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Thin films of polyaniline (PANI) salts were in situ deposited on a Pt plate during either chemical polymerization 

or electrochemical polymerization. The oxidation states of the salt films were controlled by the applied DC potential. 

AC impedance of the Pt/PANI electrode were measured in monomer-free 1 N HCl solution in order to investigate 

the electrodic properties of 나｝e films at 나此 following applied DC potentials: 0, 0.45 and 0.75 V vs. SCE. Very small 

differences in film conductivity according to its oxidation state were observed by analysis of the impedance spectra, 

the reasons of which are complicated by enriched water content in the film and possible decrease in the film thickness 

during the measurements. The electrochemical activity of the film/solution interface varied with its oxidation state. 

Stability of the film in 1 N HCl solution was also evaluated by impedance and cyclic voltammetry measurements.

Introduction

Among organic conducting polymers, polyanilines (PANIs) 

have been extensively studied as prospective materials for 

various electrochemical applications such as electrochromic 

devices, energy storages, photocorrosion protection, and elec

trochemical sensors.1~7 Their electrochemical properties, sta

bility in air, and various processing methods have been also 

illuminated in the literature.8'12 It was reported that electro

chemical characteristics of polyaniline films can be effectively 

investigated by impedance measurements.13 Mensfeld et al.u 

used impedance spectroscopy (IS) technique to examine the 

effectiveness of polybutadiene coating on metal surface and 

showed the applicability of this technique. Pasquali et al.15 

also used impedance spectroscopy and cyclic voltammetry 

to investigate storage characteristics of substituted polyanili

nes under several different environments. Goldenberg et 이.场 

compared the electrochemically grown films with the films 

prepared by several methods and demonstrated possibility 

of using a number of simple techniques to produce electroac

tive thin films of polyanilines.

Even though PANI is referred to as the most stable mater

ial within the class of conducting polymers,9 only a few stud

ies devoted to stability have been reported.151718 Stability 

in aqueous or organic solutions at open circuit or at given 

potentials should be thoroughly investigated in order to as

sess its full applicability in practical uses. Resistance to de

gradation in sulfuric and organic solutions was reported in 

the literature,15 in which unpleasant degradation would be 

serious problem in its practical applications. In this work, 

IS technique and cyclic voltammetry were utilized in order 

to investigate stability in acidic chloride solution and the 

electrodic properties of PANI salt films at three different 

oxidation states (emeraldine, pernigraniline, and leucoemer- 

aldine).
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Figure 1. A schematic apparatus for measuring open circuit po

tential during chemical polymerization. 마 plate (0.2 mm)

Experimental

Polyaniline films on a Pt electrode were made by in situ 

deposition either chemically or electrochemically. For direct 

chemical deposition, 1 N HC1 solution containing 0.85 M of 

aniline monomers and 1 M HC1 solution containing 0.2 M 

ammonium peroxydisulfate were separately prepared and 

cooled down to 0 Each solution of 50 mL was equally 

mixed in the reaction vessel and variation of the open circuit 

potential Eoc (vs. SCE) of the Pt electrode was recorded 

by a personal computer connected to a Keithley 2001 multi

meter as shown in Figure 1. The measurements were repeat

ed at least three times to obtain reproducible data. A magne

tic stirrer and a stirring bar were used for continuous stir

ring the solution during polymerization. The electrodes co

vered with the polymer films were carefully rinsed with dis

tilled water and 1 N HC1, consecutively, and then stored 

in 1 N HC1 for impedance measurements.

Electrochemical preparation of polyaniline films was carr

ied out by the typical potential sweeping method.18 The elec

trolyte was made by mixing 95 mL of 1 N HC1 solution 

and 5.0 mL of aniline monomers. The electrochemical cell 

consists of three electrodes, that is, a working electrode (Pt 

plate, 2 X 5 X 0.02 cm3) which was partially immersed in the 

solution mixture, a counter electrode (Pt plate or wire), and 

a reference electrode (saturated calomel electrode, SCE). The 

sweeping range of potential was between 0.4 and 0.75 V 伽, 

SCE). Potential sweeping was continued for 100 cycles and 

resulted in a fairly dark green PANI film on the working 

electrode. The solution was either stirred with magnetic stir

rer during potential sweeping, or stagnant. The Pt/PANI 

electrode was then rinsed with distilled water and 1 N HC1 

solution.

