highest conductivity are produced when elevated concentrations of electrolyte are used [100]. 

Optimization of the pH results in the formation of a uniform surface with very few defects [101]. A 

low pH or acid solution generally favors polymerization. However, a very low pH will equally be 

responsible for weak conductivity because of the acid catalyzed formation of none conjugated trimers 

which further react to form a partly conjugated PPy or are incorporated into the film, or even diffuse 

into the solution. This reaction is presented in Figure 7 [102]. 

 

3.6. Optimization of Synthesis Temperature 

As demonstrated by our previous studies [103-109], the temperature of electrosynthesis 

solution is an important parameter that can affect the morphology and the size of the particles of the 

final yield. To this end, seven samples were synthesized at different temperatures (4
 o

C, 10
 o

C,20
 o

C,30
 

o
C, 40 

o
C and 50

 o
C).  

Figure 8 shows the SEM images of polypyrrole samples which were synthesized at 4
 
ºC, 10 ºC, 

20 ºC, 30 ºC, 40 ºC and 50
 
ºC.  By varying the synthesis temperature, a wonderful change is seen at 30 

ºC. The SEM images indicate that 30 ºC is the suitable temperature to form uniform polypyrrole 

nanotubes. 
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Figure 7. Electrochemical synthesis mechanism of partly conjugated PPy. 

 

 

 
Figure 8. SEM images of polypyrrole samples synthesized at temperatures of 4 ºC (a), 10

 
ºC (b), 20 ºC 

(c), 30 ºC (d), 40
 
ºC (e) and 50 ºC (f). 
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Electropolymerization temperature has a substantial influence on the kinetics of polymerization 

as well as on the conductivity, redox properties and mechanical characteristics of the films [110]. In 

polypyrrole electrosynthesis, the temperature controls two effective factors: the generation rate of 

cation radicals, and the particle growth. The average activation energy of the polymerization process 

on platinum is between 15 and 20 kJ mol
-1 

[111]. It should be noted that a decrease in the redox 

properties is observed as the temperature increases. Spectral analysis of the material prepared at the 

lower temperature shows a more regular structure. At higher temperatures, side-reactions such as 

solvent discharge and nucleophilic attacks on polymeric radicals cause the formation of more structural 

defects, resulting in lower conducting films. In general, higher conductivities are obtained at lower 

temperatures [112,113]. In acidic medium, the overall process is favored by lower reaction 

temperatures [114]. 

Based on the optimization experiments presented in sections 3-1 to 3-6, the optimum 

conditions for the electropolymerization of pyrrole in nanotube form are 9 mA cm
-2

 for the current 

density, 1 s for the relaxation time, 1 s for the pulse time, 30 ºC for the solution temperature, 0.1 M for 

the pyrrole and 0.12 M for the HCl. 

 

3.7. More characterizations
 

Synthesis conditions can change the morphology of polypyrrole samples. Accordingly, four 

polypyrrole samples were synthesized under various conditions (Table 1), and they were tested by 

means of Uv-Vis spectroscopy and conductivity measurements. Figure 9 shows the SEM images of the 

selected samples to more characterizations. 

 

Table 1. Experimental conditions to synthesize the selected samples 

 

 

As Fig. 9 shows, the morphologies of the selected samples are very different. It can be expected 

that they shows very different behaviors in Uv-Vis spectrum and electrical conductivity. 

As a first study, the light absorbance of the samples was investigated by Uv-Vis spectroscopy. 

Figure 10 shows the Uv-Vis absorbance of the selected samples. As it can be seen in Fig. 10, the 

samples a, b and c shows similar behaviors. They have maximum absorbance (λmax)  255 nm. The 

same spectrum is related to the similar morphologies. But, the sample d has very different morphology. 

Therefore, it is expected that the sample d has different Uv-Vis spectrum. Based on the spectrums 

shown n Fig. 10, the sample d shows λmax at 270 nm. Then, the sample d shows 15 nm red shift. 

temperature(˚c) HCl(mol dm
-3

) pyrrole(mol dm
-3

) toff(s) ton(s) palse current(mAcm
-2

) sample 

25 0.48 0.1 1 1 9 a 

25 0.12 0.1 1.5 1 9 b 

25 0.12 0.1 1 1 9 c 

30 0.12 0.1 1 1 9 d 
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Figure 9. SEM images of different polypyrrole nanostructures. The samples (a, b, c, d and e) were 

synthesized under conditions noted in Table 1. 

 

The electrical conductivity is one of the important parameters of charge/discharge ability of 

polypyrrole in lithium batteries. The results of conductivity measurements by direct two probe method 

were summarized in Table 2. As it can be seen in Table 2, the electrical conductivities of the samples 

are high. Between the samples, sample c shows higher conductivity. This result can be related to the 

good connectivity of the smaller particles of the sample c. The unexpected lower conductivity of 

sample d can be related to its week connectivity of pyrrole nanotubes together. 

 

 
Figure 10. Uv-Vis spectrums of the selected samples which synthesized according to Table 1. 
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Table 2. Electrical conductivity results of the selected sample according to the Table 1. 

Sample a b c d 

Conductivity (mS cm
-1

)* 110 580 20800 20 

               *The results were obtained by two probe methods.  

 

 

4. CONCLUSIONS  

Polypyrrole nanostructures can be prepared by using the pulsed current electrochemical 

method. In this method, the pulse height (pulse current amplitude), relaxation time, pulse time, 

synthesis temperature, pyrrole and HCl concentrations are the most important factors affecting the 

morphology of and the size of particles in polypyrrole samples. The suitable values of the effective 

parameters can be determined by the “one-at-a-time” method. By changing the synthesis conditions, 

the polypyrrole samples with different morphologies such as nanoparticles, nanorods, short nanowires 

and nanotubes can be synthesized can be prepared. 
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