Electrochemical impedance measurements of the Pt/PANI 

electrode were carried out in 1 N HC1 solution at the the 

different DC potentials of 0.75, 0.45, and 0 V which are re

presenting pernigraniline, emeraldine, and leucoemeraldine, 

respectively. In order to obtain the impedance spectra of 

the fully oxidized and the fully reduced polyaniline film, the 

measurements were carried out after waiting a sufficient 

time (~2 hours) at each potential. The amplitude of the 

applied AC potential was 5 mV and the frequency range 

was from 10 mHz to 10 kHz. Impedance spectra and cyclic

■可，版― Insulating tape

嚙鶴 PANI filmlr
-(b)

Figure 2. Schematics of (a) an instrumentation for impedance 

measurements and cyclic voltammetry and (b) the cross section 

of Pt/PANI electrode.

voltammograms were obtained for the freshly prepared films 

and the aged films stored in 1 N HC1 solution at 0.45 V 

(vs. SCE) for 7 days. Potential scanning between —0.2 and 

0.8 V 血s. SCE) with a scan speed of 50 mV/s was applied 

to the fresh film in 1 N HC1 solution in order to investigate 

stability of the film in this potential region. Impedance mea

surements and cyclic voltammetry were also carried out be

fore and after potential scanning. The electrochemical cell 

and the apparatus are schematically shown in Figure 2.

Results and Discussion

Figure 3 shows variation of the open circuit potentials, 

Eoc (vs. SCE) of the Pt electrode immersed in the solution 

mixture during chemical polymerization of PANI. Before mix

ing the solution containing the oxidant, (NH4)2S2O8> the open 

circuit potential of the Pt electrode was approximately 0.32

V (0s. SCE). The open circuit potential increased to ~0.7

V within a minute after adding the oxidant solution. The 

maximum open circuit potential of 0.75 V was then observed 

at the region B, 300 sec after the polymerization. This value 

is quite similar to the value of the second E1/2 found in 

the cyclic voltammogram of Pt/PANI system in 1 N HC1 

solution.1920 At this stage, the color of solution was dark blue, 

which indicated the pernigraniline salts being formed. When 

the electrode was taken off from the solution at this region, 

it was observed that the Pt electrode was covered with the 

dark bkie thin films. However, the blue film on the Pt elec

trode turned into the green within a few minutes after being 

stored in aniline-free 1 N HC1 solution. This observation
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Figure 3. Open circuit potential profile of 사le Pt electrode dur

ing chemical polymerization.

agrees well to the hypothesis20 suggesting that the fully oxi

dized state (pernigraniline) of p이yanilines is initially prod

uced, which is a strong oxidizing agent to oxidatively poly

merize any excess aniline to the emeraldine, while it is itself 

reduced to the half-oxidized state. A subsequently flowing 

rapid decrease of the potential around 600 sec indicated that 

the p이yaniline adsorbed on the Pt electrode was then 

reduced to the emeraldine oxidation state. After a rapid dec

rease, the potential decreased very slowly to reach at around 

0.43 V. At the region C, the half oxidized state (emeraldine) 

of p이yanilines was formed. The film formed on the Pt elect

rode was not uniform and easily removed by hand-scrat

ching. It was carefully rinsed with distilled water and 1 N 

HCl solution to obtain a very thin uniform film. This film 

was then used for impedance measurements and cyclic vol

tammetry.

The film formed by in situ electrochemical deposition 

within the stirred solution was uniformly thick and strongly 

adhered to the Pt electrode, while the film formed within 

the stagnant solution was thick and smooth, but 나le outer 

layer of the film was easily removed by rinsing with distilled 

water and the very thin uniform inner layer was remained 

on the Pt electrode. Stability and the electrodic properties 

of these two different films were investigated by IS measu

rements and cyclic voltammetry.

In Figure 4, the solid lines with symbols are the exper

imental impedance spectra of the fresh Pt/PANI electrode 

under the different applied potentials, that is, (a) 0.75, (b) 

0.45, and (c) 0 V 伽.SCE), and dashed lines are the theore

tical impedance spectra at the above potentials obtained by 

fitting the experimental data to the basic equivalent electric 

circuit. Fitting was carried out by the analysis program insta

lled in IM5d impedance analyser. Table 1 summarized the 

values of each components in the equivalent circuit. The 

Pt/PANI electrode was made by the potential sweeping bet

ween 0.4-0.75 V with a scan rate of 50 mV/s while stirring 

the solution. The spectra of other Pt/PANI electrodes prepa

red by chemical deposition and potential sweeping under 

the stagnant solution, which were not presented in this pa

per, showed similar behaviors. It indicates that the films pre

pared by chemical and the electrochemical processes have 

quite similar electrochemical properties.21 The different ten-
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Figure 4. Impedance spectra (solid lines with symbols) of PANI 

salt film formed by potential sweeping between 0.4 and 0.75 

V (vs. SCE) with a scan speed of 50 mV/sec at the following 

applied potential: (a) 0.75 (口)，(b) 0.45 (+), and (c) 0 (*) V (vs, 

SCE). Dashed lines are the theoretical impedance spectra obtain

ed by fitting the experimental data to the basic equivalent elec

tric circuit appeared in Table 1. The solution was stirred during 

film formation. The figure in the small box shows the impedance 

spectra of high frequency region.

Table 1. Summary of the values of each component in the basic 

equivalent circuit

Applied potential 

(V vs. SCE) (ohm)

Rd 

(ohm)

c, 
(mF)

0.75 0.856 995 144

0.45 0.838 1043 154

0.865 424 53

flthe basic equivalent circuit

dencies of the impedance spectra may result from the diffe

rent electrochemical properties of the Pt/PANI interface, 

PANI film, and PANI/solution interface. The total impedance 

of the system will be dominated by the largest impedance 

among these components because of the serial connection 

of the elements. When the film is conducting, the impedance 

of the metal/film interface is likely to appear as a small 

frequency-independent resistance due to the transfer of elec

trons between the two phases.22 The value of this resistance 

component would depend on interfacial area if adhesiveness 

between the two phases were considered to be equal. In 

this work, the interfacial impedance (resistance) between the 

metal/film can be negligible because uniform and well adhe

sive polyaniline films on the Pt electrode were formed during 

in situ electrochemical polymerization.

The second component of the total impedance is film resi

stance. The impedance of the film is expected to vary ac

cording to the applied DC potentials since resistivity of the 

PANI film is changed with its oxidation states. The x-inter- 

sections of the spectra (a), (b), and (c) at the high frequency 

region are all about the same as shown in fhe small box 

in Figure 4. The value of x-intersection is the sum of solu-
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Figure 5. Impedance spectra of (a) the fresh emeraldine salt 

film, and (b) 나le film stored in 1 N HC1 solution for 7 days 

at open circuit potential.
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Figure 6. Cyclic voltammograms of (a) the fresh emeraldine 

salt film, and (b) the film stored in 1 N HC1 solution for 7 days 

at open circuit potential. Potential sweeping between -0.2 and 

0.8 V (rs. SCE), and a scan speed of 50 mV/sec were applied.

tion resistance between the reference and the working elec

trode, and the film resistance. It indicates that the film does 

not serve as a pure resistive layer, but is somewhat electri

cally conducting, and the value of the film resistance is very 

small. Even though the difference in the magnitude of the 

resistance among emeraldine, pernigraniline and leucoeme- 

raldine salts would be expected to be greater than 5 order 

of magnitude for dry materials, the very smaller differences 

were observed from the impedance spectra and their analy

sis. This observation could be explained by (1) enriched wa

ter content in the film, and (2) possible decrease in film 

thickness due to degradation of polymer chains at the fully 

oxidized pernigraniline state. Relationship between film thic

kness and resistance will be discussed in detail in the later 

section.

Therefore the remaining part is the film/solution interface. 

The impedance of the film/solution interface could be contri

buted by either ion exchange processes (diffusion compone

nts) or non-diffusional components. By fitting the experimen

tal data to the theoretical data calculated from the equivalent 

circuit (Table 1), the spectra in Figure 4 are turned out to 

be a small portion of semi-circle, which indicates that the 

impedance of the film/solution interface is dominated by 

non-diffusional components. A small deviation of the phase 

angle from 90° was observed for each spectra, which c이Hd 

be explained by structural defects or roughness of the film. 

The spectrum (a) exhibit a smaller semi-circle than the spec

trum (b) and the spectrum (c) showed a smaller semi-circle 

than the spectra (a) and (b). Extrapolating of the spectra 

would reveal the spectrum (a) to have the largest charge 

transfer resistance, Rct, and the spectrum (c) to have the 

smallest R사. This was well agreed with the current observed 

during impedance measurements. A smaller impedance arc 

and the large current value indicate that the charge transfer 

resistance of the film/solution interface could depend on the 

electrochemical activities of the film/s이ution interface.

Figure 5 shows the impedance spectra of the fresh emeral

dine salt film made by potential sweeping between 0.4 and 

0.75 V (vs. SCE) in the stirred solution and of the aged 

one which was stored for 7 days in 1 N HC1 solution at 

0.45 V (少s. SCE). The cyclic voltammograms which appeared
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Figure 7. Impedance spectra of (a) the fresh emeraldine salt 

film, (b) 나le film after 100 times of potential sweeping between 

—0.2 and 0.8 V (us. SCE) with a scan speed of 50 mV/sec, and 

(c) the bare Pt electrode.
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in Figure 6 were obtained before impedance measurements. 

From these figures, no significant degradation was observed. 

However, after 100 times of potential sweeping between 

— 0.2 and 0.8 V (vs. SCE) with a scan rate of 50 mV/sec, 

the impedance spectra and cyclic voltammograms shown in 

Figure 7 and 8, respectively, provide the plausible evidences 

of decrement in its thi시mess.

In Figure 7, the spectra were obtained at the constant 

potential of 0.45 V. The impedance spectrum of Figure 7 

(c) is for the bare Pt electrode (surface area=6.0 cm2) in 

1 N HC1 solution. The approximate value of x-intersection 

is ~0.6 ohm attributed to solution resistance between the 

reference electrode and the Pt electrode. The corresponding 

value for the fresh-prepared Pt/PANI as shown in Figure 

7 (a) was ~0.8 ohm, while it decreased to ~0.7 ohms (Fig

ure 7 (b)) after potential perturbation. Resistance of the film 

is proportional to its thickness, since R=pl/Af where p is 

resistivity, I is length (film thickness in this work), and A 

is surface area. Decreasing of the resistance observed after



Figure 8. Cyclic voltammograms of (a) the fresh emeraldine 

salt film, and (b) 나le film after 100 times of potential sweeping 

between —0.2 and 0.8 V (rs. SCE) with a scan speed of 50 

mV/sec.

potential cycling is an obvious evidence for film thinning 

since A and p are constant. The maximum value in the first 

oxidation peak of Figure 8 (b), which can determine film 

thickness of polyaniline,23 also decreased significantly. How

ever, charge capacity of the film did not decrease proportio

nally as the film thickness decreased. It might be explained 

by cross-linking reaction between polymer chains, which was 

observed in the CV diagram of Figure 8 (b). The peak devel

oped at 0.59 V during potential perturbation was correlated 

to cross-linking reaction between polyaniline chains.24

Conclusions

The open circuit potential profiles of the Pt/PANIs films 

during the chemical polymerization demonstrates that the 

formation of the emeraldine salts are followed by the forma

tion of the pernigranilie salts. Impedance technique was uti

lized for investigating the electrochemical properties of the 

Pt/PANI system and distinguished the different oxidation 

states of the PANI films. The electrochemical properties of 

the Pt/PANI (chemical deposition) and of the Pt/PANI (elec

trochemical deposition) were turned out to be the same. It 

was suggested that the differences in the spectra observed 

at the different DC potentials would be due to variation of 

electrochemical activity of the film/solution interfaces with 

applied DC potential. PANI salt film is not stable under sus

taining potential perturbation between 一 0.2 and 0.8 V (vs. 

SCE), while it is if stored at open circuit potential between 

0.4 and 0.5 V (vs. SCE).
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